3anpononosano epexmueni cxemui pi-
WeHHs aNbMEePHAMUBHOT CUCMEMU 2aPAHO0-
20 6odonocmavannsn. Buxonano modenio-
8AHHS MENJIOBUX NPOUECIG 8 AKYMYAAMOPAX
mensiomu npu pisnux cnocoéax nioxarouen-
M5l 2eHEpamopié menjiomu ma cHONCUGAHI6.
IIposedeno excnepumenmanvii docioxcen-
HSL CUCeMU 2aps4u020 6000NOCMAYAHHS HA
0a3i menyio6020 HACOCY NpuU PIZHUX Mmemne-
pamypnux pexcumax

Kmouogi cnosa: akymymosanns menio-
mu, 2eqiocucmema, menaoéuil Hacoc, Komoi-
HO6aMI cucmemu menionocmavanns, Pazo-
euil nepexio

IIpeodnosicenvt nepcnexmusiole cxemitole
pewenus anbmepHamueHoll Cucmemst 20psi-
ye20 6odocnaodxcenus. Bomonneno mooenu-
Pposanue menyioBblx NPOUECCO8 8 AKKYMYJLs-
mopax menjiomol NPU PA3IUMHBIX CROCOOAX
NOOKNIOUEHUSL 2eHepamopPo8 Menaomvl u
nompeoumeanei. Ilposedenvt 3rxcnepumen-
manvhvle UCCTLE008AHUSL CUCMEMbL 20PA1E20
6odocnabiicenus na 6ase menJio6020 Hacoca
NPU PA3TUMHBIX MEMNEPAMYPHBIX PENCUMAX

Kmoueevie cnoea: axxymyauposanue
menJiomot, 2eUOCUCTEMA, MENT0BOU HACOC,
KOMOUNUPOBAHHble CUCTEMbl MENJ0CHAD-
srcenust, pazoewtil nepexod

1. Introduction

Application of the combined systems of heat supply
with the use of the renewable energy sources is one of the
directions to solve a strategic question of reducing the
consumption of fossil fuels [1]. Measures that are directed
toward the reduction of consuming natural gas are stimu-
lated at present by the government of Ukraine [2].

Pellet boilers and electrical boilers that employ night
tariff for electric power have been commonly used by the
population and enterprises of small and mid-sized busi-
nesses. Applying a night tariff for electric power makes
it possible to not only decrease the consumption of tra-
ditional fuel but also somewhat balance the load on the
energy system of Ukraine [3].

However, the given solutions do not fully utilize the
potential of renewable energy sources, first of all, of heat
pumps and solar collectors. As is known, effective use of
the sources of renewable energy is impossible without heat
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accumulators, which allow smoothing the nonuniformity
of generation and consumption of heat [4]. For example,
for heliosystems, the nonuniformity indicated is caused
by the mismatch between daily peaks of solar radiation
intensity and the need for hot water.

It should be noted that efficient use of renewable en-
ergy sources in the combined systems of heat supply with
the application of heat accumulators depends on a num-
ber of factors. Climatic conditions essentially influence
effectiveness of use; however, the circuits of system of
heat supply of heat-carriers are also important. Of special
interest are the circuit solutions, which make it possible
to maximally utilize solar energy and regimes of the heat
pump operation in the range of its largest efficiency [5].

Since different renewable sources of low-potential en-
ergy for heat pump have limitations on their application,
related to the inconstancy of energy potential, which
depends on climatic conditions, determining the range of
effective work of alternative systems of heat supply with
the application of energy accumulators is a relevant task.




2. Literature review and problem statement

Considerable attention is paid to the problem of effective
use of renewable sources of heat, including for the prepara-
tion of hot water [4—8]. Main attention is paid to the align-
ment of operational modes of heat generators and consumers,
as well as to peculiarities in the application of renewable heat
sources along with the traditional systems of heat supply.

It should be noted that the leading manufacturers of
thermal-power equipment devised recommendations for cir-
cuit solutions of using the renewable sources of heat [9];
however, they are typically aimed at improving the hydraulic
performance characteristics of traditional and alternative
systems, as well as at aligning the system of automation of
the subject of study.

Of all the variety of circuit solutions of the combined sys-
tems of heat supply, implemented in practice, the following
ones are of the largest interest:

1. Bivalent water heater-accumulator with two sources of
heat — from gas boiler and solar collector (Fig. 1).
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Fig. 1. Combined circuit for the preparation of hot water
from two sources of heat with the use of a bivalent water
heater-accumulator: 1 — solar collector, 2 — gas boiler,
3 — bivalent water heater-accumulator

Circuit in Fig. 1 makes it possible to prepare hot water
in one tank, using heat of the contour of heliosystem in the
lower heat exchanger of water heater-accumulator, and then
additionally heat it with the aid of gas boiler in the upper
heat exchanger.

The drawbacks in the examined circuit are:

— low heat emission due to predominantly free convec-
tion in the tank-accumulator [10];

—undeveloped surface of heat-exchange in the coil
heat-exchanger of water heater-accumulator leads to a sharp
reduction in the heating capacity of heliosystem at low tem-
peratures in the contour of solar collector [11];

— limitation in temperature of heat carrier in the contour
of heliosystem, which manifests itself especially vividly
during winter period [10].

The intensification of heat exchange between the heat
carrier of heliosystem and hot water in the accumulator of
heat can be solved by installing a compact external lamel-
lar heat exchanger with the developed surface of heating
(Fig. 2).

2. Combined circuit with the intensification of the pro-
cess of heat exchange due to the installation of external
lamellar heat exchanger (Fig. 2).

In the combined circuit for the preparation of hot water, a
question of the intensification of heat exchange from the side
of heliosystem is solved by applying an external lamellar heat
exchanger and a circulating pump. However, a shortcoming
of this circuit is again a problem of limitation of temperature
of the heat carrier in the contour of solar collectors.

1 2
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Fig. 2. Combined circuit for the preparation of
hot water with the use of a lamellar heat exchanger and
monovalent water heater-accumulator: 1 — solar collector,
2 — gas boiler, 3 — monovalent water heater-accumulator,
4 — lamellar heat exchanger

3. Combined circuit for the preparation of hot water with
the use of two-step preheating (Fig. 3).

The examined circuit implies the use of two steps for the
preparation of hot water, intended for expanding tempera-
ture range of work of the contour of heliosystem.

In the represented circuit solution (Fig. 3), the possi-
bility of using low-potential heat from the contour of solar
collector for preheating hot water in the first step of tank-ac-
cumulator is realized. In this case, temperature of the heat
carrier can be lower than 40 °C, which cannot be realized in
the circuits, represented earlier (Fig. 1, 2). The use of a re-
serve energy source is a drawback in this circuit; in this case,
the substitution coefficient of organic fuel is less than 50 %.

Additional heating of hot water to the required tempera-
ture (not lower than 50 °C) is carried out in a separate contour,
which consists of a monovalent water heater-accumulator of
the 2nd step and a gas boiler. The deficiencies in the examined
circuit (Fig. 3) include a large number of power machinery
equipment, and, as a result, an increase in the cost of the system,
as well as the need for the excess areas for its arrangement.

1 2

Fig. 3. Combined circuit for the preparation of hot water
with the use of two steps for the preparation of hot water:
1 — solar collector, 2 — gas boiler, 3 — monovalent water
heater-accumulator (2nd step of heating),

4 — lamellar heat exchanger, 5 — accumulator of
hot water (1st step of heating)



4. Combined system with the use of a heat pump and
solar collector (Fig. 4), which makes it possible to apply a
heat pump in the zone of its largest efficiency and, at the
same time, to decrease a number of solar collectors for the
purposes of hot water supply [12]. In this case, the base
load for preheating hot water is provided by a heat pump
(to temperature 35—-40 °C) while temperature regime in the
feed pipe of the heat pump does not exceed 40—45 °C, which
ensures energy efficiency of the circuit.

However, the circuit examined provides for the mean
annual coefficient of substituting traditional energy less
than 50 % [6], which makes it impossible to do without the
backup of power.

1

Fig. 4. Combined circuit for the preparation of hot water with
the use of heat pump and heliosystem: 1 — solar collector,
2 — heat pump, 3 — bivalent water heater

5. Circuit for the preparation of hot water from the con-
tour of heat recuperation of the refrigeration unit condensa-
tion (Fig. 5).

N

i

Fig. 5. System for the preparation of hot water from the
recuperation contour of condensation heat of refrigeration unit:
1 — refrigeration unit, 2 — accumulator of hot water,

3 — lamellar heat exchanger

One of the varieties of circuit for using heat of refrig-
eration unit condensation in summer period for the prepa-
ration of hot water is a circuit with heat recuperation of
condensation in a separate contour [13]. In this case, con-
temporary systems of conditioning that employ single-stage
steam-compression refrigeration units can be equipped with
a contour for the recuperation of condensation heat. In this
case, by the available heat capacity, the indicated systems are
capable of meeting the need for hot water supply to facilities.
Condensation temperature of the refrigeration units of con-
ditioning systems may reach 55 °C, which makes it possible
to prepare hot water of the required temperature and to do
without additional heat sources under summer mode.

However, a drawback of the circuit examined is the
fact that refrigeration unit operates beyond the range of
energy effectiveness because of the elevated temperature
of condensation.

In order to improve effectiveness of the work of system
of hot water supply for the preparation of hot water from the
recuperation contour of condensation heat of a refrigeration
unit, it is possible to use a two-step system.

6. Combined circuit for the preparation of hot water with
the use of two sources of renewable energy: a recuperator of
condensation heat of refrigeration unit and a heliosystem
(Fig. 6).

This is a two-step circuit for the preparation of hot water,
in which the first, low-potential, source of heat (along the mo-
tion of water) is the recuperation contour of refrigeration unit;
the second, high-potential, source of heat is a heliosystem.
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Fig. 6. Combined circuit for the preparation of
hot water with the use of two sources of renewable energy:
1 — solar collector, 2 — refrigeration unit, 3 — accumulator of
hot water (1st step), 4 — accumulator of hot water
(2nd step), 5 — lamellar heat exchanger (1st step),
6 — lamellar heat exchanger (2nd step)

The circuit represented (Fig. 6) makes it possible to
maintain energy-effective regime of cooling a refrigeration
unit for the systems of conditioning (condensation tempera-
ture is not higher than 45 °C). In this case, it is possible to
provide for a basic mode of heating water for the needs of
HWS, as well as an additional one, for example, for preheat-
ing water in the pool.

The application of two tanks for the accumulators of hot
water makes it possible to more effectively use the conden-
sation heat of refrigeration unit for preheating hot water
during peak load period in the cooling system of a facility
and maximum load to heliosystem.

An analysis reveals that the choice of effective circuit
solutions for the systems of alternative heat supply depends
on a number of external and internal factors, to be con-
ducted through technical and economic substantiation. In
this case, one should emphasize that the selection of heat



accumulator plays a decisive role that corresponds to the
principles of energy-saving technologies. It is worthwhile
paying attention to the schemes for connecting heat carriers
to the heat accumulator. This circumstance may essentially
influence the operation efficiency of combined system of heat
supply. The issue of effectiveness in the heat accumulation at
different variants of connecting heat carriers has been given
insufficient attention.

3. The aim and tasks of the study

The aim of present work is to determine a rational op-
erating mode of the installation that makes it possible to
increase the share of using of low-potential energy through
a two-step accumulation under different climatic conditions.

To achieve the set aim, the following tasks are to be
solved:

—to model the processes for the examined circuits of
connecting sources of heat under different regimes of gener-
ation and discharge of hot water;

— to visualize the processes in the heat accumulator under
different regimes of generation and discharge of hot water;

— to examine experimentally the processes of charging
a hot water accumulator from a heat pump under different
climatic conditions;

— to determine conditions for the effective operation of
alternative systems of heat supply with the application of
energy accumulators and heat pumps.

4. Materials and methods of research

An important factor that influences the effectiveness of
using hot water accumulators is the technique of connecting
the sources of heat. In order to analyze effectiveness of the
operation of accumulator, we modeled the processes for the
widespread systems of connection under different regimes of
generation — heat extraction.

Below (Fig. 7-13) are the results of modeling the ther-
mal processes for three most common schemes of connecting
heat carriers to the heat accumulator and two regimes of the
system operation: equality of generation and heat consump-
tion and heat accumulation at its low consumption.

T12 - ——— TII

2 T21

Fig. 7. Estimated parallel circuit of motion of
connection flows of heat carriers to the tank-accumulator:
T11 — feed line of the heat source, T12 — feed line of the

heat consumer, T21 — return line of the heat source,
T22 — return line of the heat consumer

For the two considered operation modes of the heat accu-
mulator, with the help of software package Flow Simulation
based on the SolidWorks software, we obtained results of
numerical CFD-simulation of thermal processes in the heat
accumulator with the visualization of temperature field

(Fig. 10, 13). The software contains mathematical apparatus
that makes it possible by the numerical method of finite ele-
ments to solve the equations of heat transfer for determining
the estimated parameters, including temperature gradient
by the volume of accumulator tank.

T2 —ii—n—+ TII
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Fig. 8. Estimated cross circuit of motion of connection
flows of heat carriers to the tank-accumulator: T11 — feed
line of the heat source, T12 — feed line of the heat consumer,
T21 — return line of the heat source, T22 — return line of
the heat consumer
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Fig. 9. Estimated circuit of connection of heat carriers to
the tank-accumulator combined circuit of the flow motion:
T11 — feed line of the heat source, T12 — feed pipe of
the heat consumer, T21 — return line of the heat source,
T22 — return line of the heat consumer
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Fig. 10. Visualization of processes in the tank-accumulator
during battery charging in the parallel circuit of flow motion
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Fig. 11. Visualization of processes in the tan-accumulator
during battery charging in the cross circuit of flow motion
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Fig. 12. Visualization of processes in

the tank-accumulator during battery charging in

the combined circuit of flow motion
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Fig. 13. Visualization of processes in

the tank-accumulator during discharging of accumulator in

the parallel circuit of flow motion
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Fig. 14. Visualization of processes in

the tank-accumulator during discharging of accumulator in

the cross circuit of flow motion
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Fig. 15. Visualization of processes in

the tank-accumulator during discharging of accumulator in

the combined circuit of flow motion

Results of the numerical simulation of thermal processes
in the tank accumulator (Fig. 10, 12, 14, 15) demonstrate
that the application of traditional connections of heat carri-
ers to the heat accumulator (parallel circuit of flow motion
and combined circuit of flow motion) leads to the less effec-
tive use of the volume of tank-accumulator (stratification of
temperatures in the tank during charging and the larger, not
utilized, tank volume at discharging).

When using a cross circuit of flow motion, the distribu-
tion of heat by the volume of tank-accumulator is more uni-
form due to the cross flow of heat carriers and high degree
of mixing the flows (Fig. 11, 13). This makes it possible to
fully utilize the entire tank volume for the accumulation.
However, the application of circuit of cross flow motion leads
to the reduction in temperature in the feed pipe of consumer.

5. Experimental studies of effectiveness of heat pump
operation under the mode of heat accumulation during
summer period for the needs of HWS

One of the facilities (No. 10) at Odessa National Polytech-
nic University (Ukraine) was used for the implementation of
the pilot production-experimental installation of heat accu-
mulation with the use of the heat pump made by Gree, China
(Fig. 16) of the split type “air — water” (Fig. 17), the bivalent
water heater accumulator AMCOR, Israel (Fig. 18).

=
=

X
=

Fig. 16. Schematic of experimental installation:
1 — heat pump of the split type, 2 — bivalent water
heater-accumulator, 3, 4 — circulating pumps
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Heat pump

In order to analyze effectiveness of using a heat pump un-
der the mode of preparing hot water, we installed a thermal
counter and an electric energy measuring device (Fig. 17).

Studies were conducted at different ambient tempera-
tures and varied temperatures of heat carrier. Results of the
study are represented in Fig. 18, 19.

Fig. 17. Exterior view of heat pump of
the split type “air — water” with heat output 6 kW




Fig. 18. Bivalent water heater-accumulator
with capacity 300 |

a b

Fig. 19. Measuring devices: a — thermal energy;
b — electrical energy
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Fig. 20. Chart of dependence of the heat pump capacity on
the outdoor air temperature at a change in
the temperature of heat carrier: 1 — outdoor air
temperature 27 °C; 2 — outdoor air temperature 23 °C;
3 — outdoor air temperature 15 °C

Experimental studies of the processes of charging the
tank of accumulator of hot water revealed temperature zones
of effective use of the heat pump for the preparation of hot

water. As can be seen from chart (Fig. 20), the largest heat
transformation ratio (COP) corresponds to the temperature
range of heat carrier at 35...45 °C. In this case, increasing the
temperature of heat carrier above 45 °C (Fig. 21) leads to a
decrease in COP below 4.
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Fig. 21. Chart of dependence of the transformation ratio
(COP) of heat pump on the outdoor air temperature at a
change in the temperature of heat carrier: 1— outdoor air
temperature 27 °C; 2 — outdoor air temperature 23 °C;
3 — outdoor air temperature 15 °C

6. Discussion of results of examining operation modes of
heat-pumping systems with the use of heat accumualtors

The studies conducted demonstrated the need for using
two-step heat accumulators in the preparation of hot water.
In this case, the low-potential source of heat should have
its own accumulator as the first stage for the preparation
of HWS. The heat accumulators, to increase their effec-
tiveness, should be connected by the cross circuit of heat
carrier motion. Such circuit of the heat carrier connection
makes it possible to evenly use the volume of accumulator
and to maintain uniform temperature in the process of dis-
charging. However, one should take into account that such
circuit leads to the reduction in temperature of heat carrier
in the feed line.

Experimental research into operational regimes of the
production-experimental pilot installation in facility No. 10
at ONPU (Ukraine) confirmed effectiveness of the two-step
circuits of accumulation for the preparation of hot water.

Results of present research are relevant for the combined
systems of heat supply with the use of heat pump and solar
collectors. The solutions proposed will find wide application
in the housing and utilities sector, as well as among the en-
terprises of small and mid-sized businesses.

Present studies are the continuation of work to improve
effectiveness of using the renewable energy sources in the
combined systems of heat supply and they will continue in
the future.

7. Conclusions

As a result of conducted theoretical and experimental
research, it was established:

—in order to improve efficiency of using heat from the
renewable energy sources, it is necessary to employ a two-
step system for the preparation of hot water;



— the application of traditional connection of heat car-  motion) leads to an increase in efficiency of utilizing its
riers to the tank-accumulator leads to the reduction in  volume; however, it reduces temperature in the feed pipe to
effective use of its volume; however, it allows increasing  the consumer;
temperature in the feed pipe to the consumer; — for the effective heat pump operation (recuperation

— the application of alternative connection of heat car-  contour of refrigeration unit), it is necessary for the tempera-
riers to the tank-accumulator (cross circuit of heat carrier  ture of heat carrier not to exceed 45 °C.
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