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Abstract

Energy audit provides a way to derive energy potential and to develop energy saving program in order to
improve energy efficiency during early stage design decision process for new-developed systems that can reduce
costs for project owner and for customer. This paper presents utilization of complex energy system (solar assisted
heat pump) for heating and cooling purposes. Simulation has been carried out using TRNSYS 18 software for a
complex energy system located in northern latitude. The results of such system configurations are presented in the
paper. The results show that the solar collector, set at the angle of 30 degrees, facing southwest, with azimuth of 45°,
offers up to 95% of optimal solar energy. For east or west orientation, it is possible to obtain up to 85% energy, with
roof angles of 25° to 40°. By applying the solar thermal collector the customer can reduce borehole depletion that can
provide great opportunities for construction sector.
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1. Introduction

Buildings and structures together with construction sector consume over 1/3 of the global power consumption
(36%) [1]. These sectors account for nearly 40% of the total CO, emissions and this parameter is steadily increasing
driven by an increase in power demand due to simple way to access energy for developing countries, more intensive
utilization of power-consuming devices as well as rapid growth of building floor area (= 3%) annually on the global
arena [2]. At the same time, heating has over 1/4™ of power saving potential, water heating over 20%, cooling over 1/4™
of the building power saving potential if we look at the developing countries’ economies and 12% of global power
saving potential. Since the 1970's oil crisis, voluntary and mandatory certification programs such as Building Research
Establishment's Environmental Assessment Method (BREEAM), LEED as well as Energy Performance of Buildings
Directive (EPBD) were developed and introduced at different levels from regional to international. These Programs are
intended for energy consumption reduction alongside with the construction sector environmental impact decrease [3]-[6].

For operational stage of buildings, power can be used for the following purposes: lighting, hot water preparation,
heating, ventilation and air-conditioning (HVAC) systems operation. An approach designed to reduce the operational
energy of buildings is, in almost all cases, the main focus of energy conservation measures for buildings [7]. It
happens due to the fact that at the operational stage of construction the amount of consumed power is higher than the
total amount of power consumed during other life-cycle stages [8], [9].

As a result, buildings power utilization and their environmental impact decrease remained a matter of deep
concern. In this regard, there is a need to define the best measures to achieve these goals. The importance of
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decarbonization or power utilization reduction in the buildings is growing up and the European Union had published
the energy performance by buildings [10].

It is strongly encouraged to develop approaches to improve energy efficiency by reducing energy consumption in
buildings and to mainly use renewable energy including renewable energy generated on-site, geothermal energy (source -
soil).The building is located in Odessa, Ukraine, in a region with hot climate. The goal is to reduce the building energy
needs both for heating and cooling.

The growing interest in energy efficiency improvement and in renewable energy use has put the geothermal heat
pumps in the spotlight. Also known as “ground-source” heat pumps (GSHP), this type of energy system can provide a
house with heat, air-conditioning (cooling) and hot water if it is required. GSHP can meet customer requirements efficiently
with less cost than most other HVAC options. Energy efficiency is the primary advantage of a GSHP. The Environmental
Protection Agency evaluates that a GSHP can reduce energy consumption up to 44% compared to air-source heat pumps.
And customer interested in GSHP can reduce up to 72% compared to an HVAC system that integrates electric resistance
heat with common central air-conditioning. GSHP can reduce electricity use for heating propose by nearly 50% compared
to electric resistance heating such as furnaces and baseboard heaters. Efficient heat pumps also dehumidify better than
standard central air conditioners, resulting in less energy usage and more cooling comfort during summer period.

2. Ground-source heat pump system description

The refrigerant R410A was selected as a working substance. When considering the coefficient of performance for the
compressor, R410A does not seem to be the best solution. As soon as we extend the scope of the analysis and consider the
complete energy system immediate advantages are highlighted. Focusing first on the condenser, where the hot water is
produced, we can see that due to the fact that R410A has no glide the dew condensing temperature is lower than with
R407C by an average of 2K, leading to higher system efficiency. The sub-cooling effect plays an important role. R410A
with zero glide is able to maintain a constant sub-cooling of 3.5K without a liquid receiver. R407C systems need a liquid
receiver to keep a stable sub-cooling of 1.5K. In the air coil the same evaporating temperature is used for R410A and
R407C. One additional effect of the absence of the glide is that the unit will need less defrost cycles but this effect has not
been taken into account in this paper because it strongly depends on the fin and air flow design.

Approximately 1/3 of the total energy consumption comes from heating buildings in Ukraine. Energy-saving
building technologies, as well as the cost of the heating system can significantly reduce energy consumption, thereby
helping to save natural resources and protect the earth's atmosphere. Considerable savings potential lies in the system
of hot water. Thus, the solar collectors in combination with the ground-source heat pump in our latitudes, it is in the
summer months represent the most interesting alternative to the use of the conventional heating systems. The
following system was proposed for a house with the floor area of approximately 200 m2. The house has two heating
systems: conventional natural gas heater and a ground-source heat pump. The study period was considered 170 days
(average heating period). A schematic diagram of the ground source heat pump system is given in Fig.1. In the
current work, a heat exchanger has been added between the suction line and liquid line.

Compressor V2 Domestic
11 12 8 9 /TS
> . . hot water
s 11 6 1\ 25
w 3 Hot water
] Suction line £
o 2 Tank
g eat exchange E3
i} F
a
Solar collector Pump 13 5 4
E . 7 Condenser| )
Expansion tank Xpansion E /
vi valve @ A
10 5
Ground level T
A
£
Ground heat o
o
exchanger -
\L‘[

Fig.1. Schematic diagram of the energy system components.
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Energy and mass flows balances are provided for the system and all its components. A general mass balance can
be expressed in rate form as:

> My, = X Moyt (1)

where m is the mass flow rate; subscript in stands for inlet and out for outlet.

Energy balances, equating total energy inputs (E;,,) to total energy outputs (E,,,.), can be written as follows:

ZEin = ZEout- (2)

2.1. Heat pump modelling and analysis

The main task of the study is a comparative analysis of heating systems using solar collectors, comparing
operating modes:

1) Heat pump;
2) Heat pump with parallel inclusion of solar system;
3) Heat pump with a consistent inclusion of solar system.

The first mode is only a heat pump without the use of additional equipment. The second mode is characterized
by the inclusion of solar collectors to produce additional heat for heating and hot water supply. The third mode is the
inclusion of solar collectors in series between the geothermal circuit and the heat pump, to increase the temperature of
the coolant and additional soil regeneration.

The performance of a solar system depends more on its ability to compensate for losses between the heat carrier
and the environment. When the solar collectors are switched on in parallel, the temperature of the coolant at the inlet
to the collectors is determined by the temperature in the buffer tank. At the same time, with successive switching on,
the temperature is determined by the temperature of the coolant at the outlet of the geothermal heat exchanger. As this
temperature is lower than the buffer capacity of the solar collector, one can expect an increase in the performance of
the geothermal circuit.

For analysis purposes, the following assumptions were made:

1) the storage tank temperature, which is connected to storage tank mass, collector type and area, is calculated
for hourly input from 08:00 to 18:00;

2) all processes are steady-state and steady-flow with negligible potential and kinetic energy effects and no
chemical or nuclear reactions;

3) heat transfer to the system and work transfer from the system are positive;

4) in this study, the reference state is taken to be the state of environment at which the temperature and the
atmospheric pressure on 15 July 2018 were 30°C and 101.3 kPa, respectively. The thermodynamic properties of
water, air and R410A are found using the REFPROP software package.

The conventional parameter that has been used to describe the heat pump performance is COP (coefficient of
performance, COPggnp), Which is the ratio of the quality of the useful heat output (Q,) to the quantity of work
accomplished by the compressor (Weomp):

COPssyp = WQm - 3)
in terms of the electrical energy at the input
COPssyp = WQmp 0
for the whole system
COPyy = — % (5)

Weomp+ Wpumps +Wfans
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for the whole system in terms of the electrical energy at the input

Qc

COPSyS - Wcomp,e+Wpumps,e+wfans,e. (6)
Ground-source heat pump was designed according to the European Standard EN 14511-2:2013 [11], [12]. Heat
pump operation modes were selected BO/W35 and BO/W55. The European Standard BS EN 14825:2016:2016-03 was
used for the domestic hot water production in the seasonal efficiency calculation [13], [14]. The advantage of
standard EN14825 is that it includes all kinds of heat pumps (except exhaust air heat pumps). The model treats heat
pumps both in heating and cooling operation. The fact that the heat pump is tested in part load should result in more
sufficient results compared to degradation coefficient etc. The model is foreseeable and quite easy to follow, though it
is not completely clear with its definitions of part loads respectively at the boiling point -5 °C and reference state

temperature 27 °C.

3. Energy system model in TRNSYS

TRNSYS (Transient System Simulation Program) is mainly used for simulation and analysis of buildings’
thermal environment. The feature of this software is modular analytical methods. When simulating the air
conditioning system, with the methods of set — calculation — feedback — set — calculation and through feedback, the
user can correct system settings to make the calculation more precise. And all standard modules in TRNSY'S software
source code are open, so the user can modify and add module when it is necessary.

The heat pump is scheduled to run from 8 a.m. to 6 p.m. (day-time operation). This operation aims to determine
the size of the storage tanks required, when the system operation time follows normal working hours in a building.
The DST model is used in the vertical borehole heat exchanger (Type 557a) in TRNSYS 18. It is known as a fast and
accurate simulation model for duct ground heat storage and has been extensively validated against other models and
experimental measurements. Type 557a borehole geometry and composition is defined by the user (U-tube properties
and grout properties). The TRNSYS model simulates the application of heat pump for simultaneous heating, cooling
and air conditioning to meet daily residential usage in Odessa, Ukraine and is schematically shown in Fig. 2.

The air supplied to the room has temperature from 18 to 20 °C, while the hot water tank should have temperature
not less than 55 °C. Auxiliary fluid heater (type 659 or type 6) is installed to provide temperature at 60 °C. External
proportional control (an input signal between 0 and 1) is in effect as long as a fluid set point temperature is not
exceeded. If the set point is exceeded, the proportional control is internally modified to limit the fluid outlet
temperature to the set point. Type 2 differential controllers will be used to monitor the tank temperatures which
provide output signals used as part of conditions to operate the heat pump. Together with another controller that
determines the pump operation based on time set in the controller which will be discussed in the next section.

The air supplied to the room has temperature from 18 to 20 °C, while the hot water tank should have temperature
not less than 55 °C. Auxiliary fluid heater (type 659 or type 6) is installed to provide temperature at 60 °C. External
proportional control (an input signal between 0 and 1) is in effect as long as a fluid set point temperature is not
exceeded. If the set point is exceeded, the proportional control is internally modified to limit the fluid outlet
temperature to the set point. Type 2 differential controllers will be used to monitor the tank temperatures which
provide output signals used as part of conditions to operate the heat pump. Together with another controller that
determines the pump operation based on time set in the controller which will be discussed in the next section.

The control of the fancoils has been implemented with the TRNSYS type 2, which models a differential
ON/OFF controller. With this type, the reference temperature is compared to an upper and a lower bound. When the
temperature increases above the upper limit, the control signal switches to “1”. Then, when the temperature decreases
below the lower bound, the control signal switches to “0”. This control signal can be used directly for governing the
fancoil switching in cooling mode, but it has to be inverted for the fancoil control in heating mode.

The subroutine models a VAV air handler for TRNSY'S (Fig.3). The air handler contains a fan, heating coil,
cooling coil and optional economizer and preheat coil. The model is intended to be connected to building models that
can calculate sensible energy-rate-control loads (building Type 12c¢ (single zone), Type 56 (multizone) etc.). Type
136 uses a manufacturer’s catalog data approach to model an air to air heat pump section that might appear in an air
handler. It does not include algorithms to mix return and fresh air, it does not include any auxiliary heating, and it
does not include the ability to define a domestic/service water desuperheater. Because of the lack of these features,
Type 136 can be used to model a DX Coil — Condenser component of an air handler.
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3.1. Solar collector modelling

Oriented to the south and set at the angle of 30° to 65° to the horizon, solar collector is able to receive the yearly
maximum amount of radiant energy. But even noticeable deviations from the above-mentioned conditions (the
orientation of the south-west to south-east, the angle of inclination from 25 to 70 degrees), the solar system will run at
peak efficiency. A smaller angle is optimal in the event that the surface of the collector cannot be oriented to the
south. In this case, the solar collector, located at an angle of 30 degrees, even if the orientation is south-west, with an
azimuth of 45° will still provide up to 95% of the optimal solar power. And even when the orientation is east or west,
you can still receive up to 85% of energy, with a roof inclination angle of 25° to 40°. If the angle of the collector is
greater, higher amount of incoming energy will be received through the year.

Since the insolation in the middle of the day is the most intense, the collector plane should be oriented as far as
possible to the south. However, good results can be achieved in case of deviations from the south to 45 ° south-east or
south-east. Larger deviations can be compensated by a slight increase in the surface area of the reservoir. Solar
collectors can be mounted and fixed on the surface of any buildings, structures or directly on the ground. Therefore,
the minimum allowable angle at which they should be installed is 25°.

The collected useful energy is transferred to the hot liquid storage tank and the evaporator of the heat pump is
supplied with input thermal energy. The solar radiation, I+ is calculated using the following equation

1+cosf

IT =[bRb+[d 2

+ (I + 1)p =L, )

where 1y, is buffer solar irradiation; |4 is direct solar irradiation; Ry is the ratio of the instantaneous direct solar radiation
on a tilted surface to the instantaneous direct solar radiation on a horizontal surface; S is angle of the tilted surface.

The total irradiance on a tilted surface under clear sky conditions is calculated by the equations depending upon
Ry, which is the ratio of the instantaneous direct solar radiation on a tilted surface to the instantaneous direct solar
radiation on a horizontal surface:

cos(p—P)cosS-cosw+sin(p—B)sins (8)
cos@-cosd-cosw+sing-sind '

Rb=

Table 1. The average annual amount of solar energy falling on a daily basis on a horizontal surface in different regions of Ukraine.

The average figure Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
for the last 22 avg.
years (Acc. to

NASA)
Odessa, Latitude 1.08 1.78 2.68 3.87 54 5.7 6.39 5.63 3.96 245 | 1.06 | 087 | 341
46.30 N,
Longitude 30.46 E

Solar Irradiation Intensity,
Wt/m2

May June July August

Solar collector inclination angle

Fig. 4. The dependence of the solar irradiation intensity on the inclination angle of the solar collector.
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Solar collectors are modeled with the formulation as suggested by Duffie and Beckman:
Qu = Aclrn,, 9)

where Q,, is the useful energy collected in system collectors; A, is the collector area; 7, is the collector efficiency.

The collector efficiency is calculated as follows:
Tin—To
ne = F | (ra) — U, 20, (10)
T

where T, is the collector inlet temperature; T, is the environment temperature. A water storage tank is placed after the
solar collectors as shown in Fig.1. Perfect mixing within the tank is assumed. If the rate of heat addition and removal
for a reasonable time period of At are assumed to be constant, equations can be written for each time interval:

At
(meyw)s

[Qu - Qe - (UA)S(Tst - TO)]! (11)

Tst,new = lst,old +

where Q, is the extracted energy from the storage tank in the evaporator; T is the main storage temperature for the
period; m is the storage tank mass; (UA); is taken as 11.1 W/K.

Based on the modelling results, the feasibility of installing solar collectors in the heat pump system is obvious.
The highest efficiency can be achieved in the warm season (from May till September), which will increase the
efficiency of the heat pump in hot water production mode.

3.2. Seasonal performance analysis of a heat pump
Three systems were studied over a period of 1 year based on the estimated monthly ambient temperatures.
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The systems were analyzed for COPs, the use of which can give an idea of heat pump performance.

It can be seen that for all systems the COP is significantly reduced in the summer due to the fact that all heat load
is made up of DHW systems. The COP of the system in parallel mode has the lowest performance compared to other
modes. This is due to the simultaneous operation of the solar system and the heat pump, which leads to higher water
temperatures at the inlet to the heat pump One of the disadvantages of the systems is also the imperfection of the
control system, since the heat pump is controlled separately from the solar system, it will work regardless of whether
the capacity of the solar system is sufficient.

Seasonal Performance Ratio (SPF) applies only to heat pumps. This is an indicator of how well the heat pump is
operating. The higher SPF value, the more energy efficient system is.

SPF is an indicator of the efficiency of the electric heat pump heating system during the year. This is the ratio of
heat supplied to the total electricity supplied during the year.
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ESPF = SPF solar COPcool COPhp  COPcool(sol) COPhp(sol)
Fig.8. Seasonal performance factor for GSHP system. Fig.9. Energy efficiency ration and COP for energy

system (integration of GSHP system with solar
thermal system and without it).

Energy efficiency was calculated for different operation modes. Heat pump operation modes were selected
BO/W35, B7/W35 and BO/W55, B7/W55. Calculations were made for heat pump system alone and with solar system
working in series.

4. Conclusion

The need for decarburization or decrease in energy consumption in buildings and structures strongly encourages
us to apply energy efficiency approaches, to design and deploy them by reducing energy consumption of buildings
and to mainly use renewable sources energy instead, including renewable energy generated on-site, i.e. geothermal
energy (source - soil). Increasing prices on energy resources and availability of the new technologies make it possible
to implement alternative heating and cooling solutions. Solar thermal system allows increasing outlet temperature
from ground heat exchanger and therefore increasing COP of the heat pump system by 4-6% (dependent on the
operating mode). TRNSYS 18 software was used for energy system simulation (integration of the ground source heat
pump with solar system). The results had shown that the solar collector, located at an angle of 30 degrees, even if
facing southwest, with azimuth of 45°, would still provide up to 95% of optimal solar energy. And even with east or
west orientation, you can still obtain up to 85% energy, with roof angles of 25° to 40°. If the collector angle is greater,
more input energy will be obtained during the year.

The growth of the COP is caused by reduction of the electrical input to the heat pump because of higher
temperature gain by solar collector. Solar thermal collector can reduce borehole depletion and can be used for ground
heat exchanger regeneration during the heat pump stand by. Ukraine’s southern region has great potential for solar
energy use with solar irradiation between 1100-1300 kWh/m?.
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EnepreTuyHni ayAuT KOMILUICEKCHOI eHEPreTHYHOI CUCTEMH 3MO0/1e1IbOBAHOI 32

J0MOMOT010 mMporpaMHoro 3ade3neueHnss TRNSYS

Bomnogumup bexxan®, Bomoanmup XKurapernko®, Osbra SIkoBuesa”,
Onekciii Ocranenxo®, Muxaiino XMenbHIoK”

TpuaszoeceKuii Oepacasruli mexuiynuii ynisepcumem, 6yi. Yuieepcumemcoka, 7, Mapiynonv, 87555, Vipaina
b . . o .
Oodecbka HaYiOHATbHA aKademis Xapyosux mexnono2iu, 8yi. [eopsuncoka, 1/3, Odeca, 68058, Vkpaina

AHoTanis

Eneproayaur nornoMarae BUSBUTH €HEPIeTUYHHUN MOTEHIIiall, pO3poOUTH IporpaMy eHepro30epeXeHHs 3 METO0

i ABUIICHHS €HEPTOeEeKTHBHOCTI i/ 9ac MPOoIecy MPUHHATTS PIillIeHHs PO PO3pOOKY Ha paHHIX CTaHisAX IS HOBHX
PO3pOOIEHUX CHCTEM, IO MOXE 3HU3UTH BUTPATH IS BIACHUKA MPOEKTY Ta IS 3aMOBHHKA. Y AaHii poOoTi

MPEJCTABICHO BHKOPHCTAHHS CKJIAHOI €HEPreTUYHOI CHUCTeMH (TEIUIOBOIO HAcoca 3 BUKOPHCTAHHSIM COHSYHOI
eHeprii) I HarpiBaHHS Ta OXOJO/UKEHHS. MOJENOBaHHS BHKOHYIOTHCS JUIS CKIATHOI CHEPreTHYHOI CHCTEMH,
PO3TaIOBAHOI Ha MIBHIYHIN IHPOTI, 32 JONOMOTror0 mporpamuoro 3abesneuendss TRNSYS 18. HaBemeno pesyabpraTtu

KoH(pirypamiii cucremu. Pe3ynpTati Moka3yroTh, IO COHSYHHI KOJEKTOp, BCTAHOBIEHMH mifg KyTtoM 30 rpaamycis,
BUXO/ISIYM Ha MIiBJCHHUH 3axij, 3 a3uMyToM 45°, npononye 10 95% onTuMansHOI coHsIuHOI eHeprii. s cxinHoi abo
3axiHO1 OpieHTalil MOXHa oTpuMaTH 10 85% eHeprii 3 KyTamu TOKpiBmi Bix 25° mo 40°. 3 BHKOpHCTaHHAM

COHAYHOT'O TEIIJIOBOI'O0 KOJICKTOPA 3aMOBHHK MOXXE 3MCHIINTH BUCHAXXCHHSA CBCPAJIOBUHU, IO MOKE 6yTI/I YyaA0OBUMU

MOXITUBOCTSIMH JIJIs1 OY/iBEJIbHUX CEKTOPIB.

Kirouosi ciaoBa: eneprernynmii ayaut, TRNSYS 18; reorepmaipHuil TEMIOBHI HACOC; KOHIUI[IOHYBaHHS,

eHeproe()eKTHBHICTb.



