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INCREASING THE EFFICIENCY OF GROUND-SOURCE
HEAT PUMPS BASED ON CONSUMER OPERATING
MODE DATA

B. Llleguyx, FO. Penin, O. Ianamapuyx, O. @ypkaneuxo, C. Ipuwenxo. IlinBunenns e)eKTHBHOCTI eKCILTyaTalii TemIoBHX
HAacociB i3 BiABeJeHHSIM TEIJIOTH BiJl IPYHTY HA OCHOBi JaHUX PEKUMIB eKcIUIyaTanil cnioskuBaviB. BripoBakeHHS BiTHOBIIIOBAIBHUAX
JUKEpelT eHepril B CHCTEMHM TEIUIONOCTaYaHHS KOMYHAIbHOI TEIIOCHEPIeTHKU BIAINOBIZA€ Cy4acHHM IOJITHKAM IEPEXOAy Ha «3CJCHY
EHEepreTuKy» Ta JaekapOoHi3awii SK MPOMHUCIOBOCTI TaK i Pi3HUX Taiy3ell eHepreTHku. B poOoTi MpoBeneHO aHali3 Cy4acHHX MPAKTHK
iHTerpanii TEIIOBHX HACOCIB aBTOHOMHHX CHCTEM TEILIONOCTa4YaHHs 3 BiIBEACHHAM TEIUIOTH BiJ IPYHTY, BHSBIICHI OCHOBHI TPYIHOII
BIPOBA/UKCHHS Ta EKCIUTyaTalii reoTepMalbHHUX TEIUIOHACOCHMX chcTeM. Ha OCHOBI NPOBEACHOrO aHami3y BH3HAYECHO AaKTyalIbHHIl
HaNpsIMOK JIOCHI/DKEHHS MiJBUIICHHS €(EeKTUBHOCTI POOOTH aBTOHOMHHUX CHCTEM TEIUIONOCTa4YaHHS Ha 0a3i reoTepMalibHUX TEIIOBHX
HacociB. {1 NpoBelNeHHs aHanily poOOTH CHCTEM TEIUIONOCTAaYyaHHsS OOpaHO MaTeMaTHYHY MOJEJNb, LIO JO03BOJISE ONUCATH HPOLECH
TEI103a0€3MeUeHHs CIIOXKMBAUIB Pi3HMX BH/IB 32 PaXyHOK POOOTH CHCTEMH TEIUIONOCTa4aHHsI Ha OCHOBI T€0TEPMAaJIbHUX TEIUIOBUX HACOCIB
Ta aKyMYJISATOpPIB TEIJIOTH. [[yisi OKpeMoro 00’€KTy NMPOBENEHO €KCIEPHUMEHTAIbHI JOCIIKEHHS POOOTH CUCTEMH Teryio3abe3nedyeHHs Ha
OCHOBI TEIUIOBOTO HAcCOCY 3a IIEpINHil ONaNIOBAIbHUN ce30H. Ha OCHOBI OTpHMMaHMX ITaHMX NPOBEICHO y3araJbHEHHS PEXHUMIB poOOTH
CIOXKMBAYIB B 3aJIGKHOCTI BiJl epioy 100H Ta TeMIlepaTypH HaBKOJIMIIHBOTO CepeoBHiIa. JJOBEIEHO aKTyalbHICTh KOPEryBaHHS PEXKUMIB
poOOTH TEMJIOHACOCHOI YCTAaHOBKM HAa OCHOBI OTPHMAaHUX EKCIIEPUMEHTAIBHHX JAHMX 33 MEpIIMi MNepiof eKCIUlyartalii CHCTEMH.
V3arajgpHeHHI JaHHI POOOTH re0TepMalbHMX TEIUIOBUX HACOCIB JIO3BOJIMIIM 3alpONOHYBAaTH PIllIEHHs ITiJBUIIECHHS €HEProe(eKTHBHOCTI
CHUCTEMH TEIUIONOCTaYaHHAd Ta HAAIHHOCTI pPOOOTH OCHOBHHMX €JIEMEHTIB CHUCTEMM TeHepauil TemnoTd. [IpoBeneHO MaTeMaTUuHE
MOJICTIIOBAHHA PEKUMIB POOOTH CHCTEMH TEIUIONOCTa4aHHs 00’€KTy Ha 0a3i reoTepMaibHHX TEIUIOBUX HACOCIB BIPOAOBK H00M 3
ypaxyBaHHSM HasBHUX JaHUX PEXUMIB POOOTH OCHOBHHX CIIOXKHBAYiB TEIUIA. 3alPOIIOHOBAHO IMITYJILCHHN PEXUM TeHepalil TeIuIoTH
TEIUIOBUMH Hacocamu. Ha OCHOBI OTpHMaHMX pe3yiIbTaTiB MO/C/IIOBAHHS OTPHUMAHO AlarpaMy poOOTH CHCTEMH TEILIONOCTAYaHHs IPOTIIOM
no6u. Iy BUPIBHIOBaHHS PEXHUMIB POOOTH TEIJIOr€HEPATOPIB 3aIPONIOHOBAHO BUKOPUCTAHHS aKyMYJISITOPIiB TEIUIOTU 3aTHUX 3MEHIIUTH
MaKCHMaJIbHE PO3paXyHKOBE TEIUIOBE HABaHTa)KCHHS TEIUIOBUX HACOCIB y IIIKM CIOXKUBAHHS, Ta 3a0e3IEYeHHs MiHIMAJIBHUX HOTped
CIIOXUBAYIB Y CIa/M TEIUIOBUX HABAHTAXKCHb.

Kniouosi cnosa. reoTepMallbHi TEIUIOBI HACOCH, CHCTEMH TEIUIONOCTAYaHHS, BiJHOBIIOBAIBHI JDKEpesia €Heprii, aKyMyJsiTopu
TEIUIOTH, PEXKUMH TEIUIOCIIOKHUBAHHS, TEIUIOT €HEPaTOpU

V. Shevchuk, Y. Riepin, O. Palamarchuk, O. Furkalenko, S. Gryshchenko. Increasing the efficiency of ground-source heat pumps
based on consumer operating mode data. The introduction of renewable energy sources into the municipal heat power generation heat
supply systems corresponds to modern policies of transition to "green energy" and decarbonization of both industry and various branches of
power engineering. This study analyzes modern practices of heat pumps integration to autonomous heat supply systems with heat removal
from the ground, identifying the main difficulties in geothermal heat pump systems implementation and operation. Based on the resulting
analysis, a relevant direction of research on increasing the efficiency of autonomous heat supply systems based on geothermal heat pumps
has been identified. To analyze the heat supply systems operation, a mathematical model has been selected that allows describing the
processes of heat supply of various types of consumers with reference to the operation of a heat supply system based on geothermal heat
pumps and heat accumulators. Experimental studies of the operation of a heat supply system based on a heat pump for the first heating
season were conducted for a separate facility. Based on the data obtained, a generalization of the consumers’ operating modes depending on
the 24-hourly period sector and ambient temperature has been carried out. The relevance of adjusting the operating modes of the heat pump
installation was proven based on the experimental data obtained for the first period of system operation. The generalized data on the
geothermal heat pumps operation allowed us to propose a solution to increase the heat supply system energy efficiency and the reliability of
the heat generation system main elements. Mathematical modelling of the heat supply system operating modes in the facility based on
geothermal heat pumps during the day was carried out, taking into account the available data on the main heat consumers’ operating mode. A
pulsed mode of heat generation by heat pumps was proposed. Based on the obtained simulation results, a diagram of the heat supply system
operation during the day was obtained. To equalize the operating modes of heat generators, the use of heat accumulators capable of reducing
the heat pumps’ maximum calculated heat load during consumption peaks and ensuring the minimum needs of consumers during heat load
declines was proposed.

Keywords: geothermal heat pumps, heat supply systems, renewable energy sources, heat accumulators, heat consumption modes, heat
generators

1. Introduction
The issues of increasing energy efficiency and reducing carbonization in the energy production
and industry sectors as well as in the municipal energy sector remain acutely relevant [1]. At the level
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of regulatory documents both in the global scale and in Ukraine it is recommended to introduce re-
newable energy sources in modern energy supply systems. At the same time, there exists also a broad
support for the introduction of “green energy” into heat supply systems [2].

One of the areas of these policies implementation refers to the use of geothermal heat pumps
(GHPs) in autonomous energy supply systems. In Europe (especially in the North Europe countries),
these policies have long been implemented in the field of municipal heat and power, in other countries
the practice of using GHPs is gaining momentum [3]. In Ukraine also, already there exist municipal
heat power segments where widespread implementation of GHPs is ongoing.

At the same time, there are significant prospects for using GHPs in the context of heat supply,
energy efficiency and environmental sustainability decentralization. However, there are a number of
pressing problems in geothermal heat pumps implementation and effective operation:

— traditional design is based on fixed capacity, without taking into account the real conditions of
partial load, soil temperature or heat exchange in pipes;

— thermal imbalance presence in the soil;

— fluctuations in soil temperature caused by climate change, urbanization and thermal interaction
between wells;

— uncertainty about the long-term effectiveness of geothermal heat pumps;

— high drilling costs;

— lack of in-situ investigations, market barriers, high import dependence and state support nuanc-
es that affect objective information of consumers and investors;

— popularity of alternative systems (systems with variable refrigerant flow with air as an energy source).

The above circumstances justify the relevance of research into the operation of geothermal heat
pumps in both autonomous and combined heat supply systems.

2. Analysis of literary data and formulation of the problem

Many research works are devoted to the problems of increasing the efficiency of ground-source
heat pumps [4, 5].

Efficiency quantitative assessment concerning GHPs with and without the integrated photovoltaic ther-
mal panels (PVT) demonstrates [6] that in the long term perspective this technology contributes to the soil
temperature stabilization, especially in compact well fields. PVT integration allows decreasing the wells
length by up to 50% and the drilling rigs number by up to 50%, which in certain conditions reduces invest-
ment costs by 9...23%. Using GHPs with PVT is recommended for densely built-up and cold regions.

Based on the case study [7] of a system where heating load dominates, it was found that fluctua-
tions in soil temperature affect the GHPs efficiency, however, when heat balance stable condition, this
effect is insignificant. A decrease in soil temperature by more than 2°C can lead to the system’s inabil-
ity to meet thermal needs, which requires hybrid solutions.

As shown in the study [8], investment costs make 20...40% of the normalized heating cost for
GHP, and the total costs significantly depend on the system capacity, tariffs and discount rate. An in-
crease in the discount rate up to 10% augments the cost of heat for GHP by 2.1...2.6 times. The sys-
tem scale and the features of use significantly affect the GHP efficiency. Thus, the results show that
political support is key factor to increasing the economic attractiveness of GHP in Ukraine.

A significant increase in GHP efficiency is possible when the GS-VRF system with a buffer tank
installed between the ground heat exchanger and water-cooled VRF systems [9]. This system provides
for periodic control of the pump, which reduces its power by 38% compared to traditional systems.
The simulation showed the system efficiency at low and medium heat loads. The total energy con-
sumption decreased by 25% and 8% compared to the CWV (constant water volume) and VWV (varia-
ble water volume) control, respectively.

It should also be noted separately that the GHP use efficiency depends on the heat load of con-
sumers and their operating modes during the 24-hours period. The above factors significantly affect
the heat pumps calculated thermal power and their efficiency both during the day and during the year
[10]. At the same time, buildings of different types of purpose have individual features of operating
modes, usually correlated during operation in the first heating period. Based on the research results,
additional recommendations can be given concerning the heat supply system operating modes.

3. The purpose and objectives of the research

This study main objective is to determine methods for increasing the efficiency of ground source
heat pumps in autonomous heat supply systems.
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To achieve this goal, necessary is to resolve the following tasks:

— to analyze the current state of heat pumps energy-efficient use;

— to conduct experimental studies of the operation of ground source heat pumps;

—to simulate, departing from the data obtained, the heat supply system operation based on
ground source heat pumps using heat accumulators.

4. Methods of conducting research and processing experimental data

The main characteristic of a heat pump with heat extraction from the ground is the coefficient of
transformation:

SHp:QllL.

In this case, the compression work in the compressor is equal to the difference between the
amount of heat removed at a high temperature level Q: in the HP condenser and the amount of heat
supplied at a low temperature level Q; in the HP evaporator [11]:

L=Q - Q.. (1)
During the irreversible cycle of heat pump operation, the transformation coefficient is:
T,
Ep =MNc X & =MNe—————, 2
Hp =T n T -1, (2)

where: 1. — efficiency of the equivalent Carnot cycle; ¢, — energy conversion coefficient of the

equivalent Carnot cycle; T — temperature in the HP condenser, K; T.— temperature in the HP evapora-
tor, K.

For a heat pump with heat extraction from the ground, the amount of heat transferred from the
ground to the intermediate coolant is important. This significantly depends on the soil temperature in
the boundary layer of the ground heat exchanger and the ground heat regeneration time.

When operating a combined heat supply system where a heat pump is the main heat source and
using heat accumulators, the thermal power supplied to consumers Qcon at any time t will be deter-
mined by three options for the system's operating modes, for which the method [12] can be used:

Qconl (T) = QHP (T),
eon2 (1) = Qupac (1) 3
Qeon3 () = Qac (1)

The first mode of operation of the heat supply system for consumers takes place when the heat
capacity of the consumers heat supply is within the heat pump maximum heat capacity. This mode of
operation is characterized by the heat pump’s operation exclusively to meet the consumers’ needs.

The second mode of operation of the heat supply system for consumers is that when the heat ca-
pacity of the consumers heat supply is greater than the heat pump maximum heat capacity. This mode
of operation is characterized by the heat pump’s combined operation with heat accumulator to meet
the needs of consumers [13].

The third mode of operation of the heat supply system for consumers takes place when the heat
capacity of the consumers heat supply is significantly less than the heat pump maximum heat capacity.
This mode of operation is characterized by the heat
accumulator operation exclusively to meet the

ﬂ .
/
1

needs of consumers [14]. T N
For a hotel complex with a total area of 700 | //

m? located in western Ukraine, a study of the oper-
ation of a heat supply system based on a heat pump
with heat extraction from the ground has been
conducted. The heat supply system includes two
heat pumps each of 25 kW thermal capacity, with  gjg 1. scheme of operation
vertical ground heat exchangers, which operate  of a ground-source heat

/

3

(Fig. 1, 2) during the heating period. pump. 1 — hydraulic
A ground-source heat pump is a vapor- module; 2 —control system,
compression refrigeration machine operating on 3 — collector for heat

the principle of the reverse Carnot cycle, taking extraction from the ground
into account various measures to increase efficien-
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cy (intermediate superheating/cooling, recovery, etc.). Water is used as heat carriers on the consumer
side, and glycol mixtures are heat carriers on the ground heat exchanger side. The heat pump is a
monoblock unit and is located in the technical rooms of heat generating systems. The collector con-
nects the heat pump to a number of ground vertical heat exchangers.

Fig. 2. Hydromodule internal arrangement for a ground-source heat pump: a) 1 — distribution box;

2 — control panel; 3 — heating / accumulator loading switch valve; 4 — 4-way valve; b) 1 — additional
electric heating; 2 — condenser; 3 — heating circuit circulation pump; 4 — electronic expansion valve;
5 —filling and drain cock; 6 — nameplate; 7 — conveyor belts; 8 — compressor; 9 — electronic
expansion valve; 10 — filling and drain cock of the circuit; 11 — circulation pump of the ground heat
exchanger circuit; 12 — evaporator (ground heat exchanger not shown)

During the heating period (December 2024 — February 2025), observations were made of the
main parameters of the heat supply system based on heat pumps, namely the thermal power generated
by heat pumps was registered by type of heat supply (heating, hot water supply, DHW) (Fig. 3).
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Fig. 3. Schedule of heat generation by the heat supply system during the 24 hours period, at an average outdoor
air temperature during the day toutd = —8 °C: 1 — Heating heat generation, kWh; 2 — DHW heat generation,
kWh; 3 — Total heat generation, kWh

The obtained data were summarized to determine operating load schedules targeting to identify
the heat pumps’ energy-efficient operating modes and ways to improve circuit solutions of the heat
supply system.

As can be seen from the graph, the heat pump system operation has three clear main peaks of op-
eration and two significant dips in heat consumption. Since heat pumps work according to the con-
sumers’ heat needs, this negatively affects the service life of the heat pump main elements primarily
the compressor. Another factor that affects the efficiency of the HP is the share of the unit's power
used when heat generation. It is known that each heat generator has its own limits of maximum and
minimum permissible heat production power. When the heat power required for consumers decreases,
the number of HP starts increases that also negatively affects the service life of heat pumps.

5. Results of experimental bench research

To solve the problem, it was proposed to transfer the heat supply system operation to a pulsed
mode, taking into account the existing peaks and dips in operation during the 24 hours period (Fig. 4)
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Fig. 4. Schedule of operation of a heat supply system based on heat pumps in pulse mode

, kKW
w
=)

=N
o O

Heat capacity

o

2 4 6 8 10 12 14 16 18 20 22
Hours/24 scale

The use of a pulse operation schedule divides the heat pump operation into two periods: working
and non-working. During the working period, the heat load of the HP is constant during a specific
peak. During the non-working period, the HP does not operate.

Analysis of the heat supply system operation schedule in pulse mode (Fig. 4) shows a more ra-
tional use of the HP operating resource due to its uniform operation in the heating period. It should
also be noted that the maximum heat load is reduced from 36 kW to 30 kW, which additionally allows
for a reduction in the heat generator maximum power.

However, there is a risk that the temperature in the rooms can fall below the minimum permissi-
ble, as well as the temperature of hot water delivered in the heat supply system non-working period.

At the same time, non-working periods represent a potential opportunity to use heat accumulators
for ensuring the minimum needed during periods of dips in consumer heat loads, and further by reduc-
ing the maximum heat load due to heat accumulation.

To solve this issue, a simulation of the heat pump operation during the 24-hours period was car-
ried out using heat accumulators and smoothing the peaks of the heat load of the heat pumps (Fig. 5).
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Fig. 5. Schedule of operation of a heat supply system based on heat pumps in pulse mode

Analysis of the graph (Fig. 5) shows a significant reduction in the maximum heat load on the heat
supply system: 10 kW compared with the previous graph and 16 kW when compared with the current
graph of heat load. The excess heat load is compensated by the operation of heat accumulators during
the dips in consumer demand. At the same time, during the minimum heat demand periods, these
needs are satisfied due to heat accumulation.

Further equalization of the heat load will lead to a significant increase in heat accumulators and a
decrease in the rate of soil regeneration. The optimal value of the ratio between the maximum heat
load reduction and the volume of heat accumulators requires additional research.

Conclusions

This research exposes the conducted study of geothermal heat pumps efficiency, taking into ac-
count both heating systems and hot water supply systems heat consumption modes as well as the fea-
tures of the heat pump operation in autonomous heat supply systems.

In accordance with the tasks set, the following study stages were performed:

— analysis of the current state of heat supply systems based on geothermal heat pump systems and
the relevant research topic identification;

— experimental studies of the heat pump system operation were conducted at a pilot facility (hotel
complex) and a generalized schedule of the heat supply system operation during the 24-hours period
was obtained;

— based on the experimental data obtained, there was proposed a pulsed mode of operation of the
heat transfer heat supply system using heat accumulators;

— based on the mathematical simulation results, a graphical dependence of the geothermal heat
pumps operation during the 24-hours period was obtained and the effectiveness of the heat accumula-
tors use for smoothing the HP operation schedules and reducing the maximum calculated heat load of
the heat supply system to 40%.
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