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RESULTS OF DEVELOPMENT AND RESEARCH OF THE TECHNOLOGY FOR
AUTOMATED ENERGY-EFFICIENT CONTROL OF HEAT PUMP SYSTEMS BY
MEANS OF COMPUTER EXPERIMENT

The development of energy-efficient indoor management systems, involving the current engineering and technical solutions
to control and optimize energy consumption, is both relevant and promising area. This allows addressing the issues of saving
energy resources; improving energy efficiency, and strengthening energy independence. The use of geothermal heat pumps and
air conditioning systems with heat utilization are the advanced areas for the development of energy-efficient technologies in the
construction sector. The paper concerns the study of technical-functional and energy characteristics, and parameters of a
residential building heat supply system with integrated automated control means by synthesizing computer-oriented and computer-
integrated models of heating and air conditioning systems using a geothermal heat pump and a thermal accumulator which will
increase the energy efficiency of the building and optimize the use of thermal energy throughout the year. The object of study is the
processes of accumulation, distribution and utilization of thermal energy in heating and air conditioning systems. The subject of
the study is computer-aided models of indoor heat supply including a geothermal heat pump, a thermal accumulator and a radiator
heating system as well as an air conditioning system with the possibility of heat utilization. The main scientific and practical effect
of the obtained results is the development of computer-oriented models of indoor heating and air conditioning systems which,
unlike the previously known ones, implement adaptive heat utilization to the heat accumulator for hot water supply needs. Further
promising research in the areas will expand and deepen the scientific substantiation of software and hardware solutions aimed at
improving the energy efficiency of heat engineering industrial and household facilities and processes.

Keywords: thermal accumulator, computer-aided model, heat utilization, heat pump, air conditioning.

OJIIIEBCHKMI LTI

HarioHanbHui TeXHIYHMH yHIBEpCUTET «JIHIIPOBChKA MOTITEXHIKa

PE3YJIbTATH PO3POBKH TA JTOCJII)KEHHS TEXHOJOI'Ti ABTOMATH30BAHOI'O
EHEPITOE®EKTHUBHOI'O KEPYBAHHS TEINIOHACOCHUMHU CUCTEMAMU METOJAMUA
KOMIT’'IOTEPHOI'O EKCIEPUMEHTY

Pospobra enepeoegpexmuenux cucmem Ynpaguinmua OyOienamu, wo GUKOPUCIOGYIOMb CYUACHI THIICEHePHO-MeXHIYHI piuienHs s
KOMMPONIO ma Onmumizayii enepaocnodicuéanis, € aKmyaibHum i nepcnekmueHuM Hanpamkom. Lle 0o3gonsc gupiwiyeamu numanis eKOHOMil
eHepaopecypcis, nioguiyenns enepaoedekmuHoCmi ma NoCUNeH s eHepeoHe3anedxicHocmi. Bukopucmanns eeomepmansHux meniogux Hacocie ma
cucmem KOHOUYIOHYBAHHA 3 YMUNIZAYIEI0 MeNia € NepcneKmusHUMY HANPAMKAMU PO3GUMKY eHep20epheKmusHUx mexHono2ii y 0yoieeabHomy
cexmopi. L cmamms npucesauena OO0CHONCEHHIO MeXHIKO-@QYHKYIOHANbHUX | eHepeemuyHux Xapaxmepucmux ma napamempis cucmemu
MenIonoCmayants JHCUmI08020 OYOUHKY 3 [HMe2POBAHUMU 3ACODAMU ABMOMAMU30BAN020 KEPYBANHS 34 PAXYHOK CUHME3Y KOMN 10mepHO-
ODIEHMOBAHUX | KOMN T0OMePHO-IHMe2POBaAHUX MOOeell CUCIeM ONANeHHs Ma KOHOUYIOHY8anHsA 0YOieni 3 GUKOPUCAHHAM 2e0mepMalbHO20
Meno8o20 HACOCY | Menioo20 AKyMyIamopa, wo 003601ums niOsUWuUmMU eHepeoehekmueHicme OyOieni ma Onmumisy8amu BUKOPUCTAHH
mennogoi enepeii npomseom poxy. O6’ekmom 00CniOHCeHHs € npoyecu HAKONUYeHHs, po3nodiny ma ymunizayii meniogoi enepeii y cucmemax
onanenns ma konwouyionysanns. Ilpedmemom 0ocriodicens € Komn 10mMepHO-0PiCHMOBARI MOOeNi MenIoMexXHiyHo2o 3abe3nedens Oyoieni, wo
BKIIOUAIOMb  2€0MEPMANbHULL  MENN06Ull HACOC, MENN0Ull aKyMYJIAmop ma cucmemy paoiamopHo2o0 ONANeHHs, a MAaKodlC CUcmemy
KOHOUYIOHYS8AHHS NOSIMPs 3 Moxcaugicmio ymunizayii menna. OCHOBHUL HAYKOBO-NPAKMUYHULL eheKm 6i0 OMPUMAHUX Pe3YIbMAamis noiseae 8
PO3pO6Yi KOMN T0MEPHO-0PICHMOBAHUX MOOEell CUCHEM ONANEHH S MA KOHOUYIOHY8anHs OY0i6ii, IKi, Ha 8I0MInY 810 paniuie 6i00MUX, peanizyomy
adanmueny ymunizayiio menia 00 Mmenjio6o2o aKymynamopa 01 nompeb 2apsauo2o eooonocmaianis. 1Ipoeedenis nooansuux nepcneKmueHuUx
o0ocniddicenb Yy 3a3HAYEHUX HANPAMKAX O0360IUMb DOWUPUMU MA NO2IUOUMU HAYKOGe OOIPYHMYBAHHA NPOSPAMHO-MEXHIYHUX piuleHb,
CHPAMOBANUX HA NIOBUIEHHS eHeP2OePeKMUSHOCTT MENTOMEXHIYHUX NPOMUCIOBUX | NOOYMOsUX 06 ckmie ma npoyecis.

Kniouosi cnosa: mennogutl akymynamop, KOMn 10mepHo-0picHmosana Mooens, Ymunizayis menia, meniosuii Hacoc, KOHOUYIOHY8AHHS.

1. Introduction

The world needs an increase in energy efficiency of buildings to decrease consumption of power resources as
well as greenhouse gas reduction [1-4]. Rising energy prices and focusing on environmental aspects require
implementation of innovative approaches to energy consumption management [5]. It should be mentioned that during
the last four decades, the centralized heat supply systems were maintained in Ukraine just in their available condition;
average deterioration level of them is more than 68% [6]. Considerations of constant dynamics as for thermal energy
losses in the Ukrainian heat networks (Fig. 1) [7] put into the forefront the problems connected with the development,
modernization, and improvement of measures intended to stimulate end users for application of renewable energy
sources, and expansion of the possibilities of alternative energy supply schemes [8]. In this context, systems of heat
pumps and thermal accumulators (TA) are among the most promising decisions as for efficient heating of buildings
[9, 10].

Hence, the constant dynamics of losses arising during heat supply through the centralized system as well as
increase in energy prices stipulates the necessity to develop and implement non-traditional heat supply methods. The
fact should also be mentioned that heating during cold seasons and hot water supply throughout the year determine
the increased need for computer-integrated intelligent energy-efficient control of heat pump systems. In such a way,
it becomes necessary to develop models of automated computer-integrated control for the components of heat
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networks which will help increase the coefficient of energy transformation, and energy efficiency of heat supply
process.

percentage of heat energy [%]

=1

2014 2015 2016 2017 2018 2019 2020

Fig. 1. Dynamics of heat energy losses in the heating networks of Ukraine [8]

Taking into consideration the abovementioned, one can state that the paper topic is relevant, and importance
of the expected scientific and applied effect is to develop such computer-oriented models of indoor heating and cooling
systems which, unlike early known ones, implement adaptive heat utilization to a thermal accumulator for hot water
supply.

The key purpose of the paper is to analyze both technical and functional, and energy characteristics as well as
parameters of heat supply system for residential building with the integrated means of the automated control at the
expense of synthesis of computer-oriented models of the building heating and cooling through the use of geothermal
heat pump, and thermal accumulator. The abovementioned will help improve energy efficiency of the building and
optimize the heat energy use for a full year. The research object includes processes of thermal energy accumulation,
distribution, and utilization within the heating and cooling systems. The research subject involves computer-oriented
models for a building heating consisting of a geothermal heat pump, thermal accumulator, radiator heating system,
and air conditioning system with the possibility of heat utilization.

2. Limitations and characteristics of the simulation process

The paper research is logical continuation of proper theoretical studies in the field of development of
procedures to calculate parameters for non-traditional technologies for heating and conditioning of buildings
represented in scientific papers [11-13]. The obtained results have been validated through testing of computer models
in the MATLAB Simscape simulation environment [14].

One-story building with 450-m? internal volume and 15x12x2.5-m overall dimensions was selected as the basis
for the simulation (Fig. 2). Table 1 shows explication of the premises. Light concrete is a load-bearing material of
protective structures. Mineral wool is a heat insulation material. Decorative and finishing materials are ignored.
Statistical data of ambient air temperature have been selected for climatic conditions of Dnipropetrovsk Region.

Table 1
Explication of the premises

# Premises Name in the model Area, square meters
1 Bedroom 1 Bedroom 1 19.8
2 Bedroom 2 Bedroom 2 20.5
3 Kitchen-living room Kitchen-living room 71.7
4 Bathroom - 5.3
5 Corridor - 10.8
6 Bedroom 3 Bedroom 3 25.1
7 Bedroom 4 Bedroom 4 154

Living area of the house - 152.5

The total area of the house - 180

Two-phase liquid refrigerant R410a has been applied as a vapour compression machine. Table 2 demonstrates
output data for the development of a conditioning system model.

Table 2
QOutput data
Parameter Value
Ambient air temperature 30-36°C
Desirable indoor temperature 22°C
The house area 180 m?
Refrigerating capacity 20 kW or 5.6 tons of the cooled mass
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Fig. 2. The house plan

To identify the parameters of the condenser, vaporizer, expansion valve, and receiver, four points of the
desirable refrigeration cycle have been identified within P-i diagram of the refrigerant (Fig. 3) summarized in the

Table 3.
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Fig. 3 P-i diagram of R410a
Table 3
Refrigeration cycle
Point Pressure, Specific energy Note
number MPa intensity, kJ/kg
°Ci f the refri
Evaporator, output 1 0.795 429.17 >°Ciis temperature ot the relrigerant
evaporation
Condenser, input 2 2.72 457 65°C is nominal input temperature
Condenser, output 3 2.72 245.26 5°C is the condenser supercooling
Evaporator, input 4 0.795 245.26 -

Refrigerant condensation temperature within the conditioning system is 45°C (according to the refrigerant
parameters) which makes it possible to ensure 9-15°C difference with ambient air temperature. In the context of the
simulation, 30°C-36°C environmental mode during eight hours has been assumed. Evaporation temperature of the
refrigerant in the evaporator is 5°C to remove heat from the building at the desirable 22°C temperature.

Within the heating model, the specified average temperature is 21°C. At the same time, ambient air temperature
varies from -3 °C up to 9 °C and ground temperature varies from 6°C to 10°C.
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3. Results of the computer model development for heating and hot water supply

Fig. 4 shows a computer model of a system intended to develop such an indoor temperature mode
corresponding to sanitary requirements, and hot water supply demands where 1 is controller to generate enquiry
message for relevant actuators within the system maintaining the specified indoor temperature; 2 is configuration
block of the two-phase fluid refrigerant; 3 is subsystem of geothermal heat pump; 4 is block to set ambient temperature
variation; 5 is subsystem with a thermal model of indoor premises house subsystem, and hot water supply radiators
for heat distribution and thermal accumulator; 6 is underground environment subsystem describing a run of pipes
joined in a circuit digged horizontally at a shallow depth near the residential building; and 7 is block to specify ground
temperature Underground temperature variation.
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Fig. 4. Computer model of heating and hot water supply system on the basis of a geothermal heat pump

Heat pump
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The geothermal heat pump (Fig. 4, mark 3) applies two-phase liquid refrigerant R410a as a working liquid
(selected as analogue to freon — 11). The thermal pump takes natural heat from the ground (Fig. 4, mark 6) and tranfers
it to the hot water supply ratiators (Fig. 4, mark 5). A controller (Fig. 4, mark 1) generates control actions on a
compressor within the heat pump subsystem (Fig. 4, mark 3) as well as on pipes in the subsystem of thermal model
of the building (Fig. 4, mark 5) to maintain the specified temperature.

Fig. 5 demonstrates a house subsystem being a thermal model of residential building with hot water supply
radiators where 1 is circulating pump running water flow through a thermal pump condenser (Fig. 4, mark 3); 2 is
thermal accumulator to store hot water coming out of the condenser; 3 is dispenser pump supplying hot water flow
from the thermal accumulator to radiators; 4 is configuration block of liquid property as for connected network of
thermal liquids; 5 is block of radiator subsystem (the parameters are individual for each room); and 6 is block of
thermal model of the premises (the parameters are individual for each room). Such thermophysical characteristics of
a building as pattern of a protective structure; thermal conductivity; thickness of the protective structure layers; glass
area and type; household heat release level etc. are specified within the residential building subsystem (Fig. 5).
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Fig. 5. House Subsystem
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Graphs in Fig. 6 explain temperature variations in each room in comparison with the ambient air and ground
temperature fluctuations. The initial indoor temperature is 12°C, and heat pump increases the average temperature up
to specified 21°C. The initial ground temperature is 8°C; and the initial ambient air temperature is —3 °C. A simulation
interval is 48 hours.
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Fig. 6. Ground, ambient air, and indoor temperatures

Figures 7-8 show graphs of energy consumption and heat load of different components of a thermal pump. Fig.
7 explains the capacity, consumed by a compressor, and thermal load of a heat pump components. Fig. 8 demonstrates
a coefficient of performance (COP) being a ratio between thermal capacity of a condenser and capacity consumed by
a compressor. Graphs in Figures 7-8 make it understandable that more energy is consumed if thermal load is higher,
i.e. when ambient air temperature drops. In turn, less energy is consumed if thermal load is less, i.e. when ambient air
temperature increases.

A Graph in Fig. 8 shows that thermal energy provision by the equipment is at least three times more than its
power consumption.

Fig. 9 is a graph of average indoor, ambient air, and ground temperatures. The graph explains that heat pump
increases promptly average indoor temperature up the specified 21°C, and maintains it during the whole simulation
period despite disturbances in a control system in the form of ambient air and ground temperature variations. Fig. 10
demonstrates mass consumption of refrigerant (compRef) and hot water to circulation (CPRef) and dispenser (DPRef)
pumps under the mentioned disturbance in the system.
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Fig.10. Output control signals of the Controller system

4. Results of the development and analysis of a computer model of conditioning system with thermal
accumulator for hot water supply

Fig. 11 demonstrates a computer model of a conditioning system with the possibility to accumulate thermal
energy from a condenser of external block of the cooling system where 1 is external block of the conditioning system,
AC outdoor subsystem; 2 is internal block of the conditioning system, AC indoor subsystem; 3 is thermal model of a
building, house subsystem; 4 is block to set ambient air temperature, Ambient temp; 5 is averaged value of indoor
temperature where air is cooled during warm season, T house; 6 are thermostats to maintain the specified indoor
temperature, Thermostat AC, and hot water temperature in the thermal accumulator, Thermostat HT; and 7 is
MATLAB Function block with control logic of heat removal from the external block 1 condenser.

Fig. 12 shows AC indoor subsystem simulating operation of the internal block of conditioning system where 1
is expansion valve; 2 is evaporator; 3 is block to set air mass volume to be cooled; and 4 is a blower subsystem
describing the fan drive. The blower subsystem is a ventilator within the network with wet air and angular velocity
source generating at its terminals such a speed difference which is proportional to the physical input signal.
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Fig. 11. Computer model of a conditioning system with a thermal accumulator

Indoor interaction (Fig. 11, mark 3) between the evaporator (Fig. 12, mark 2) and air mass (Fig. 12, mark 3) is
represented using a system-level condenser evaporator (2P-MA) block [15]. The block can operate either as a condenser
(Fig. 12, mark 2) or as a evaporator in the refrigerating system depending upon the heat-transfer direction. The block
uses data on the efficiency from technical specification of the heat exchanger. Before implementation of the closed
circuit of the vapour compression device, operating by the main refrigeration cycle, mass consumption of the coolant
has been assessed as well as approximate air consumption values taking into consideration following information from
Tables 2, and 3:

* the coolant consumption was evaluated previously as the cold productivity division by a difference between
the specific enthalpy at the output of the evaporator, and the specific enthalpy at the input of the evaporator being 20
kW (i.e. 429.17 kJ/kg — 245.26 kJ/kg ) = 0.11 kg/sec; and
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* the air consumption was evaluated previously as the cold productivity division by air pressure coefficient.
The obtained result was divided by the desired air difference on the evaporator. Within the system under simulation,
10°C level is assumed being equivalent to temperature drop by 10 K. Hence, 20 kW/1 kg/kJ/K/10 K = 2.0 kg/sec. To
calculate volume velocity of the flow, the mass air flow velocity has been divided by the air density, i.e. 2.0 kg/sec/1.2
kg/m® = 1.66 m*/sec.
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Fig. 12. AC indoor subsystem

The established value of the opening fraction of the thermostatic expansion valve (Fig. 12, mark 1) for the
model is almost 0.8. While simulating, the thermostatic expansion valve (EPB) has been applied to control evaporator
activity. The block modulates a flow to the evaporator based upon the measured thermal overload. 1-A input and 2—
B1 output of AC indoor subsystem are connected with the rest of the refrigeration circuit of the closed system through
4-TEVA and 5-B1 terminals of AC outdoor subsystem (Fig. 13).
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Fig. 13. AC outdoor subsystem

Consequently, the operation algorithm of the developed refrigeration cycle model is described as follows. The
evaporator (Fig. 12, mark 2) absorbs indoor air heat, and transforms refrigerant into superheated vapour. Then the
compressor (Fig. 4.13, mark 5) produces pressure and passes the refrigerant through a condenser (Fig. 13, mark 6)
where the heat, absorbed by refrigerant, and work of compression are released into the environment (Fig. 13, mark 2)
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or pass to a thermal accumulator (Fig. 13, mark 4) for a hot water supply system. As a result, the refrigerant is
condensed into supercooled liquid to be stored in a liquid receiver. A valve (Fig. 12, mark 1) controls the amount of
the refrigerant flowing from a receiver to evaporator to maintain the required overheating level. Also, the valve causes
a pressure drop. The abovementioned cools the refrigerant rendering it possible to absorb heat in the evaporator. A
building (Fig. 2), represented as air volume in a wet zone (Fig. 12, mark 3), is cooling load in the model. Heat network
(Fig. 11, mark 3) simulates thermal exchange between the hot environment and indoor air through walls, roof, and
windows. The developed computer model ignores indoor heat generation by residents and devices. A fan (Fig. 12,
mark 4) circulates air to be cooled through the evaporator. The system is controlled by a thermostat, turning the system
in/out, to maintain the specified air temperature at the level of 22°C, and water temperature in the thermal accumulator
at the level of 38°C.

Below, you can find simulation results of the described computer model of conditioning with thermal
accumulator for hot water supply. Figures 14-16 demonstrate operation schedules of the conditioning system without
activation of TA loops.

Fig. 14 shows a graph of changes in the ambient air temperature; a setting value for the desired indoor
temperature; and a graph of the averaged indoor temperature value. Graphs in Fig. 15 demonstrate heat exchange
within the condenser and evaporator as well as capacity consumed by a compressor. Fig. 15 is a graph of performance
coefficient calculated as ratio between the evaporator heat transfer and the total consumed capacity (consumption by
the compressor and ventilators).
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Fig. 17 shows graphs of the model operation inclusive of the specified indoor temperature maintenance and in
the thermal accumulator.

The initial average indoor temperature is 30°C (the desired temperature is 22°C) and water temperature in the
TA is 28°C (the desired temperature is 38 °C). During interval 1 (Fig. 17), i.e. from 0 h to 0.12 h, indoor temperature
is more than the one specified at the thermostat. Water temperature in TA is lower than the predetermined value.
Hence, within interval 1 (Fig. 11, mark 6), thermostats acquire air mass cooling as well as water heating in the TA. In
this context, heat from the condenser (Fig. 13, mark 6) is not released to the environment using a fan, built into the
external unit of the air conditioning system (Fig. 13, marks 1, and 2). A circulation pump is applied for its transferring
to TA-condenser loop (Fig. 13, mark 4). At 0.12 h time moment, TA temperature achieves its specified value.
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Fig. 17. Temperatures and heat exchange

The thermostat is turned off and switch to fan takes place (Fig. 13, mark 1) to remove heat from the condenser
(i.e. condenser-TA heat exchange terminates and condenser-environment heat removal to the ambient medium starts).
During interval 2, i.e. from 0.12 to 0.18 h, indoor air mass cooling is still in progress. The thermostat is turned off at
0.18 h time moment. Then, during 0.18- 0.21 h interval, water consumption is simulated. At the time moment of 0.21,
the thermostat is turned on to heat water (see Fig. 4.42). Nevertheless, relying upon logic, water heating is possible
only at the moment when the conditioner turns on, i.e. during interval 4. 4, 5, and 6 intervals iterate processes within
intervals 1, 2, and 3.

5. Conclusions

The paper has solved the topical scientific and applied problem as for analysis of energy, and technical and
functional parameters of a heat supply system for residential building with the integrated means of automated control
at the expense of synthesis of the computer-oriented as well as computer-integrated models of indoor heating and
cooling using geothermal heat pump and thermal accumulator. The abovementioned makes it possible to improve
energy efficiency of the building and optimize thermal energy use all the year round.

The developed models are the basis for the automated technology of computer-integrated control of heat-
pump systems involving an energy efficiency criterion implementing the automated control of heating and cooling
parameters. Versatility is to vary ergonomically thermal parameters of buildings and integrate heating and cooling
systems of other types. Such an approach helps compare efficiency of the systems under the selected conditions and
assess technical and functional parameters of one system under different operating conditions.

Future research will make it possible to expand and deepen scientific substantiation of software and technical
solutions intended to improve energy efficiency of heat engineering objects and processes both for industries and
households.
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