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MODELLING THE EFFICIENCY OF THE HEAT PUMP
SYSTEM WITH TANK ACCUMULATOR FOR PERMANENT
AND INTERMITTENT HEATING MODES
OF THE PUBLIC BUILDINGS

A. Henucosa, O. XKaiigopon. MoaeaioBaHHsl e()eKTHBHOCTI TENIOHACOCHOI CHCTEMH 3 6aKOM-aKyMYJIITOPOM /ISl TOCTiiiHOTO Ta
NepioqMYHOr0 pe:KMMIiB POGOTH CHCTEMH ONAJeHHS TPOMAJAChKHX OyliBesb. Y CTaTTi PO3MIAHYTO MaTEMaTHYHE MOJICITIOBAHHS
edeKTHBHOCTI KOMOIHOBAaHMX TEIUIOHACOCHUX CHCTEM 3 HAKONMYEHHAM TEIUIOBOI €Heprii JUIs IepioJMYHOro ONajeHHs TPOMAJIChKHX
OyniBenb. [IpoaHanizoBaHO MOMKJIMBOCTI KOMOIHOBAaHOi TEIUIOHACOCHOI CHCTEMH Ui POOOTH 3 TPaOULIifHOI CHUCTEMOK OMAJICHHS 3
ypaxyBaHHSIM KJIIMaTHYHAX YMOB, KOJIM TeMIlepaTypa OiBaJeHTHOI TOUKM BH3HAYa€ KiIBKICTh €Heprii, 0 HaAXOAUTH BiJ| TpaMLiHHOro
TerioreHeparopa. IIpoBenieHo uncenbHe MOAEIIOBAHHSA IIPOLECIB Y CUCTEMi KOMOIHOBAaHOTO NMEPepHBYACTOrO ONAJICHHs. 3arporoHOBaHa
METOJIOJIOTISl aHai3y MOXKE CIYT'yBaTH palliOHAIBHUM MiJXOJOM JO IMOJAJbIIOr0 PO3BUTKY TEIUIOHACOCHUX TEXHOJOTiH MepiofndHOro
onaineHHs. [IpoBeneHo OLIHKY e(EKTUBHOCTI PEKHUMIB POOOTH CHCTEMHM KOPOTKOYACHOIO OINAJICHHs 32 PEeKMMaMH POOOTH CIOXHBAdiB
Teruia. 3arporoOHOBaHA METOAMKA CHpPHSE ITiJBUIIEHHIO EGHEProe()eKTUBHOCTI TEIIOHACOCHUX CHCTEM 3 OAKOBHMH aKyMYISTOpaMH 3
ypaxyBaHHSM PEXKHMIB pOOOTH CIIOXKMBAuiB Temja. Pe3ynbTaTH MOJENIOBAHHS BKIIIOYAIOTH KOE(illi€eHT KOPUCHOI Aii Ta HarpiBajbHY
TOTYKHICTb. BusiBIIeHO pexuMu poOOTH, Kon 3Ha4YeHHs KoedilieHTa KOpPHCHOI Ail Oy Jy’ke BUCOKMMHU. AHaIli3 pe3ylbTaTiB YUCETbHOIO
MOJICIIIOBAaHHS TIOKa3ye, IO IS TEIUIOHACOCHHX CHCTEM 3 TEIUIOBHM aKyMYJIATOPOM BiIOYyBAa€ThCs BHPIBHIOBAHHS KPHUBOI HAaBaHTA)KCHHS
TEIJIOreHEePaTOPiB, IO MPHU3BOIUTH O PIBHOMIPHOI poOOTH Jkepena Temiaa. KOHCTpyKLis TEXHIUYHMX JeTalel TEIIOBOro Hacoca Oyina
OIITUMI30BaHa 3 SHEPreTHYHUM OallaHCOM, KUl ToOpe MiAXOIWTh Ul aHalidy PEKXHMIB POOOTH TEINIOBOIO HACOCa, IHTErPOBAHOIO 3
HaKONMYyBayeM TEIUIOBOI eHeprii. TakuM YHHOM, PO3MIIAETHCS paliOHATbHA TPUBATICTH KOPOTKOYACHWX IIEPIOJIB OIANCHHS, KOIH
TEIUIOBUI HACOC MpALIOE 3 TEIUIOBUM aKyMYJISATOPOM, TPHBAIICTh MOCIIZOBHOTO PEXHMY OMAJICHHS Ta PEXKUMY OYiKYBAaHHS 3 3apsAKOI0
TEIUIOBOTO aKyMYJISITOpa, sIKi NMO3UTHBHO BIUIMBAIOTH Ha CHEProe(eKTHBHICTb. 3TiIHO 3 pe3ysbTaTaMy, JOAATKOBA HOBH3HA J03BOJISIE
ONTHMI3yBaTH TEXHIUHI JeTali Ta PEeXMMH PoOOTH KOMOIHOBAHOI TEIUIOHACOCHOI CHCTEMM HA YacTKaX BiTHOBIIOBAHMX [DKEPEN JUIs
MOCTIHOTO mifBUILEHHS 11 eHeproedekTHBHOCTI. MaTemMaTnuHa MOAEINb, MiATBEPAXKEHA EKCIIEPUMEHTAIBHIMHU Pe3yJIbTaTaMH, MOXe OyTH
BUKOPHCTaHa U JOCIIKEHHsS JOLUIFHOCTI iHTerpamii Oaka-akyMyJsITOpa B CHCTEMH ONAJICHHS TEIUIOBOTO HAcoca 3 BHKOPHUCTaHHIM
BIJTHOBJIFOBaHUX JDKEPEN eHeprii.

Kunrouosi criosa: epeKTUBHICTD, TETUIOBUI HACOC, TEIJIOBHI aKyMYJISITOP, IEPIOAMYHHUN 00IrpiB, MO/IENIb €HEPTETUYHOTO OaIaHCy

A. Denysova, O. Zhaivoron. Modelling the efficiency of the combined heat pump system with tank accumulator for permanent
and intermittent heating modes of the public buildings. The paper considers mathematical modeling the efficiency of the combined heat
pump systems with thermal energy storage for intermittent heating of the public buildings. The abilities of the combined heat pump system
working with traditional heating system with the account of climate data values when the position of the bivalent point on the temperature
axis affects at the amount of heat energy supplied from the reserved generator of heat are analyzed. Numerical modeling of processes in the
combined intermittent heating system was carried out. The proposed methodology of the analysis may serve as a rational approach to further
development the heat pump technologies of intermittent heating. Evaluation of the effectiveness of work modes the intermittent heating
system from the operating modes of heat consumers are carried out. The proposed methodology contributes to energy efficiency of the heat
pump systems with tank accumulators with the ac-count of operating modes of heat consumers. Simulation results include coefficient of
performance and heating capacity. The periods of operation when the values of the coefficient of performance were very high were revealed.
Analysis of the results of numerical modeling shows that for heat pump systems with heat accumulators, the load curve of heat generators is
equalized, which leads to uniform operation of the heat source. The design of technical details of the heat pump was optimized with the
energy balance which is well suited for the analysis of work modes of the heat pump integrated with thermal energy storage. The rational
length of intermittent heating periods when the heat pump operates with heat accumulator, duration of successive heating mode and stand-by
mode with charging the heat accumulator which have positive influence on energy efficiency are considered, consequently. According to the
results, additional novel-ty aspect allows to optimize the technical details and work modes of the combined heat pump system at renewable
sources shares to have continuous improvement of its energy efficiency. The mathematical model validated with experimental results can be
employed for investigation the feasibility of integrating the tank accumulator into heat pump heating systems using renewable sources of
energy.

Keywords: efficiency, heat pump, heat accumulator, intermittent heating, energy balance model

Introduction

The global requirement for sustainable energy provision and a political imperative for energy in-
dependence have combined to increase interest in the use of renewable energy sources to meet grow-
ing energy demands. Therefore, the heat pump systems (HPS) introduces a new path for sustainable
systems with clean energy supply and an improved energy efficiency. Current power systems are still
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dominated by fossil fuel-based electricity generation and operated on supply following the changing
demand. Actually, the task of increasing energy efficiency should be realized by implementation of the
innovation technologies 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 accumula-
tors, by virtue of their ability to utilize a renewable energy sources (RES) for heating systems [1-6].

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 public
buildings are insufficient [7-11]. The foreign investigations [12-14], lack of the methods, which take
into account HPS with TA and conditions of their practical application for permanent and intermittent
heating modes of the public buildings at the environmental conditions of the Ukraine and South-
Eastern Europe. The features of influence the heat-circuit design solutions and operating modes of
HPS on the value of the replacement factor of an alternative heating system haven’t been clarified till
now [15, 16]. 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 partially satisfies the energy demand. However, the power generation
production exceeds the demand during certain time of a day during which has seen a high intensity of
energy coming from RES. This excess energy can be used through a power-to-heat technology.

Analysis of the latest research

The power-to-heat approach refers to the conversion of electricity to heat through HP, innovative
boilers accumulators etc. Power-to-heat strategies can be used at the centralized or decentralized level.
Heat is produced centrally either with heat generators stand-alone or in combination with heat pumps.
Most of the power-to-heat technologies involve the use of an energy storage mechanism [17]. It should
be noted that heat pumps are much more energy-efficient than other renewable and conventional tech-
nologies. Once installed and operated properly, one unit of electricity used by a heat pump delivers
3...5 units of heat on average over the heating season. By contrast, one unit of electricity used by an
electrolyser (Fig. 1) to produce hydrogen, which is then combusted, results in 0.6...0.8 units of heat.
The efficiency of a high-efficiency biomass boiler is around 0.9 units.

The efficiency of heat pumps has increased steadily over the past decades due to research, competi-
tion, minimum efficiency performance standards and energy labelling schemes. Different types of HP
suit different applications and regions. Enhanced design can improve their efficiency even further. In
several regions, heat pumps already have a considerable market share due to their beneficial total life-
cycle cost. The market share is significant for newly-built houses because heat pumps are often the best
option to meet energy performance standards set by new building regulations. Even though the overall
penetration is growing, heat pumps are still a rather rare solution for replacing existing heating systems
due to higher upfront costs or lack of awareness and know-how among installers and designers.

This investigation differs from earlier references presented in this article by systematic approach
to analyze for issue the conditions of the efficiencies of various schemes of HP with thermal storage
for intermittent heating of the academic buildings which ensure the maximum replacement rate of the
thermal load. This reduces the level of fossil fuel consumption in structure of regional energy balance
and ensures the substantial energy saving, ecological and economical effects.

The recommendations in works [18, 19, 20] is insufficient in our case under permanent and in-
termittent operational modes for justification the scheme-construction solutions in the HP system with
tank accumulator, for heating the public buildings.

The coupling of heat accumulators (HA) with a HP is a rational way to improve the efficiency of
the heating system. The tank accumulator can increase the share of use the renewable energy sources
(RES) and favoring self-consumption of energy for HPS [21, 22]. The use of tank accumulator for the
optimal operation of HPS in different operation modes is analyzed in [23]. Nevertheless, fully estab-
lished criteria for optimal sizing of HP coupled to tank accumulator are not yet obtainable. For rational
implementation of HP system with HA, the mathematical model of the energy system is required [24].

Goal

The purpose of this study to establish the influence of volume of the heat accumulator on the ef-
ficiency of heat pump system using simulation, with the account of intermittent heat load, inertia of
heating system and climate conditions.
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Fig. 1. Power and heat generation system at renewable sources of energy

Presenting main material

Public buildings are objects that have a considerable importance because they bring together dif-
ferent in the light of education and culture comparing to other types of buildings [25]. It is stated that
approximately 40 % of the total energy consumed in Europe and Ukraine is constituted by the energy
consumed in public and commercial buildings [26]. Since students and teachers spend most of their
time in the public buildings, these objects make up a large share of the non-residential fund. The pub-
lic buildings are the essential energy consumers, which are much different from public buildings due
to their variable time and spatial periods of operation [27]. More over considering these cases, it is
obvious that the imperative necessity of the energy consumption saving in public buildings requires
further detailed study. In fact, research and studies have shown that educational buildings consume
significant amounts of energy. As a matter of fact, provided that sufficient thermal comfort and indoor
air quality conditions in educational buildings are limited and the buildings are designed according to
special parameters, energy efficiency can be achieved [28]. As mentioned before, many studies have
been published for the special parameters required for educational buildings and the factors affecting
energy consumption. Correct dates for modelling such as: Qup — heating capacity, COP — the coeffi-
cient of performance, building geometry, heating equipment and climate conditions are important to
determining the energy efficiency of HPS [29]. COP for a heat pump can be expressed as a curve
showing energy consumed to operate the equipment versus the amount of heat energy provided to the
building (Fig. 2).

The balance point at COP curve for a heat pump describes the point beyond which it is inefficient
to continue operating the building's heating equipment because we get less heat energy to supply the
building than the energy, we use to operate the equipment. Since COP curves show that we cannot
continue to use a heat pump efficiently, a backup heating system is required if heat pumps are installed
in cold climate regions. The balance point corresponds to outdoor temperature above -5 °C. Below
balance point heat pump can’t keep up.

The analysis presented in this work is based on the numerical modelling of HP with tank accumu-
lator of heat for increasing the lifetime of the unit which depends on the number of on-off cycles. A
further advantage of avoiding intermittencies is represented by the possibility of obtaining improved
thermal comfort inside the building.

The analysis of HPS with HA behavior over the heating season October 2021 — May 2022 has
been done. The thermal energy consumption (Qg) and monthly average ambient temperature (T, .,) are
shown in Fig. 3 using data base of RETScreen [30] for heating season in Odessa, Ukraine.
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Fig. 3. The thermal energy Qy and ambient temperature (T, ,,) Over the heating season

During experiments it was measured the monthly average inlet temperature (t,), the inlet (t;,) and
return temperatures (t,.), the ambient temperature (t,) and the electric power consumption (Q). This
data allowed to analyze the monthly energy efficiency of the HPS with the tank accumulator and ener-
gy consumption of the heat pump in operation and stand-by mode. However, there are a number of
circumstances that significantly affect the effectiveness of intermittent heating in the public buildings
(educational, administrative and industrial): absence of energy sources for forcing mode of room heat-
ing; high inertia of the central heating system; lack of thermal modernization. The first factor especial-
ly affects the efficiency of intermittent heating and leads to climatic restrictions on the use of variable
heating modes in public buildings.

Results relative for heat pump systems with tank accumulators at permanent and intermittent op-
erational modes of heating public buildings show that the presence of tank accumulator increases en-
ergy efficiency of the heat pump system in virtue of smoother its operation mode.

The preliminary guideline for sizing the volume of tank accumulator in relation to the heat pump
capacity are 70 liters for 1 kilowatt for permanent mode of heating is suggested in works [3, 19]. But
this a rough recommendation for intermittent operation mode of HPS.

Thus, the purpose of this study to establish the influence of volume of the heat accumulator on
the efficiency of heat pump system using simulation, with the account of intermittent heat load, inertia
of heating system and climate conditions.

Description of research and data analysis. Public buildings are objects that have a considerable
importance because they bring together different in the light of education and culture comparing to
other types of buildings [25]. It is stated that approximately 40 % of the total energy consumed in Eu-
rope and Ukraine is constituted by the energy consumed in public and commercial buildings [26].
Since students and teachers spend most of their time in the public buildings, these objects make up a
large share of the non-residential fund. The public buildings are the essential energy consumers, which
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are much different from public buildings due to their variable time and spatial periods of opera-
tion [27]. More over considering these cases, it is obvious that the imperative necessity of the energy
consumption saving in public buildings requires further detailed study. In fact, research and studies
have shown that educational buildings consume significant amounts of energy.

Using of HP technology is a promising way for increasing energy efficiency, only if the unit is
properly sized and operated. The HP system performance can be highly reduced under many circum-
stances, such as high temperature lift, defrost operation, partial loads, and frequent on-off cycles.
Some of these conditions occur when the HP must match variable heating demands in response to the
building thermal dynamics or during mid-season or in quite temperate climatic conditions. Besides the
conventional coefficient of performance (COP), additional indexes can be defined to appropriately
compare different operational modes of the same HP systems:

— the nominal full-load performance COP,,, provided by the heat pump manufacturer at the

reference sources of temperature, according to technical standards. For example, the reference temper-
ature values for air-to-water heat pumps are 7 °C for outdoor air and 35 °C for supply water tempera-
ture [20];

— the full-load performances COP; provided by the by the heat pump manufacturer at the differ-
ent external and supply temperatures provided by the technical standards. FL indicates a quantity
evaluated at maximum compressor speed at full-load performances [21];

—the operative part-load performance COP,, simulated through a validated HP model. This index
accounts for both external and supply temperatures, together with the effects of the capacity control;

— the overall HP system performance COP;, calculated as the ratio between the heat provided to

!

the building by the system Q;,c,; and the electrical energy input N/g,; ;, used by the heat pump. This

value considers not only the HP performance but also the thermal losses of energy in all elements of
system.
A common heat pump performance evaluation methodology consists of interpolating the index of

exergy efficiency n=* depending on actual operative temperatures:

T, T
Ex _ COP out,HP,FL a,in,HP,FL , 1
ML LT +273 (1)

out,HP,FL

where n5* — index of exergy efficiency of the heat pump which based on the manufacturers experi-
mental COP. values, considering the reference supply and outdoor temperature T ... and
T

a,in,HP,FL *

These indexes refer to the instantaneous thermal or electrical power exchanged by the heat pump
or overall HP system. However, it is also interesting to analyze their average value over month, year or
seasonal period z.

The most common time-integral coefficients of performance are:
—seasonal coefficient of performance COP defined as the ratio between the thermal energy output
and electrical energy input of the HP unit COP,,, or the overall HP system COP; over the period t:

J‘TQllwdT _ J.TmI'-Pcf (THP,out _THP.in)dT _ Qe
ITNI;EAT, ndT LN veat,ind T Waip in

ITQHEATd‘C :QHEAT. (3)
j Niear ndt  Nipin

COP,, = , (2)

COP, =

— ratio of capacity is the parameter R. which associated with the real mode of operation of HP
installation or overall system. It can be evaluated according to the delivered heat Q,,, and the maxi-

mum available energy output at the nominal full-load power at the given external and supply tempera-
tures over the considered time including off periods:
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. (4)
IQFL( OUtHP a|n Hp)dT

According to the technical standards, it is possible to evaluate a corrective factor f, as a func-

tion of R., assuming values 0...1. Finally, the coefficient of performance COP,, of the HP, and the
corresponding energy input N, ;, can be evaluated as:

Toutre +273

COP(Toyepip Tain, e Re) = e fRC ' ()

Tout,HP - Ta,in, HP

NHP,in = QHP (6)
COID(ToutHP’ a,in, HP R )

The COP values as defined in Equation (5) can be generally applied on an hourly, daily and
monthly time step, when proper fac expressions are available [21].

Modelling of processes in integrated system with heat pump and thermal energy storage

Dynamic Simulation Model of the Building and Heat Emission System. The experimental requires
an accurate energy model of the building. The conceptual layout of the HP system available in the la-
boratory “Energy saving technologies” of National Polytechnic University of Odessa, is shown in Fig.
4, including all the installed devices, measurements, controls, and corresponding energy fluxes. Fig. 4
shows the main heat fluxes affecting the energy balance of a generic building or thermal zone that has
been included in the building dynamic energy model, where: heat transfer through opaque surfaces,
ventilation losses, heat gains related to solar radiation, occupants and electrical appliances. The quanti-
ties of energy stored in building external and internal walls and their effects in the thermal exchange of
the building are included in the dynamic energy model. In this model [28] where used a classical
thermal network approach, widely used for research levels.

1 ey
: *
Energy model Control
of the building feme o | interface e T : """"""""_"i
1 1
. —— — _— — — —— — — —_—— t —_— — — — [N | _— --‘
| =tk eln il |
i i H
L Heating/Cooling . : : y i
B?é;déng ~ load gzgl HP butput Heat i
emulator s dispatchment puip :
Energy flux E
r 9 :
Weather ’ P : i
station ] ¥ H i
i
' Thermal — Back-up E
storage Back-up generator -
energy

Fig. 4. Components and logical scheme emulator and hardware apparatus of the public building

The building dynamic model corresponds to a linear NxN set of equations that can be quickly
solved at each timestep, where N is the number of thermal nodes considered in the model, including
the one of indoor air. The evolution of nodes’ temperature is a function of such climate data as outdoor
air temperature, solar irradiance, sky temperature, heat gains, namely: people, electrical appliances,
lighting), and heat exchanged by the system terminals. The heat gain delivered by the emission system
can be evaluated through a few additional linear equations to be added to the overall set representing
the building, where fan coils (FC) are the heat units.

The heat transfer performance is modeled through the classical methods of heat exchangers theory:
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Qfc =miCy (Trin — Ty ou)i

QF’:C = mz;,velca (Ta,out _Ta,in); (7)

QII:C = (U'A‘)velﬁf ar

Equation (7) allows the evaluation of Qf.,T, .., T as a function of the inlet air temperature

out? © fout

T, water flow rate m; and overall heat transfer

a,in >

air flow rate m’

a,vel >

coefficient (UA),, ., evaluated from manufacturer’s datasheet. The subscripted indicates that different

inlet fluid temperature T

f,in»

values of the coefficient are used according to the fan speed (generally, high, medium, and low). The
heating performance of the fan coils and the corresponding heat gain for the indoor air node are evalu-
ated at each timestep. If ATt is approximated with the difference between water and air tempera-

tures, according linear equation (7), it can be added and solved in conjunction with the overall model
of the building. Otherwise, classical numerical techniques for non-linear equations can be used. The
heat emission system is modelled as two additional thermal nodes, T, , and T in the overall build-

is set equal to the measured temperature of the fluid at the inlet section of

,in f ,out

ing thermal network. T

f,in

the building emulator; T is an unknown of the problem to be calculated at each timestep. Its value

f ,out
is then applied as the set point for the three-way mixing vale in the building emulator. The case study
is a classroom in the laboratory “Energy saving technologies” of National Polytechnic University of
Odessa, Ukraine (Fig. 5).

Heat
Thermal :
ener Heating load
Output HP storage —_—
»
Power Heat .
Fan coil

—_—
Input HP e

Fig. 5. Layout and components of hardware

Air change rate has been set as equal to 0.5 volumes per hour. Occupants, lighting, and electrical
appliances are included in the building energy balance as heat gains.
The hourly profiles are shown in Fig. 6.

1 Electrical appliance
800
|" | Lighting 1 1 1 "

E§ 600
'Eﬂ B Occupants ‘
80 400
D
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1 2 3 456 7 8§ 9 1011121314 151617 18 19 20 21 22 23 24

Fig. 6. Daily profiles of internal heat gains for the classroom

For example, this design thermal load of the case study (>5.8 kW) is coherent with the thermal
capacity of the heat pump. Considering the number of rooms, the assumed five equal FC located with-
in the thermal zone. The nominal data depending on fan coil speed are provided by manufacturer’s
datasheet in Table 1.
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Table 1

Fan coils parameters

Maximum Medium Minimum
FC speed FC speed FC speed

Thermal power, kW 1 0.74 0.53
Water low rate, L/h 170 125 90
Air low rate, m*/h 174 119 83

During experiments the main objective was the measurement during the heating period of the
seasonal performances of the HP and of the whole system in real operational conditions, thus subject-
ed to various modulation cycles because of weather and heat gains evolution, building thermal inertia,
water loop and HP generator dynamic characteristics. Different operational modes were tested. As
previously mentioned, a single-zone thermostat controlled the on-off signal to the HP with an indoor
setpoint of 20+1 °C. Three operational modes (OM) of the FC were tested in order to evaluate their
effect on the system performance:

— OM#1 corresponds to a setpoint value of the supply temperature equal to 40 -C and medium
fan coil speed;

— OM#2 uses the same supply temperature but the fan coil speed was reduced to minimum;

— OM#3 has a supply temperature set equal to 35 °C and min fan coil speed.

The two performance indexes in equation (2) and (3) allow a separate analysis of the heat genera-
tor and of the overall building system.

COP; only refers to the useful heat delivered to the building thermal zone. Thus, it can be used

to evaluate the relevance of the thermal losses associated to the distribution pipework and to the con-
trol of the emulated heating system.

Integrated System Modelling under permanent mode of work of the heat pump system with
heat storage

To simulate the effects of a tank accumulator, a validated model of the examined HPS was em-
ployed to evaluate its performance under the same climate and energy demand profile for winter peri-
ods (15 December — 15 February) during which the system is controlled at standard values of water
temperature and speed of fan coil. Coefficient of performance of HP is evaluated as a function of wa-
ter temperature, Tounp, OUtdOOr temperature, T, He, and capacity ratio R .

The experimental data showed that OM#3 at min speed; T, ,,, =35 °C shows an improved behav-

ior of the system. HP operation is characterized by long 8.5 hours on-periods at night. The average HP
thermal output during on-periods decreases from 4.0 kW in OM#1 to 1.5 kW in OM#3, which is a
more similar value to the fan coil thermal output 1.2 kW.

Under OM#3 the system reaches a steady state condition and a thermal balance with the building
heating demand. The losses of the heating loop 0.14 kW) were reduced to 0.55 kW under OM#1 and
0.6 kW for OM#2 due to the absence of the continuous alternation of additional heating-up require-
ments and deactivation losses.

Under OM#3, the compressor has enough time to start modulating its speed with a compressor
frequency 30 Hz. These work conditions decrease the inefficiencies due to on—off cycles; consequent-
ly, seasonal COPy increases to 3.2 and seasonal COP increases to 3.35 at the average outdoor tem-
perature 10 °C, water supply temperature 32 °C, and capacity ratio 0.125.

How the system operates under the three OM during the whole test period are presented in fig-
ures (Figs. 7, 8).

When OM#1 applies at medium speed and T, =40°C), the profiles are characterized by con-

tinuous on-off cycles of about 40 min. The average duration of each on period is 20 min, is not suffi-
cient to achieve a steady state condition of the water loop, thus the supply and return temperatures do
not reach the setpoint values and continuously fluctuate. However, the FC thermal output during this
transient period is enough to heat up the indoor air until the switching off conditions 21 °C; the heat
pump was thus deactivated without any modulation of the compressor speed.
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Integrated System Modelling under intermittent mode of work of heat pump system with
the heat storage

For the numerical simulation of the heat supply object, the educational building National Poly-
technic University of Odessa has been selected, which has 4 floors, total area and volume of the prem-
ises — 1500 m* and 4800 m®, respectively [34]. An analysis of the results of numerical simulation of
the operating modes of the heat pump system using heat tank (Fig. 9) shows a significant advantage of
the heat storage potential is represented by the sum of the areas 1, and 1,;), which is explained by the
possibility of charging the heat storage during the non-operation period of the system: transition and
standby modes. At the same time, the thermal energy storage potential exceeds the thermal needs nec-
essary for the heating mode (the power deficit that the thermal energy storage covers is represented by
area 2), where T=200 h is the characteristic of the inertia of the building (time constant).

In this case, the intermittent heat pump system with heat accumulator will operate with a mini-
mum capacity of the heat generator (Fig. 10). The minimum allowable thermal energy of the heat gen-
erator is equal to Qmi,=53 kW, and the required volume of the tank accumulator is V=19 m?
(Fig. 10, point A).

3 . . : . : :
Q, kW : vim 1
Qrmax 30

m_ | | | | .
sl | | | \ |
A

80

nom

e 20

60 balalye s o4
40( | r o i
5% o N2
] 5
0 2 4 6 8 10 12 14 16 18 20 22 T,h 0 10 20 30 40 50 60 70 Q, kw
Fig. 9. Intermittent heating load of the HP system taking Fig. 10. The dependence of the heat tank (V)
into account the heat tank at ambient air temperature —18 volume on the power of the heat generator of the
°C: 1 - potential of the heat generator (under the non- intermittent heating system (Q) ambient air
operation period) for the accumulation of heat; temperature —18 °C: 1 — potential of the heat
2 — heat shortage generator (during the non-operation period) for the

accumulation of heat; 2 — power shortage is
covered by heat tank
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The coefficient of reduction of thermal power is called the coefficient of thermal power reduc-
tion/ This value shows the degree of decrease in the thermal power of heat generators due to the use of
the thermal potential of the heat accumulator:

k= Q/Qumax, 8)
where Qmax — the maximum power of the heat generator to ensure the heating mode during intermit
tent heat supply, kW; Q — the current thermal power of the heat generator, kW.

To analyze the energy-saving capabilities of the heat tank of the system, a coefficient of efficien-
cy of using the heat tank volume:

W = VHT/Vmax, (9)

where Vyr — volume, with the minimum allowable heat capacity of the system, m%; Viax — the maxi-
mum heat tank volume available for use, which works with maximum thermal energy, m°.

The coefficient of efficiency of using the heat tank (w) volume — the ratio of the heat tank volume
(capable of replacing excess thermal power in the heating mode) and the maximum heat tank volume
(available when using the system with maximum thermal power).

The accumulating substitution parameter of thermal load 6=Vu1/(Qnom— Qmin) =1.18 m3/kw
when Qnom =70 KW; Quin=53 kW and Vi;r =19 m® [34].

The substitution parameter & shows what volume of heat tank must be selected for the heat pump
system at intermittent work mode in order to ensure the maximum replacement of the fraction of the
thermal power of the system that operates in the intermittent heating mode.

Results

Analyzing the obtained results of numerical modeling, the features of permanent and intermittent
modes of the heat pump system using heat accumulators are determined.

For permanent operation mode the experimental data showed that behavior of the system was
improved at min speed and T, ,, =35 °C. HP operation at night is characterized by long 8.5 hours dur-

ing on-periods. The average HP thermal output during on-periods decreases from 4.0 kW to 1.4 kW.
In this operation mode the system reaches a steady state condition and a thermal balance with the
building heating demand. The losses of the heating loop were reduced due to the absence of the con-
tinuous alternation of additional heating-up requirements and deactivation losses. These work condi-
tions decrease the inefficiencies due to on-off cycles; consequently, seasonal COP increases. In this
case, the inclusion of a thermal energy storage was also simulated, and the influence of the tank accu-
mulator volume on the HP system energy performance was analyzed, finding an optimal sizing at
about 50 liters per one kilowatt of HP capacity with tank accumulator.

For intermittent operation mode results relative for heat pump systems with tank accumulators
for educational buildings revealed that the presence of the heat accumulator ensures the smoothest op-
eration mode of HPS and increases its energy efficiency. Thus, it is possible to conclude that the heat
energy storage use is a way to significantly reduce the maximum power of heat generators due to the
rational use of the heat tank energy potential. The next step in increasing the efficiency of using heat
supply sources is to determine the minimum allowable power of heat generators. This value can be
established by quantitative comparison of both influential parameters, namely, the heat tank thermal
potential, which is charged during the non-operation period, and the excess heat, which ensures the
heating mode.

Generalization and analysis of the results of numerical simulation allows to establish:

—the range of a possible decrease in the power of the heat generator due to its joint operation
with the heat accumulator in the heating mode;

— justify the feasibility of using one degree or another of thermal modernization of the building
(conditions for the use of combined thermal insulation, both external and internal);

— the additional potential to reduce the power of heat generators (~14 %) and heat tank volume
(~5 %) through the use of combined thermal insulation determines the level of thermal modernization.
The use of shielding of internal walls in combined thermal insulation (reducing the total heat con-
sumption for heating massive internal walls) allows to reduce the heating period and, accordingly, to
reduce the power of the heat generator and the volume of the heat accumulator. The solution of this
problem will increase the feasibility of using a combined heat supply system using heat accumulators,
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the cost of which is reduced due to the rational redistribution of power between heat generators and
heat tank.

Conclusions

In conclusion, for all the three operational modes, the experimental data showed a considerable
reduction 35 % of the coefficients of performance with respect to the ones based on manufacturer’s
datasheet and technical standards. Moreover, in any operation modes, the actual performances of the
heat pump were about 3.0. The latter value is lower than the expectations considering the mild climate
of Odessa. With reference to the Ukrainian educational buildings we found that the break-even sea-
sonal performance required for an electrically driven heat pump to be economically advantageous with
respect to a gas boiler is in the range 2.23...2.5, depending on actual prices of natural gas, electricity,
and boiler efficiency. The duration of the modes, the moments of switching from mode to mode, and
also the case of refusal from standby operation modes. To determine the possibility of replacing the
thermal power of the heat generator.

The factors affecting the efficiency of the permanent and intermittent heat pump system with tank
accumulator are identified. The accumulating substitution parameter allows to choose optimal condi-
tions of use the storage of heat in HPS.

The obtained results allow to solve the problem of the effective functioning of the intermittent heat
supply system with a maximum fraction of the replacement of the thermal power of the heat tank and heat
generator. The application of the methodology for choosing the rational operation conditions of the heat
supply system for intermittent work mode taking into account the accumulating substitution parameter of
thermal load, allows achieving a reduction in the maximum power of heat generators by 50 %.
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