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Abstract

A simulation study of the solar-source heat pump (SSHP) system that consists of solar collector group, heat exchanger (water-
to-water), energy storage tank, heat pump with vapor compression and circulating pumps is carried out. The performance of
the designed system is investigated both experimentally and theoretically. The performance of coefficient of the heat pump
in the refrigerant circuit (COP) and whole system (COPS) is computed in the range of 3.1-4.2 and 2.3-3.3, respectively. The
sensible energy stored system used of the water as storage matter is theoretically tested for the first time in the cold climate
conditions. A simulation model of the energy stored SSHP is also performed, and the simulation results are compared with
the experimental conclusion. In average, the differences between the theoretical and experimental values of the COP and
COPS are about 8 and 5%, respectively. It is found that the developed model corresponds well with the experimental data.
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List of symbols cl Collector
A Area (m?) cp Compressor
C Specific heat (kJ kg™! K1) CWO Water outlet from condenser
1 Instantaneous solar radiation (W m~2) e Evaporator
m Mass flow (kg s™}) ev Evaporation
0 Heat load (rate) (kW) ewi Water inlet from exchanger
T Temperature (°C) i Inclined plane
1% Volume (m?) 1 Liquid
w Power (kW) P Pump
x Vapor quality pe Plate heat exchanger
Greeks r Refrigerant
A Difference s Swept
. sat Saturate
T ];lfﬁg;ncy | 3 ko sh Superheating
v pecific volume (m” kg™ ") s Subcooling
Subscripts t Tank
amb Ambient w Water
aw 50% antifreeze—water mixture v Vapor
c Condenser

Abbreviations
COP  Coefficient of performance for heat pump
COPS Coefficient of performance for whole system
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abakirci @atauni.edu.tr SSHP  Solar-source heat pump
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Introduction

The solar-source heat pump systems ensure a clean and
new way in the heating sector. These systems present
important environmental protection and energy saving
when compared with the conventional systems. They are
rising with the appearances of the energy crisis in the
world and the increasing environmental problems. As
regards global environmental problems, the emissions
of world’s carbon dioxide have increased with its energy
consumption. Turkey is excessively addicted on external
energy resources that influence the economy, and harmful
emissions in environmental are becoming an important
problem in the country.

Heat pumps supply heating with renewable energy
from the natural sources in higher quality. These systems
are appropriate systems to produce heat in an environ-
mentally responsible and to save on heating costs. Only
electrical energy is necessary to run them. This makes
heat pumps it free of fossil-based fuels, and actively con-
tributes toward decreasing environmentally damaging
emissions.

Many countries have undertaken a leading role in
reducing of harmful greenhouse emissions. In this respect,
clean and new energy sources seem to be one of the most
important ways for sustainable energy in the country. Geo-
graphic location of Turkey has various benefits for com-
mon utilization of these clean and new energy resources.
The energy requirement at low temperature of a heat pump
provides it an important advantage according to other heat-
ing with its low cost.

The performances of heat pumps have been examined
experimentally and theoretically in open literature [1-8].
Tagliafico et al. [7] performed a study on energy saving
of the SSHP systems for heating the water of swimming
pool. The calculations in here were carried out for thermal
load and operating temperatures with the climatic data of
all Municipalities in Italian. Yumrutas and Kaska [8] made
a design of a SSHP for residence heating and examined
its thermal performance. The effects of several operating
parameters and climatic conditions on the performance of
the system were examined. The COP value was approxi-
mately 2.5 in a cloudy day, while it is approximately 3.5
in a sunny day.

In addition, to estimate the performance of solar energy
systems, the methods such as particle swarm optimization
(PS0O), artificial neural network (ANN) and genetic algo-
rithm (GA) are used in the literature [9-11]. Paradeshi
et al. [9] carried out on the study the thermodynamic
analysis of the direct-expansion solar-source heat pump
system under the metrological conditions of India. They
established ANN integrated with GA network model to
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forecast the performance of a direct-expansion solar-
source heat pump system. Mohanraj et al. [10] presented
the suitability of artificial neural network (ANN) to pre-
dict the performance of a direct expansion solar-source
heat pump.

Also, the simulation studies in the systems of solar
heat pump are commonly used in the literature [12—15].
Ammar et al. [12] reported the energy and exergy per-
formance of a photovoltaic/thermal solar-source heat
pump system with different solar radiation amount. They
established mathematically models for each component
of the heat pump system and the parts of the photo-
voltaic/thermal evaporator/collector. The COP value
increased with increase in solar radiation amount, and
the average COP value was found to be 6.14. Krakow
and Lin [14] performed a simulation study to examine
the performance of the heat pumps running with dif-
ferent sources. The simulation carried out in the con-
ditions of cold climate of the country. The developed
model program based on experimental investigations and
determined the steady-state performance of a heat pump
system. Elasfouri and Hawas [15] improved a simple
model for the simulation of a solar energy system. The
study was performed for a hot water system in Benghazi,
Libya, and the obtained results showed the effects of
several parameters to the system performance and the
ability of the model.

Paradeshi et al. [16] experimentally investigated the
exergy performance of direct-expansion solar-source heat
pump systems. The exergy destructions of the systems
working with R22 and R433A were calculated to be 1.36
and 1.25 kW, respectively. The artificial neural network
model was developed to simulate the performance of this
system. James et al. [17] reviewed the thermal analyses of
heat pump systems with photovoltaic-thermal collectors.
They described the energy equations used for modeling the
photovoltaic-thermal collectors.

The assessments of the environmental impact and life
cycle cost of solar-source heat pump systems are required
to evaluate by comparing with alternative heating modes
[18]. The initial costs of the heat pumps are higher, but they
have lower operating, maintenance and life cycle costs than
most conventional systems. Bakirci and Yuksel [6] exam-
ined the impacts of the environmental and economical of
the solar-source heat pump system carried out simulation
study in this paper. The CO, ratios of various alternative
systems for 18,900 kWh year~! in residential heating were
calculated. It was stated that the systems with coal, fuel-oil,
LPG and natural gas released to environment the CO, emis-
sion in the values of 9779, 6338, 4961 and 5051 kg year_l,
respectively, while the CO, emission of the heat pump sys-
tem is zero when the electric energy is produced by green
energy resources. In other respects, It was expressed that the



Simulation study of solar-source heat pump system with sensible energy storage 1855

payback period of the heat pump system (for COPS =2.7)
was absent due to relatively low price of natural gas, while
the payback periods of the heat pump system according to
the LPG, electric and fuel oil were 1.4, 2.9 and 3.9 years,
respectively.

In this study, the system’s performance we proposed is
examined experimentally and theoretically. The sensible
energy stored system used of the water as storage matter
is theoretically tested for the first time in the cold climate
conditions of the country. The variations of the working fluid
(antifreeze—water) temperature in the solar collectors, the
water temperature in the EST, the COP and the COPS during
the day are investigated. Besides, the yield of solar collector
group and the heat transfer rate in the condenser unit of the
system are calculated. The simulation program written in

Fig.1 SSHP system with (a)

energy storage, a the tempera- 1
tures used in calculations, b the

photograph of the experimental

setup

MATLAB [19] is also utilized to analyze the experimental
results and the performance of the SSHP.

Working principle of SSHP

As indicated in Fig. 1, the system that the experimental
measurements are received consists of three basic circuits
which contains to solar collector group, heat pump and
EST. In the experimental system, the working fluid that
leaves from the collector group firstly arrives to the EST
where a part of the thermal energy is stored. It is then uti-
lized by the evaporator of the system as a heat source and
is dispatched to the collector group. At nights, the water
in lower temperature leaving from the evaporator goes to
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1. Solar collector 6.  Condenser
2. Circulating pump 7. Prior heating and sub-cooling exchanger
3. Energy storage tank 8.  Expansion valve
4. Evaporator 9. Radiator
5. Compressor 10. Plate-heat exchanger
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the EST and it receives energy from the EST instead of
the collector group.

Benefits of the heat pumps

The SSHP systems supply a clean and new manner of heat-
ing in buildings. These systems have great number of envi-
ronmental advantages when compared to the other existing
systems. For this reason, they can be utilized to minimize
harmful environmental effects. They present an influential
way to supply cooling and heating in many industrial and
domestic applications so that they can utilize renewable
clean heat resources in the world.

Computations in experimental system

The values of the COP can be determined as:

mc Cw(Tcwo B Tewi)
COP = - (1)

cp

The values of the COPS are computed as below:
1, CW(TCWO B Tewi)

COPS = -
Wep + Wy

(@)

where ch is the power of the compressor and WEP is the
total power of the circulation pumps.

Also the instantaneous yields of the collector group can
be calculated as:

oy = ch
d Aclli

3

where Q,, is the useable heat load ensured by the solar col-
lector group, and it can be computed as:

0y = 11y Coo (T, — T)) 4

where T is the inlet temperatures of the working fluid to
the collector group and 7, is the outlet temperature from
the solar collector of the working fluid (antifreeze—water
mixture). Also, the useable heat load in the condenser unit
(including prior heating and subcooling exchanger) is cal-
culated from the equation in following:

Qc = mcCW(Tcwo - Tewi)' (5)

Theoretical calculations

A theoretical model of the experimental SSHP system is
developed, where its details are explained below. The sys-
tem consists of three basic parts: solar collector group,
heat pump and EST (Fig. 1). In the developed dynamic
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simulation model, some acceptances are carried out to sim-
plify the numerical calculations, which are given as follows:

e The slope angle of the solar collector group with the hori-
zontal plane is 50°.

e The inlet temperature to the collectors of heat transfer
fluid (7)) is taken as an initial parameter according to
experimental data.

e Opverall heat loss coefficient of the solar collector group
(U, is 7 W(m?°C)~".

e The heat losses in the EST are neglected since the tank
is well insulated.

e The pressure drops in the evaporator and condenser are
neglected, and the refrigerant is accepted to be saturated
vapor at the outlet of the heat exchanger.

e The compression process in the compressor is considered
as isentropic.

e The expansion in the expansion valve is considered
isenthalpic.

e Superheating is taken to be a function of evaporator water
inlet temperature.

e Subcooling is assumed to be 3 °C.

e Power of the circulation pumps is taken as a con-
stant (the power values for antifreeze—water circulation
pump and a water circulation pump are 0.155 and 0.137
kW, respectively).

¢ Working fluid is selected as R-134a (the thermodynamic
and environmental properties of R-134a are given in
Table 1).

The model equations used in the simulation are given in
the following:

Collector

The energy equation of the collector group can be defined as:

0, = FrAqy [Ii(TO‘) - Uy(T, - Tamb)] = 1yCoy (T, = T))
(6)

and, the temperature of 7}, is calculated as:

Table 1 Thermodynamic and environmental properties of R-134a
[20]

Nos. Properties R-134a
1 Boiling point at 101.3 kPa/°C —26.1
2 Critical temperature/°C 101.1

3 Critical pressure/MPa 4.06

4 Ozone depletion potential 0

5 Global warming potential 1300
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A F
T,=T, + m:l]C:w [Li(za) = Uy (T) = Ty )

The Fy, Uy, I; and T, values in Eq. (6) are calculated by
means of the equations given in the open literature [21-23].
Also, the solar radiation values of the clear sky on hori-
zontal plane can be computed by the methods given in the
literature.

Energy storage tank (EST)

The thermal energy received from the solar by the collec-
tor group is stored to be sensible heat in water in here. In
the model of the utterly mixed tank, it is presumed that the
working fluid (water) temperature in the EST outlet is in
the mean temperature of the EST, while in the situation
of the stratified simulation, no mixing takes place among
layers in the EST. In according to some acceptances, a
functional relation may be contacted between the mean
temperature of the tank and the outlet temperature from
the EST of water. The energy equation of the tank can be
stated as follows:

. ) dT,

O, =1y Co (T, = T5) = Mlcwa (3)
and, if Eq. (8) is written again according to effectiveness (g,)
of the heat exchanger in the EST tank, it can be expressed as:

dr,

Ql =1y Coe (T, = T)) = MlCWE

©))
where the values of ¢ is found from the experimental data
and expressed as:
I, =T,
T, oo
Then, the top region temperature of the EST (7}) can be
calculated as Kilic and Ozturk [24]:

|
=W [W.T, + T (1)
where the value of T} is the initial temperature of the EST
and is measured before the experiment starts. The value of
W, can be calculated as follows:

MtCW
W, =

g Cy € At (12)

where the term of At is the time interval of the experimental
measurements and it is 15 min. Thus, the temperature of
T; can be calculated from Eq. (8). The temperature of T, is
given by T, =f(T3).

Plate-heat exchanger

In this study, the working fluid coming from the collector
group firstly arrives to the EST where a part of its energy
gives, and then, it is utilized to be a heat energy source by the
evaporator passing through the heat exchanger. In this way,
the heat pump is supplied heat source during the day. The heat
extracted by the heat exchanger can be computed as below:

Ope = 11y Cop (T3 = T)) = 11 C o (Ty — Ts) = 1, C&,o(T3 — Ts)

13)
where ¢, is the effectiveness of the heat exchanger, and
it is calculated by the e-NTU relation written for the heat
exchanger. The inlet temperature of the heat carrier fluid to
the heat exchanger (T) is calculated from the effectiveness
of the plate-heat exchanger as follows:

Is = (SpeT3 - T4)/(£pe - 1)' (14)

Evaporator

The cooling-to-heating process in the evaporator is man-
aged by the four equations involving the energy balance
between refrigerant and heat transfer fluid [Eqgs. (15) and
(16)], the refrigerant-fluid heat transfer equation (Eq. 17)
and the effectiveness of the evaporator (Eq. 18). Therefore,
the evaporator equations are given as follows:

Qe = mr [(l - xg)hlve + (hﬁ - hv(Tev))] (15)

0, = m,Cy(T, — Ts) (16)

Qe = mecwee(T4 - Tev) a7
_ (T, -Ts)

£, = —(T4 — Tev). (18)

Compressor

In the modeling of this equipment, it is assumed that com-
pression in the compressor traces an isentropic process of
constant index (k). The ratio of the specific volume at the
output of the compressor to the specific volume at the input
can be written as:

vy = Vg (Pe/Pea) (19)

The mass flow rate of the refrigerant is calculated by
equation in the following:
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mr — nK (20) V6 = VV(Tﬁ’PeV) (32)
\C
where 7 is the rotation speed, V is the constant swept vol- V7 = vo(T7, Poq) (33)
ume, not known a priori (or taken in fictitious value as a
model parameter), and the specific volume at the compressor Cpy = Cp 1(T ) (34)
inlet has to be computed taking into account the heating-up ! e
[25].
The power of the compressor can be calculated as follows: ~ CPrv = CPry (Tea) (35
W, =i (h, — hg). 21
cp r( 7 6) ( ) h6 =h (T6’ ) (36)
Condenser hy = hy(T7. Py) (37)
The condenser follows the evaporator model, and the equa-
tions in the condenser unit are given by: Piye = (Tev) (38)
Q =, (h; — hg) 22)
© hyye = hyy (Teq) (39
=m.C —-T. .
Qe = G = Tew) @) hg = h(Tg) (40)
Qc = mr [Cprvc (T7 Tcd) + hlvc + Cprlc(Tcd - TS)] (24') h9 = h9l + x‘)hlve(Tev) (41)
Qc = mCCWEC(T7 ew1) (25) h9l = hl(Tev) (42)
(T ) Thus, Egs. (6)—(42) have been generated. The equivalent
E.= % (26) 30 unknown variables have been selected as follows:
er

Expansion valve

The enthalpy of the refrigerant remains constant. The equa-
tions of the expansion valve are written as follows:

hg = hy 27
hl(TS) = hl(Tev) + x9h]ve(TeV) (28)
Cppe ATy, 1. Coe(Ty —T,,)
=1+ rve sh — e~w®e ev )
o hlve mrhlve (29)

Property equations of refrigerant

The related property equations of the refrigerant can be writ-
ten as follows:

P, =Py(T.,) (30)

Pcd = Psat(Tcd) (31)
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Collector: O, T,

Storage tank: Qt, W, T5 T,

Plate-heat exchanger Qpe,

Evaporator: Q,, Te,, Xo, My,

Compressor: vg, U7, Py, Py, iy, he, by, T, T,
Condenser: O, Cpy, Cprys Teas Tso Tewos Proe
Expansion valve: hg, Ay

Input data

Collector: Ay, 1y, (za), F, Uy, C,y,
Storage tank: M|, At, C, €,
Plate-heat exchanger: s, €pe
Evaporator: €,

Compressor: k, n, V,
Condenser: r1, €, AT,

Solution

The equation system of (6)—(42) can be decreased, by direct
placement, to three nonlinear equations in the function of
T.., T.4 and T, as the independent variables. The tempera-

tures in the characteristic points of heat pump indicated in
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Fig. 1 are obtained by the solution of these three nonlinear
equations as follows [1]:

vy — V6(Pev/Pcd)l/k =F(T,.T.T;) =0 43)

hl(TS) - hl(Tev) - x9hlve(Tev) = F(Tev’ Tcd’ T7) =0 (44)

mcCWEC(T7 - Tewi) - mr(h7 - h6) - mecwge(T4 - Tev)
=F(T,.Ty.T;) =0

ev?

(45)

In this study, the temperature of evaporation (7,,), con-
densation (7,4) and outlet from the compressor of refrigerant
(T;) are found using a computer program written in MAT-
LAB [19]. Thus, the calculations related to the heat pump
can be performed using the temperatures of T, T4 and T5.
The temperatures T, and Ty are defined as follows:

T6 = TCV + ATSh (46)

Ty =T, — AT, 47)

N9

where AT is the temperature of superheating and found
from the function of ATy =f(T,), and AT, is the temperature
of subcooling and taken as a constant value of AT,.=3. The
temperature of T.,,; in Eq. (45) is the front heat exchanger
inlet temperature of water and found from the function of

Tewi If(T4)
Uncertainty analysis

In this study, the solar radiation values, temperatures, pres-
sures, flow rates and average electrical power inputs are
determined by various measuring instruments [23]. The
uncertainty analysis for the experimental measurement
devices is carried out by a calculation method suggested by
Holman [26]

where the result R is a given function of the independent
variables x, x,, ..., x, and w|, w,, ..., w, are the uncertain-
ties in the independent variables.

In the experimental measurements, the uncertainties are
predicted to be + 1.0% for the temperatures of all work-
ing fluids (£ 0.5 °C for 50 °C), +4.0% for solar radiation
(20 W m~2 for 500 W m~2) and +2.1% for the pressures
read from the manometers (+0.042 MPa for 1.98 MPa).

The uncertainties for the power inputs of the compressor
(£0.011 kW for 1.058 kW) and the pumps (z0.004 kW
for 0.137 kW, in a water circulation pump) are + 1.0%
and +3.0%, respectively. The uncertainties in the flow
meters for working fluids of water (such as +0.007 kg s~ for
0.125 kg s~! in evaporator), refrigerant (+0.0004 kg s~! for
0.016 kg s~!) and ethylene glycol solution (+0.003 kg s~!
for 0.180 kg s~!) are forecasted to be +5.2%, +2.2%
and + 1.8%, respectively. It is supposed that the uncertainties
in the reading from the thermodynamics tables are +0.2%.
The uncertainties for the heat loads of the condenser and the
evaporator are +5.3%. The uncertainty associated with the
instantaneous collector efficiency is+4.75%. The uncertain-
ties for the COP and COPS are approximately + 5.4.

Model performance

In the literature, various statistical methods are used to test
models. In the present study, the statistical evaluation of
the simulation model is tested by the following statistical
methods: the mean bias error (MBE), root mean square error
(RMSE) and correlation coefficient (r) [27, 28].

Table 2 Inputs for MATLAB computer simulation

Data Value
Month and day of the year (for example, March 8) 3 and 8
Time interval of simulation (Af)/s 900
Initial temperature (7',)/°C 18.5
Ag/m? 19.69
rin/kg 71 0.180
C, ke 'K 3349
C /T kg ' K™! 4180
Uy/W m—2 K 7.0
T 0.77
Fr 0.81
M /kg 2000
£ 0.601
€pe 0.293
€ 0.254
€ 0.225
Time of day/h 09:00-24:00
kg 57! 0.125
kg 571 0.167
Isentropic exponent/k 1.03
Revolution number of compressor (N)/rev s 48.33
Displacement volume of compressor (V,)/m? 5.34
Subcooling (AT, )/°C 3.0
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Table 3 Meteorological data in average and technical features of the

system

Location: Province of Erzurum, Turkey (latitude 39.55° N; longi-

tude 41.15° E)
Yearly average values
Temperature of outdoor/°C
Temperature of minimum outdoor/°C
Temperature of maximum outdoor/°C
Value of relative humidity/%
Daily solar radiation/MJ m~2 day~!
Value of wind velocity/m s™!

4.7
-2.8
12.2
64.6
15.6
2.7

Main element information

Technical speci-
fication

Pyranometer

Measuring range/W m™>

Resolution and units/W m™>

Collector

Type (copper tube and fin)

Glass number

Collector area/m>

Collector number

Capacity/L

Water-ethylene glycol mass flow rate in
collectors/L h!

Cylindrical energy storage tank

Volume of water in store/L

Wall thickness/mm

Diameter/mm

Surface area of serpentine/m?>

Flowmeters

Measuring range (water—ethylene glycol)/L h™!

Measuring range (refrigerant)/L h™!

Measuring range (water in condenser and
evaporator)/L min~!

Circulation pumps

Type (three-stage variable speed)/V Hz™!
Heat pump

Compressor type (hermetic-scroll)/V Hz ™!
Evaporator and condenser type
Compressor displacement/m® h™!
Compressor rotation speed/rpm

Water mass flow rate in evaporator/L h™!
Water mass flow rate in condenser/L h™!

Refrigerant type

0-1800

Flat-plate
Single
1.64

12

35

600

2000

1000

150-1500
25-250
5-35

220-240/1-50

220-240/1-50
Shall-and-tube
5.34

2900

450

600

R-134a

Results and discussion

The energy analysis of the sensible heat energy stored SSHP
system in cold climate conditions of Turkey is carried out
experimentally and theoretically. In the study, a quasi-steady
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state is taken place so that the experiment results are
obtained under clear sky conditions.

The complication of the energy analysis of the SSHP
makes a feasible method to the use of only computer simula-
tions for designating to the system’s energy performance and
its dynamics. Although the existing simulations are devel-
oped to research aims, it is very complex and overpriced for
designers to use them. Therefore, there is necessity to simple
simulations which can be utilized on computers. Moreover,
these models allow to be examined of the dynamic behavior
of the considered system and the changes in the configura-
tion and parameters of the system. In the study, the theoreti-
cal and experimental results obtained throughout the day are
given according to local time.

In here, a simplified simulation model is developed. This
model is utilized in order to simulate the SSHP system in
domestic heating applications for Erzurum province having
cold climate in Turkey. Table 2 tabulates the required inputs
for the MATLAB simulation program. The climatic data
for the related region and the technical specifications of the
system are given in Table 3.

The values of theoretical and experimental solar radia-
tion, I, (W m™2), during the day are presented in Fig. 2. It is
seen from Fig. 2 that the values of the global solar radiation
range from 277 to 1067 W m™2.

The theoretical and experimental collector group’s effi-
ciency during the day is illustrated in Fig. 3. In average,
the theoretical and experimental efficiency values of the
collector group are 0.42 and 0.46, respectively. The values
of the theoretical and experimental of T, T\, T, T5 and T
during the day are shown in Figs. 4, 5, 6, 7 and 8§, respec-
tively. The temperature values of the T, T,, T,, T; and
T, change approximately between 19-31, 18-32, 30-45,
23-35 and 15-31 °C, respectively. The values of theoretical
and experimental of T, during the day are given in Fig. 9.
The values of the 7, change between 42 and 52 °C nearly.
The conclusions of the theoretical and the experimental of
the heat loads taken from the condenser unit (Q.) through-
out the day are given in Fig. 10. The average values of
the theoretical and experimental heat loads taken from the
condenser unit are about 3.84 and 3.96 kW, respectively.
In here, the difference between the theoretical and experi-
mental values is about 3%. Figures 11 and 12 demonstrate
to the COP and the COPS of the theoretical and the experi-
mental versus time of day, respectively. While the values of
the experimental COP are in the range of 3.1-4.1 and their
average is 3.7, the values of the theoretical COP are in the
range of 4.0—4.2 and their average is 4.1. On the other part,
while the values of the experimental COPS are in the range
of 2.3-3.3 and their average is 2.8, the values of the theo-
retical COPS are in the range of 2.6-3.3 and their average

@ Springer

7
Theoretical

67T A Experimental

5 —+
% /\1—‘\
o 4 2 & ~ a1, * A 4 4o a |

A
A

34

2 +4

1 t t t t t t t t t t t t t t

09:00 11:00 13:00 15:00 17:00 19:00 21:00 23:00

Time of day

Fi

g. 11 COP values of theoretical and experimental during the day

— Theoretical

A Experimental

COPS
£

09:00 11:00 13:00 15:00 17:00 19:00 21:00 23:00

Time of day

Fig. 12 COPS values of theoretical and experimental during the day

is 3.0. In average, the differences between the theoretical
and experimental values of the COP and COPS are about
8 and 5%, respectively. It is seen that the simulation and
the test results are in good agreement. The EST is used
approximately at 16:00 local time. The source temperature
supplied to the heat pump suddenly rises about 8-9 °C
when the EST is used. Meantime, while the effect of the
sudden increase in the source temperature on the results is
seen immediately in theoretical calculations, it takes some
time to be seen in experimental results. Therefore, some
deviation occurs in the theoretical and experimental results
at local times when the temperature suddenly changes.
The values of MBE, RMSE and r for simulation
model are presented in Table 4. It is seen that the model
results are closer to experimental values with the correla-
tion coefficient between 0.687 and 0.988. These results
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Table 4 Values of MBE, RMSE - 5
i Statist T T, T T T, T COPS
and r for simulation model austies ! ! 2 3 4 owo Q
MBE 1.679 0.112 —-0.593 0.364 —-0.107 0.118 —-0.122 0.145
RMSE 1.777 1.220 1.055 0.646 1.192 1.261 0.230 0.198
r 0.880 0.963 0.976 0.988 0.963 0.814 0.687 0.751

confirm that developed simulation model gives satisfac-
tory results.

Conclusions

In this study, a simulation program is developed to examine
a sensible heat energy stored solar-source heat pump system.
The some system parameters are obtained from experimental
data. The following results can be exhibited from this study:

e The conclusions of the theoretical and the experimental
of the temperature of T, indicate that it ranges from
42.1 to 52.0 °C and from 42.8 to 50.5 °C, respectively.
In average, the difference between the theoretical and
experimental T, is about 0.3%.

e The maximum theoretical and experimental temperatures
(T) in the energy storage tank are 31.5 °C and 31.7 °C,
respectively. In here, the difference between the theoreti-
cal and experimental 7} is about 0.6%.

e The average values of the theoretical and experimental
heat loads taken from the condenser unit are about 3.84
and 3.96 kW, respectively. In average, the difference
between the theoretical and experimental values is about
3%.

e The values of the experimental and theoretical COP in
average are 3.7 and 4.1, while the values of the experi-
mental and theoretical COPS in average are 2.8 and 3.0,
respectively. In average, the differences between the theo-
retical and experimental values of the COP and COPS are
about 8 and 5%, respectively.

e The simulation program improved in here can be utilized
to investigate how the performance of a SSHP system
changes due to different operating conditions and system
parameters. It is concluded that the values of the simula-
tion are in good agreement with the test results. It is seen
that the model results are closer to experimental values
with the correlation coefficient of 0.988 for T;.
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