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This article is devoted to the methods for increasing the efficiency of the heat pump heating and cooling
system using the effect based on the energy saving principles. The major goal of study is the analysis of
methods for increasing the efficiency of the geo-thermal heat pump for heating and cooling with the ac-
count of climate conditions. The paper considers the toolkit of numerical modelling of operating modes of
the geothermal heat pump for heating and cooling (air conditioning) using geothermal water from the
well, to determine the conditions that affect the temperature field around the well, taking into account the
reversible direction of the coolant and climate conditions. The purpose of proposed toolkit is to obtain
criteria equations for numerical modelling the operating parameters of the geothermal well, which is
necessary for long-term operation of the system in the cyclic mode. Practical implementation of the nu-
merical modelling technique allows achieving high spatial and temporal resolution, as well as taking into
account the technical details of the combined system and forming the temperature of the soil mass around
the well with the account of climatic conditions. The novelty of our toolkit for numerical modelling is the
usage of the parametric approach for chosen to analyse different reversible modes of operation of the ge-
othermal source heat pump for heating and cooling (air conditioning). This provides insights of effects
during long-term operation of the geothermal heat pump without reaching negative temperatures at the
well bottom, which can lead to the formation of ice, an increase the volume of the soil while freezing and
the destruction of pipelines, respectively. The article examines the results of analyse of change the field of
temperatures in the soil around the well for the long-term operation of the geothermal heat pump in two
operation modes: stationary and reversible, during five years. Based on the obtained results, it was re-
vealed that when the geothermal heat pump operates with a variable direction of the heat flow, the nega-
tive consequences of operation associated with the deviation of the temperature of the soil from the back-
ground value are reduced. The additional novelty aspect of numerical modelling is obtained for the oper-
ating parameters of a geothermal source heat with the account of long-term reversible operating modes
of the geo-thermal heat pump. The toolkit of numerical modelling is well suited for the analysis of tem-
perature in the bottom part of the well are revealed for heating and cooling due to the non-stationary
thermal loads which determined from climatic conditions. The obtained results can be recommended as
an innovative approach to optimization technical-economic indicators of geothermal wells during long-
term operation of the geothermal heat pump in the reversible direction of the heat flow for heating and
cooling purposes for improving the energy efficiency of system.
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1. Introduction

Widespread use of geothermal heat is hampered by
low heat flow densities in most regions developed by
man. The use of heat pumps to extract heat from geo-
thermal wells helps to solve this problem, but experi-
ence in operating existing wells shows that the tech-
nical and economic indicators of wells deteriorate du-
ring operation. At the same time, reliable tools for ta-
king these changes into account have not yet been de-
veloped [1-5].

In this regard, it is necessary to conduct studies
aimed at solving the problem of long-term forecasting
of changes in the parameters of the geothermal wells
operating in heating and cooling modes, taking into
account cyclic changes of the operating modes based
on the energy saving principles [6].

The global requirement for sustainable energy pro-
vision and a political imperative for energy independ-
ence have combined to increase interest in the use of
renewable energy sources to meet growing energy de-
mands. Therefore, the heat pump (HP) systems intro-
duces a new path for sustainable systems with clean
energy supply and an improved energy efficiency.
Current power systems are still dominated by fossil
fuel-based electricity generation and operated on sup-
ply following the changing demand. Actually, the task
of increasing energy efficiency should be realized by
implementation of the innovation technologies of pro-
duction and consumption of energy with the lowest
energy losses.

The foreign investigations [7], lack of the numeri-
cal methods, which provides insights of effects during
long-term operation of the geothermal heat pump
without reaching negative temperatures at the well
bottom, which can lead to the formation of ice, an in-
crease the volume of the soil while freezing and the
destruction of pipelines, respectively.

The features of influence the heat-circuit design
solutions and operating modes of HP system on the
value of the replacement factor of an alternative heat-
ing system haven’t been clarified till now. In the last
decade, energy generation from HP system using RES
has seen a sharp rise, but the energy supply from RES
is inconstant because it is weather dependent. Thus,
the energy production from installations using RES
partially satisfies the energy demand. However, the
power generation production exceeds the demand du-
ring certain time of a day during which has seen a
high intensity of energy coming from variable rene-
wable energy sources (VRES) [8]. This excess energy

can be used through a power-to-heat technology. Re-
serves of traditional hydrocarbons such as gas, oil,
coal are declining every year. And their use is associ-
ated with a negative impact on the environment. To-
day, there is a need to move to greater use of variable
renewable energy sources, which are inexhaustible
and can guarantee energy and environmental security.
Among renewable energy sources, the use of low-
potential environmental energy, converted to high-
potential using heat pumps (HP), is promising. Expe-
rience shows that HP is one of the promising types of
equipment for creating heat and cold supply systems.
At present, the problem of energy saving can be
solved both by the thermal losses reduction and assi-
milation of the innovation technologies of generating,
distribution, regulation and consumption of the heat
[1]. The global requirement for sustainable energy
provision and a political imperative for energy inde-
pendence have combined to increase interest in the
use of renewable energy sources to meet growing
energy demands. Therefore, the heat pump systems
(HPS) introduce a new path for sustainable systems
with clean energy supply and an improved energy ef-
ficiency. Current power systems are still dominated by
fossil fuel-based electricity generation and operated
on supply following the changing demand. Actually,
the task of increasing energy efficiency should be re-
alized by implementation of the innovation technolo-
gies of production and consumption of energy with
the lowest energy losses. The most efficient way of
the energy saving is the introduction of heat pumps
(HP) with tank accumulators, by virtue of their ability
to utilize a renewable energy sources (RES) for hea-
ting systems [2]. Even so, the decisions presented in
literature, which describe the peculiarities of tools for
heat pump system with tank accumulator (TA) for
permanent and intermittent heating modes of the pub-
lic buildings are insufficient [3]. The foreign investi-
gations [4], lack of the methods, which take into ac-
count HPS with TA and conditions of their practical
application for permanent and intermittent heating
modes of the public buildings at the environmental
conditions. The features of influence the heat-circuit
design solutions and operating modes of HPS on the
value of the replacement factor of an alternative hea-
ting system haven’t been clarified till now. In the last
decade, energy generation from HP using RES has
seen a sharp rise, but the energy supply from RES is
inconstant because it is weather dependent. Thus, the
energy production from installations using RES par-
tially satisfies the energy demand. However, the po-
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wer generation production exceeds the demand during
certain time of a day during which has seen a high in-
tensity of energy coming from RES [5]. This excess
energy can be used through a power-to-heat technolo-
gy. Reserves of traditional hydrocarbons such as gas,
oil, coal are declining every year. And their use is as-
sociated with a negative impact on the environment.
Today, there is a need to move to greater use of re-
newable energy sources, which are inexhaustible and
can guarantee energy and environmental security.
Among renewable energy sources, the use of low-po-
tential environmental energy, converted to high-po-
tential using heat pumps (HP), is promising. Experi-
ence shows that HP is one of the promising types of
equipment for creating heat and cold supply systems.

2. Analysis of the latest research of existing
solutions enable to prevent freezing of the
soil massive around the borehole during
long-term operation of the geothermal heat
pump systems

District heating capacities in the Ukraine are ex-
cessive, and their technologies are inefficient and out-
dated; capital stock is in a critical state, with most as-
sets close to or beyond the end of their design life-
spans. Energy losses are consider-able (hence much
gas is wasted) and operating costs are high, largely
due to inadequate maintenance [9,10].

Economic strategy of a sustainable development
imposes certainly to promote efficiency and a rational
energy use in buildings as the major energy consumer
in Ukraine and countries of the European Union (EU).
Buildings represent the biggest and most cost-effec-
tive potential for energy savings. Also, studies have
shown that saving energy is the most cost-effective
method to reduce green-house gas (GHG) emissions.
The buildings sector is the largest user of energy and
CO; emitter in the Ukraine and EU’s. At present heat
use is responsible for almost 80% of the energy de-
mand in houses and utility buildings for space heating
and hot water generation, whereas the energy demand
for cooling is growing year after year. There are more
than 150 million dwellings in Europe and more than
11 million housing units in the Ukraine [10]. Around
30% are built before 1940, around 45% between 1950
and 1980 and only 25% after 1980 [11-13]. Retrofit-
ting is a means of rectifying existing building defi-
ciencies by improving the standard and the thermal in-
sulation of buildings and/or the replacement of old
space conditioning systems by energy and environ-
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mentally efficient innovative heating and cooling sys-
tems [1, 2]. The European Parliament adopted the Re-
newable Energy Directive, establishing a common
framework for the promotion of energy from VRES
[14]. This directive opens up a major opportunity for
further use of heat pumps for heating and cooling of
new and existing buildings. Therefore, the EU coun-
tries must stimulate the transformation of existing
building undergoing renovation into nearly zero-
energy buildings besides improved energy efficiency
using VRES in the near future. At present, the prob-
lem of energy saving can be solved both by assimila-
tion of the innovation technologies of generating, dis-
tribution, and consumption of energy [14].

The most efficient technology of the energy saving
is the implementation of the heat pumps, due to their
possibility to use VRES for heating and cooling [10,
15-18].

Following the above described problem: despite
the need for application and numerous researches in
the field of thermal energy, the wide implementation
of the geothermal heat pumps (GTHP) with the ac-
count of climate conditions, is hindered by the insuf-
ficient efficiency of existing solutions enable to pre-
vent freezing of the soil during long-term operation of
the geothermal heat pump systems (GTHPS) at the
outside air temperature to = — 8...26 °C, which is typi-
cal for the Ukraine and South-Eastern Europe [18].

However, the works presented in literature, which
describe the peculiarities of work of the geothermal
heat pump using VRES for the low-temperature hea-
ting are insufficient [18-19].

The foreign researches [20-25], lack the methods,
which would describe the alternative geothermal heat
pump unit and conditions of their practical application
in the heating and air conditioning systems with dif-
ferent heat-exchange equipment for the environmental
conditions of the Ukraine and the South-Eastern Eu-
rope. In [10, 23-25], the effect on the replacement rate
by the design solutions and work modes of GTHPS is
not considered. Therefore, the issue of conditions of
the efficient of GTHP technologies needs the system-
atic approach.

The attention payed by the foreign works [24-25]
is insufficient, concerning the justification of the
choice of the scheme-construction solutions in the al-
ternative system of the heat supply, taking into ac-
count the effect of the basic elements of the system
and the modes of its operation on the GTHP replacing
possibilities on the subsoil waters.

GTHP are efficient at transferring heat from a col-
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der heat carrier to a hotter one through evaporation
and condensation, using the heat of almost all envi-
ronments. Heat pump units have proven their efficien-
cy due to the fact that they transfer 3...5 times more
energy to the consumer than they spend on its trans-
mission. In addition, GTHP use environmentally friend-
ly technologies with virtually no emissions of harmful
substances into the environment [10, 26].

3. The aim and tasks of the study

The main aim of the study is to obtain criteria
equations for numerical modelling the operating pa-
rameters of e geothermal well, which is necessary for
operation of GTHPS in winter period in the cyclic
mode. Practical implementation of the numerical mo-
delling technique allows achieving high spatial and
temporal resolution, as well as taking into account the
technical details of the combined system and forming
the temperature of the soil mass around the well with
the account for the climatic conditions.

Our work differs from the known papers in the
analyses of energy efficiency of the geothermal source
heat pump systems for energy saving technologies
using models, results of numerical simulation of pro-
cesses in GTHPS and experimental studies for the
Ukraine and the South-Eastern Europe, which allows
to predict and prevent freezing of the soil around geo-
thermal well. This makes it possible to perform a ra-
tional choice of the conditions for the efficient opera-
tion of the GTHPS in winter period. This reduces the
consumption of the hydrocarbon fuel and ensures the
substantial energy saving and ecological effects in ad-
dition to those economical.

To achieve the goal, it is necessary to solve the fol-
lowing tasks:

— to develop the toolkit of modelling is the usage
of a parametric approach for chosen to analyse diffe-
rent reversible modes of operation of the geothermal
source heat pump for heating and cooling (air condi-
tioning);

— to establish conditions that prevent the negative
consequences of ice formation around the well during
long-term operation of the geothermal source heat
pump, which can lead to the formation of ice, an in-
crease the volume of the soil while freezing and the
destruction of pipelines, respectively

4. Research methodology and data processing

The characteristics of the temperature field depends

on the operating mode of the ground source heat
pump are considered in works [10, 26]. The tempera-
ture field of the soil around the well for the long-term
operation depends on operating modes. When GTHP
works on stationary and reversible operation modes,
the account of these changes in the numerical model-
ling technique allows to achieve high spatial and tem-
poral resolution, as well as taking into account the
technical details of the system, and to form the tem-
perature of the soil around the well with the account
for the climatic conditions [19, 26]. Field studies have
proven that when installing GTHPS, in the first year
there is a significant change in temperature are rela-
tive to the massive. The first three years the geother-
mal well characterized by slight continuous change in
temperature and then the operation of the well charac-
terized by steady massive temperature on the casing
well, significantly different from the background mas-
sive temperature [25, 26]. In most cases, field mea-
surements are not applicable due to the inaccessibility
of the research object located at a considerable depth.

The soil massive has significant thermal inertia,
smoothing out at least daily temperature fluctuations.
These features made it possible to replace the actual
load curve in the model with discrete sections that
have a constant average thermal load over the design
period (Fig. 1).
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Figure 1 — The averaged loads in the conditions
of the problem being solved
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Under conditions of alternating operation (winter
season for heating, summer season for cooling), the
initial conditions for the first and second stages will
be identical to expressions [25] adjusted for the direc-
tion of heat flow. Excellent initial conditions will be
available starting from the third stage. The third stage
is turning on the heat pump in reverse mode relative to
the first stage. When the direction of the heat flow
changes, heat is regenerated in the soil massive, i.e., if
at the first stage heat is supplied, at the second stage
heat is removed, then at the third stage it is supplied
again. Thus, the third stage — turning on the heat pump
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after a break — is a complex temperature field result-
ing after cooling of the soil massive (11 < 1 < 1), a
heat flow with the opposite sign is superimposed,
changing the temperature field.

The initial boundary conditions of operation the
heat pump in heating mode conditions are:

t=ty(r,7,),s, 1)

where 7, — the operating time of the heat pump instal-
lation of the third reverse mode period; t — soil tem-
perature.

The soil temperature of the second reverse mode
period:

t, =t(r,7),°C. (2)

The soil temperature of the third reverse mode pe-
riod:

ty =t(rp,7),°C. (3)

The boundary conditions of the first kind of ex-
pression are identically equal.

Boundary conditions of the second kind of expres-
sion, under conditions of alternating operating modes
are:

o -4
5(“‘[)— j’ (4)

Boundary conditions of the second kind are qe —
the heat of the Earth, i.e. the heat flow is assumed to
be constant:

—A%(r,r)+q(r)+qE -0, (5)

where (z) — the heat flow through the Earth’s surface
into the environment, W/m?2.

As noted above, the unsteady operating mode of
the heat pump, determined by climatic conditions and
the technological history of production, leads to
changes in the boundary conditions.

For description in the reversible mode of operation
of the GTHP quantitatively, a regeneration coefficient
ko was used, which is defined by the ratio of the abso-
lute values of the removed and supplied heat follows:

kp = Qin /Qout’ (6)
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where Qin — the amount of supplied flow during the
cold season, W/m?; Qo — the amount of diverted flow
during the warm period of the year, W/m?2,

The range of changes in the regeneration coeffi-
cient is possible only in the ratio 0...1. Due to the dif-
ference in temperature and climatic characteristics of
the regions and the operating characteristics of the
heat pump, the values of the regeneration coefficient
during processing must be taken modulo.

Due to the reversibility of the working process, the
heat pump can operate effectively both in heating
mode in cold season, and in cooling mode in hot sea-
son (room air conditioning).

In the most cases, secondary heat isn’t used. It’s
disposed of into the atmosphere. From an economic
point of view, it is more expedient to direct this heat
back into the well, ensuring restoration of the tempe-
rature field in order to increase the thermodynamic ef-
ficiency of heat pumping equipment.

To build the temperature field for the reversible
process must be taken into account the current rege-
neration coefficient k;.

The normalized thermal characteristics of the
GTHP operating in the reversible mode are shown in
Fig. 2, a.

The calculation conditions determine the alterna-
tion of periods when the heat pump is turned on (Fig.
2, b) with periods of shutdown with a cyclicity deter-
mined by the time of year. The time to achieve a sub-
stitutionary regime is determined by calculation and is
within five years, which is also confirmed by the ope-
rational parameters of existing wells. Limit states of
the soil massive temperature are reached at the end of
the cycle, i.e., for example, at the end of the heating
season, and therefore the calculated values used to de-
termine the operational characteristics were recorded
at this point in time.

The alternation of heat removal modes (operation
of the heat supply system in winter) and heat supply
(operation of the air conditioning system in summer)
corresponds to different temperature regimes of the
soil massive.

It should be noted that the alternating mode of ope-
ration of the heat pump is accompanied by the rege-
neration of heat in the reservoir, and under ideal con-
ditions, zero balance can be considered the best, when
the amount of heat taken from the reservoir in winter
is equal to the amount of heat supplied in summer.
That is, even in adiabatic mode, the of soil massive
temperature should not change in the long term. The
alternation of periods of switching on the heat pump is
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determined.

In Fig. 2, b shows a diagram of the main stages of
operation of a heat pump in an alternating mode (“+”
— supply of load to the well, “-”” — removal).

Modelling the processes of change in the thermal
field of a soil under conditions of alternating non-
stationary heat flow is an extremely complex task,
since it requires a physical and mathematical descrip-
tion of a complex temperature field formed under the
influence of various non-stationary mechanisms that
determine the process of heat collection or heat re-
moval, including external climatic conditions, heat
pump parameters, changes in soil characteristics [25].

>l1 I | I | A% Vil IX
@ i @ v @ Ui I@ VI @ xr.
A 19 1o 19 |®

e x
1 year 2 year 3 year 4 year 5 year

Figure 2 — GTHP loads in alternating mode:
main stages of heat pump operation: | — 6 months;
Il — 1year; Il — 1,5 years; IV — 2 years;

V —2,5years; VI — 3 years; VII — 3,5 years;

VI — 4 years; IX— 4,5 years; X —5 years

The numerical model is based on a discrete repre-
sentation of the energy equation, boundary and initial
conditions, but at different heat flow densities, and is
implemented using the MathLab software package.
The graphs of temperature field during all year-round
(Fig. 3-4) under alternating technological modes (at
changes of active loads) characterizes the operation of
the heat pump with regeneration.

Calculations are made in the range of active values
from 100 to 25 W/m? with regeneration coefficient k,,
= 0,25. The results of the first stage during six months
of operation of the heat pump unit with alternating
flow direction are shown in the Fig. 3.

At the second stage during first year, a different ac-
tive load is introduced in the direction and the type of
thermal wave differs greatly from the previous stage
(Fig. 4), acquiring the distinct form of a thermal wave.
The nature of the temperature distribution is also radi-
al from the borehole axis, but it has a difference in the
values of the soil temperatures. At a distance of 10...
15 m from the borehole, traces of the thermal impact
of the first cycle are preserved in the form of zones of
elevated temperature (above background values), at a
distance of 7...8 m from the borehole axis, the tem-
perature decreases with a significant gradient.
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Figure 3 — Temperature field with positive thermal
load during six months of the year

Max: 23567  Max 15788

155

145

|—|11.482 i3S

——[4.231

—[3.023

(1814

I L—Josos

Minc 0606 Mirc 11.377

Figure 4 — Temperature field with alternating load on
the of the soil massive during first year

Taking into account the subsequent stages of the
heat pump operation in the alternating (discharge or
supply) modes, the pattern of changes in the tempera-
ture field is as follows: given the predominance of
heat supply (k, = 0,25), the temperature at the bottom
hole of the geothermal borehole To predictably in-
creases, compared to the first stage of operation (Six
months), the temperature increased by 1,5 °C.

The change in the formation temperature relative
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to the second stage during two years is insignificant
and amounts to an average of 0,2 °C, which is within
the calculation error.

Research has shown that with regeneration, the
temperature change according to the cyclic law is
achieved earlier than without regeneration. Thus, after
2,5 years, a quasi-stationary state occurs, when sea-
sonal changes enter the established cyclic mode.
Checking the calculation results as of three years con-
firms the conclusions made.

Summarizing the results of the study, it can be
stated that the operation of the heat pump in the alter-
nating mode is more efficient than the operation mode
with intermittent supply or removal of heat without its
reversal. The decrease in the temperature head of the
heat pump is determined by the approach of the tem-
perature in the geothermal well to the background
temperature value.

Results of influence on the temperature field at the
stage of the first year of operation of the regeneration
coefficient kp in the range of 0.25...1 for values of ac-
tive loads in the range of +100...—100 W.

The change in the formation temperature from the
values of the regeneration coefficient (k, = 0; 0,25;
0,5; 0,75; 1) at different values of the thermal load is
shown in Fig. 5.

20

? —— 100 W/m2 (1 year)
200 W/m2 (1 year)

- 100 W/m2 (2 year)

— 200 W/m2 (2 year)

15

10

-10 |

-15

-20

Figure 5 — Dependence of soil temperature
on the regeneration coefficient k,

Obviously, when heat is removed, the soil massive
cools down. When heat is supplied the soil massive
heats up. However, sequential reversal of the heat
pump leads to the appearance of thermal waves in the
system, which cause changes in the well temperature
and affect the technical and economic parameters of
the equipment. The results of simulation allowed us to
conclude that the annual drop in ground temperature
will gradually decrease under regeneration conditions.
Thus, the regeneration process allows to compensate
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the missing values of the heat load. At the same time,
the volume of the soil massive is annually affected by
changes in temperature conditions, that will expand
every year.

It should be noted that in the operating mode with
regeneration, it is necessary to introduce a limitation
on reaching negative temperatures at the bottom of the
borehole To, which can lead to ice formation. Alt-
hough it leads to some increase in heat removal due to
an increase in thermal conductivity and the inclusion
of a phase transition in the heat exchange process, this
is a negative operational and technological factor.

It should be noted that this phenomenon leads to
additional problems:

— an increase in the volume of soil formation du-
ring freezing leads to its swelling, which can negative-
ly affect at further operation of the well;

— compression of the collector or probe pipelines
occurs, up to their destruction. Based on the results
obtained, it can be concluded that when a geothermal
borehole operates with an alternating direction of heat
flow (with regeneration), the long-term consequences
of operation associated with the deviation of the for-
mation temperature from the background value are re-
duced.

5. Results of simulation, conclusions and de-
cisions

In order to be able to disseminate the results ob-
tained and their further practical use in the form of a
generalizing relationship, the theory of similarity was
used. The known similarity criteria and criterion equa-
tions [26] do not fully reflect the studied phenomena,
in connection with which the following dimensionless
complexes were proposed: dimensionless active flow
Q, dimensionless temperature 6. The temperature field
of the reservoir is described by a dimensionless func-
tion with three dimensionless influencing parameters:

f =[F0,6,Q] @)

The complex nature of the mutual influence of the
defining parameters does not allow to formalize a
unique solution, and therefore a traditional approach is
used to view the form of the criterion equation as a
power dependence.

According to above described equations by the di-
mensionless criterion, the general equation is taken in
the form [26]:
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0=>c-Fo"-Q", (8)

where: Fo = (a-7)/(r«?) — Fourier value; n — power in-
dex of the Fo value; a — thermal diffusivity coeffi-
cient, m?/s; r — characteristic time of change of exter-
nal conditions, s; rw — characteristic size of the well
(well radius), m; Q — active dimensionless heat flux;
m — the power index of the dimensionless active heat
flux; ¢ — determined ratio.

The general equation (8) for the operating mode
with a change in the direction of the heat flow (with
regeneration) can be described as a power series.

Under conditions when the heat pump operates in
the mode of alternating active heat flow, the general
laws of the process are preserved. The difference of
this operating mode of the heat pump is the use of the
heat regeneration effect due to the accumulative ca-
pacity of the soil. This feature determines the possibil-

ity of using general equation (6) as a basic one with its
addition in the form of a correction for the regenera-
tion coefficient kp.

Then the expression will look as [10]:

0=1f(kp):(k-Fo*-Q*+k - Fo-Q++..+k, - Fo-Q), (9)

where: f (k,) — function taking into account the rege-
neration coefficient; ki », ... n — determined coefficients.

At switching the heat flow, the formation is super-
cooled or superheated, and this is according a smaller
temperature difference for the refrigeration machine,
and therefore, lower energy consumption. The depen-
dence of the dimensionless temperature on the rege-
neration coefficient k, is shown in the graph (Fig. 6).
Numerical modelling was performed for Fo values
from 4675 to 11686 and dimensionless active flow Q
is 2000 and 4000.
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Figure 6 — Dependence of dimensionless temperature 6 on regeneration coefficient k, and
dimensionless active dimensionless heat flux Q in the range for different Fo values: a) Q = 2000; b) Q = 4000

Taking dependence (8) as a basis, the analysis was
performed by successive comparison of the obtained
dimensionless temperature at different values of the
regeneration coefficient with the available results for
the operation of the heat pump without regeneration [10].

Graphs (Fig. 6) shows the effect of regeneration on
the values of the dimensionless temperature at regen-
eration coefficients k, from 0,5 to 1 in the range of ac-
tive loads on the borehole. The presented values are
calculated by the module in the range Fo from 4675 to
11686. The upper and lower lines (Fig. 6, a) are the
results with regeneration. Middle lines are without re-
generation. At k, = 0,5, the values of the dimension-
less temperatures @ are as follows: the difference be-
tween 100/(-50) and 75/0 is approximately 1,5; at 50/0

and 200/(-100 ) is about 2.

As can be seen from the results presented (Figure
7, a), regeneration leads to an increase in the heat
transformation coefficient in the heat pump. Let us
consider three work plans: 200/100, 200/150 and 200/
200. Heat regeneration leads to an increase in the di-
mensionless temperature, i.e. the work during the next
switching of “heat — cold” and “cold — heat” begins
not with the background temperature of the soil, but
with a more favorable temperature for the heat pump
unit. For example, heat extraction for the purposes of
heat supply begins with a higher soil temperature than
the background reservoir temperature. As calculations
have shown, for a long time (in this case, the range is
more than 30 days) during reversal, the heat pump ope-
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rates at a lower temperature head.

The results of data processing at k, = 0,75 and ac-
tive loads (75/0, 100/-75, 150/0, 200/-150) are pre-
sented on Fig. 7, b. Two upper lines are the results of
data processing with regeneration 200/-150 and with-
out regeneration 150/0, respectively. The difference
between them is at an average value of § = 5. Two
lower lines are the results of data processing with re-
generation 100/-75 and without it 75/0, respectively.

6

The difference in the value of the dimensionless tem-
perature is very small and is on average 0,3.

The results of data processing at k, = 1 and active
loads 75/0, 100/-100, 150/0, 200/-200) are presented
on Fig. 7, c. Top line is 200/-200 (with regeneration)
and second from the bottom is 150/0 (without rege-
neration) — the difference is & = 8. The second from the
top is 100/-100 and the bottom is 75/0, The difference
in the value of the dimensionless temperature 6 = 2.

J
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Figure 7 — Regeneration of temperature
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Results of digitized calculation data are shown on
Fig. 8.
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Figure 8 — Dependence of values of dimensionless
temperature of temperature field without regeneration
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Based on this, the following form of the refined
criteria equation (8) was obtained with a correction for
the regeneration coefficient k,. Thus, the obtained
equation (trend line) can serve as a correction to the
calculation of the main expression (8). Then the equa-
tion for the alternating heat flow of a geothermal well
with a correction for the regeneration coefficient k,
will look like:

0=-5-10°.Fo? - Q+2-10®.Fo.-Q+3-10*-Q+
+5,1(2 1074k, +1, 98) (10)

Depending on the operating mode of the heat pump,
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different temperatures of the reservoir are established
in the long term (Fig. 9). If you simply remove heat
from the reservoir, the temperature drops and after a
couple of years is established at some lower level; if
you alternate supply and discharge, then it begins to
approach the background; if the regeneration coeffi-
cient is equal to 1, then it is practically background.

20

t,°C
% ”* T T
~background soil temperature
10 kp
5 1 —=4=1025
- 0,5 -—— 0,75
— -— = " "
5
0
1 2 3 4 5
Years

Figure 9 — Comparative characteristics of
operating modes depending on the regeneration
coefficient k, during operation of the heat pump

Data graphs for calculating the number of wells (n)
has been generated [10], taking into account the natu-
ral and climatic conditions of the design area and type
of the soil (Figure 10). Thus, the toolkit of numerical
modelling of the operating modes of the geothermal
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heat pump for heating and cooling allows to predict
the energy-efficiency of the heat pump during the
long-term operation in a cyclic mode with the account
of climate conditions.

7
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Figure 10 — Dependence of number of wells on the
energy consumed by the heat pump with a heat trans-
formation coefficient COP > 2 [10]

6. Conclusions

The obtained results confirmed that under the ope-
rating conditions of a heat pump with an alternating
heat flow (with regeneration), the soil temperature
field stabilizes already in the second year of operation.
The achievement of a quasistationary state in each of
the modes is explained by the fact that an operating
geothermal well is a local source (sink) of heat in the
background temperature field of the Earth. When heat
is supplied, the well's heat flow gives off to the Earth's
surface, and when removed, the decrease in tempera-
ture is compensated by the background heat flow. The
radius of influence of the well is determined by its
operating parameters, the thermophysical properties of
the soil and the density of the background flow. If we
talk about the heat supply mode, then in the case of
heating, heat is taken from the ground and the reser-
voir temperature drops, the temperature approaches
the background. When we continuously take away
heat, the deviation from the background is greater.
The heat exchange processes between the operation of
heat supply and air conditioning systems in cyclic
modes are summarized and criterion dependencies are
obtained for calculating temperature heads, taking into
account the climatic cyclicity of heat loads.

The, criterion dependencies were obtained for cal-
culating the operating parameters of a geothermal
well, taking into account its long-term operation in a
cyclic mode.

A methodology for designing heat supply and air
conditioning systems using geothermal wells is deve-
loped.

The toolkit for designing heat supply and air condi-
tioning systems using geothermal wells is developed.
This toolkit takes into account the long-term operation
of wells in the seasonal cyclic mode of operation of
heat supply and air conditioning systems with the
change in temperature pressures revealed as a result of
the study.

The toolkit allows to determine the dynamic
change in the heat transformation coefficient of the
geothermal heat for different operating modes: for
heating and cooling with the account of climate condi-
tions.

The toolkit of numerical modelling using the par-
ametric approach for different reversible modes of op-
eration of the geothermal source heat pump for heat-
ing and cooling (air conditioning) provides insights of
effects during long-term operation of the geothermal
heat pump without reaching negative temperatures at
the well bottom. Thus, the toolkit prevents formation
of ice, an increase the volume of the soil while free-
zing and the destruction of pipelines, respectively.
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Cmamms npucesuena memooam nioguujeHHs eqhpeKmusHOCmi Cucmemy ONAIeHHs Ma 0X0N00MHCEHHS 3 GU-
KOPUCMAHHAM eheKmy, 3ACHOBAH020 HA NPUHYUNAx enepeosdepedsicerns. OCHOBHOIO Memolo 00CIOMNHCeH-
Hs € aHaniz Memooie nioGUWeH s eeKMUBHOCHI 2e0mepMalbHO20 MeNI06020 HACOCa O/ ONANEHHS ma
0X0I00J4CEHHS 3 YPAXYBAHHAM KIIMAMUYHUX YMOB. Y cmammi po321a0aemobcs iHCmpyMeHmapiti yuceib-
HO20 MOOENIOBAHHS PeXCUMi8 pOOOMU 2e0MEPMATIbHO20 MEN06020 HACOCA ONsl ONANEHHS. MA 0X0100-
JHCEHHS (KOHOUYIOHYBAHHS NOGIMPS) 3 BUKOPUCMAHHAM 2€0MePMAnbHOL 800U 31 C8ePOI0GUHU, OJi BU3HA-
YEHHS YMO8, W0 BNAUBAIOMb HA MEeMNepamypHe noie HA6KONI0 C8EPONOBUHU, 3 YPAXYEAHHAM 360POMHO20
HAnpAMKY MenioHOCia ma KIIMAmuyHux ymos. Memoro 3anponoHoeano2o incmpymeHmapiio € ompuman-
HSl KPUMEPIanbHUuX PIGHAHb 05 YUCETLHO20 MOOENIO8ANHS pOOOUUX NApamMempie 2e0mepmManbhoi ceepo-
JIOBUHU, WO HeOOXIOHO 011 mpusanoi pobomu cucmemu 8 YUKIiUHOMy pexcumi. Ilpakmuyna peanizayisn
MeMOOUKU YUCETbHO20 MOOETI08AHHS 00380JIA€ OOCASMU BUCOKOI NPOCMOPOBOI MA 4aco80i pO30LNbHOI
30amHOCMI, A MAKO4C 8PAXYBAMU MEXHIUHI Oemaii KOMOIHO8AHOI cucmemu ma cghopmysamu memnepa-
Mypy IPYHMOBO20 MACUBY HABKOJLO C8EPONOSUHU 3 YPAXYEBAHHAM KAIMAMUYHUX YMO8. 3HAYUMICIIO HAULO-
20 IHCMPYMEHmMapiio YUceabHo20 MOOENO8AHHS € BUKOPUCTNANHA NAPAMEMPUIHO20 NiOX00Y 05l AHANIZY
PI3HUX 000POMHUX pedtcumie pobomu 2e0mepmalbHo20 Menio8020 HACOCA OISl ONANEHHS Md 0XO0100-
JHcenHs (KoHouyionysamnnsa nosimps). Lle 00380s€e 3po3ymimu nacaioku mpueanoi pobomu 2eomepmaib-
HO20 Menyiogo20 Hacoca H6e3 00CACHEHHS He2amMuGHUX MeMnepamyp 6 HUMCHIU YacmuHi ceepOsioGUHU, WO
Modice npuzeecmu 00 YMEOPeHHs 1b00Yy, 30iNbenHs 00'eMy TpYHmYy npu 3amep3anni ma pyuHy8anHs
mpybonposeodia, 8iOn0gioHo. Y cmammi po32na0armscs pe3yaibmamu aHatisy 3MiHU NOJIs memMnepamyp y
IPYHMOBOMY MACUBI HABKONO CBEPONOGUHU NPOMA2OM MPUBANOL pOOOMU 2e0MEPMANLHO20 MENI08020
Hacoca y 080X pexcumax pobomu: cmayioHapHomy ma 36opomuomy. Ha ocnosi ompumanux pesyno-
Mamie 4YUcenbHO20 MOOeN08AHHS GUABNEHO, WO NpU poOOmMi 2e0MePMANbHO20 MENL08020 HACOCA 3i
SMIHHUM HANPAMKOM MEN108020 HOMOK)Y He2amueHi HACIiOKU poOomu, nos'a3awi 3 6IOXUIEHHAM memne-
pamypu Ipynmy 6i0 (hoH08020 3HAYEHHS, IMEHULYIOMbCA. [00amKOo80I0 HOBUSHOIO YUCENbHO2O MOOENI0-
BAHHS € 8PAXYBANHA POOOUUX NAPAMEMPIE 2e0MEPMATLHO20 MENTI0B020 HACOCA 3 YPAXYBAHHAM MPUBANUX
DEBEPCUBHUX PedHCUMIE POOOMU 2eOMEPMATLHO20 MENT08020 HACOCA. 3anponoHO8aH UL IHCIMPYMEHMApPIl
YUCENTLHO20 MOOETIOBAHHS 000pe NIOX00Umb 015l AHANI3Y MEMNEPAMYPU 8 HUNCHIL YACMUHI C8ePOSIOGUHU,
BUABNIEHOT Ol HASPIBAHHS MA OXONO0NCEHHS, Yepe3 HeCMAayionapHi meniosi HA8AHMANCEHHS, WO BU3HA-
YQIOMbCA KIIMamudHumu ymoeamu. Ompumani pe3yibmamu MOJMCHA PEKOMeHOY8amu K iHHOGAYIHULL
nioxio 0o onmumizayii MexHiKo-eKOHOMIYHUX NOKA3ZHUKIG 2e0MePMANbHUX C8EPOJIOSUH NPOMA2OM 006~
20mpueanoi eKchiyamayii 2e0mepmanbHO20 Meniogo20 HACOCA 3 PEGEPCUGHUM HANPAMKOM MENa08020
NOMOKY 05 Yinell Ha2PieanHs Ma OXOA00NCEHHS O/ NIOBUWEHHSL eHeP2OeDEKMUBHOCIE CUCTEMU.
Knwuoei cnosa: Yucenvne moodenioganns, I eomepmanvruti mennoguii Hacoc, I eomepmanvua ceepono-
suna,; Temnepamypne noae; Pesepcusni pescumu pobomu; Onanenns; Oxonodoicenns; Enepeoeghexmug-
Hicmb, Knimamuuni ymosu
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