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Using solar energy for space heating purposes consists an alternative way for substituting fossil fuel and
grid electricity consumption. In this study, four solar assisted heat pump heating systems are designed,
simulated and evaluated energetically and financially in order to determine the most attractive solution.
The use of PV collectors with air source heat pump is compared to the use of FPC, PVT and FPC with PV
coupled with a water source heat pump. A sensitivity analysis for the electricity cost is conducted
because of the great variety of this parameter over the last years. The final results proved that for elec-

?gav\rmhrg;ing tricity cost up to 0.23 €/kW h the use of PV coupled with an air source heat pump is the most sustainable
Heat pumps solution financially, while for higher electricity prices the coupling of PVT with an water source heat
PV pump is the best choice. For the present electricity price of 0.2 €/kW h, 20 m? of PV is able to drive the
PVT air source heat pump with a yearly solar coverage of 67% leading to the most sustainable solution.
FPC Taking into account energetic aspects, the use of PVT leads to extremely low grid electricity consumption,

fact that makes this technology the most environmental friendly.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The role of energy becomes increasingly important to fulfil the
needs of modern societies and to follow the fast economic and
industrial growth worldwide. Growing global concern regarding
climate change motivates the governments to create specific legis-
lation about energy policy. For European Union members, the
greenhouse gasses emissions and energy consumption should have
been reduced by 20% up to 2020 in order to meet the Directive
2009/28/EC [1,2]. Energy consumption in Building sector is about
the 1/3 of the worldwide energy consumption, fact that proves
the high importance of reducing the energy consumption in build-
ings [3,4].

The use of renewable energy sources in buildings is a promising
way for diminishing the fossil fuel and the electricity consumption
as a result to mitigate the environmental problems [5,6]. Solar
energy utilization for covering building energy needs becomes
more and more an attractive idea because it has high availability
and it is able to be captured with simple and low cost devices. Flat
plat collectors (FPC) and Photovoltaic (PV) modules are the most
established solar energy conversion devices for producing useful
heat and electricity respectively. The conjugation of these tech-
nologies is able to cover all the energy needs of each building.

* Corresponding author.
E-mail address: bellose@central.ntua.gr (E. Bellos).
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0196-8904/© 2016 Elsevier Ltd. All rights reserved.

Especially for countries with adequate solar energy potential, as
Mediterranean countries, solar energy utilization is a determining
factor to reach the energy goals that were set by EU. Greece with a
yearly solar potential of about 1600 kW h/m? [7] is among the top
10 countries in solar energy utilization in building sector, mainly
for domestic hot water production (DHW) [8]. The next step for
enforcing the solar energy exploitation is to apply the solar energy
systems for other proposes as space heating and cooling in order to
minimize the grid electricity and the fossil fuel consumption. By
using different solar collectors, the solar energy is able to be trans-
formed to different kinds of energy. An innovative collector known
as PVT (Photovoltaic thermal collector) produces electricity and
useful heat simultaneously and it is a promising technology for
the building sector.

Heat pump is a technology that gains more and more attention
over the last years because of its low electricity consumption.
Especially in Greece, the substitution of conventional boiler heat-
ing systems with heat pumps is usual because of the high fossil fuel
cost. The next step is to combine solar energy utilization with heat
pump creating environmentally and financially sustainable sys-
tems. The idea of using the solar energy to drive a heat pump is
similar to the ground source heat pumps. The difference in the
solar assisted systems is the lower initial cost [9] and for this rea-
son in the areas with high solar energy potential, solar systems are
preferred.
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Nomenclature

A area (m?)

b temperature coefficient of cell (K1)
C cost (€)

Cp specific heat capacity (J/kg K)

E energy (kW h)

f electrical solar coverage

F collector fin efficiency

Gr solar irradiation on titled surface (W/m?)
H daily solar energy (kW h/m?)

I current (A)

k thermal conductivity (W/m K)

Kei specific electricity cost (€/kW h)
mass flow rate (kg/s)

water mass (kg)

project life (years)

power (kW)

heat (kW)

discount factor

temperature (°C)

heat loss coefficient (W/m? K)
voltage (V)

storage tank volume (m?)

s<c=-"ovzE3

Greek letters

o plate absorbance
B collector slope (°)
&p plate emittance
n efficiency

I density (kg/m?)

T

cover transmittance

Subscripts and superscripts
am ambient
b back part of the collector

c collector
cell PV cell

e edge

el electrical
grid grid electricity
h hot

heat heating

hot, in  inlet hot
hot, out outlet hot
in inlet

l load

load, in inlet load
load, out outlet load
loss thermal loss
max maximum
mp maximum power
out outlet

r reference

s solar

source  heat source
st storage tank
T tank

th thermal

tot total

u useful

Abbreviations

copr coefficient of performance

FPC flat plate collector

HP heat pump

NOCT  nominal operating cell temperature
PV photovoltaic collector

PVT thermo-photovoltaic collector

T™MY typical meteorological year

In the literature there are numerous studies related to solar
energy and heat pump coupling. Air source heat pump, ground
source heat pumps, solar assisted heat pumps and dual source heat
pumps have been compared and tested for various climates. First
of all, it essential to state that the water source heat pumps (solar
and ground) performs better than air source heat pumps. More
specifically, the coefficient of performance (COP) in water source
heat pumps is about 4-5 [10], while for air source heat pumps is
approximately 3 [11]. Moreover, Sun et al. [12], compared a solar
assisted heat pump heating system with an air source heat pump
and concluded that the first performs better in all weather
conditions.

Many studies have focused on the combination of solar energy
with ground source heat pump in order to achieve a high COP the
days with high solar irradiation. Mehrpooya et al. [13] and Zhu
et al. [14] studied this system with FPC and both concluded to a
yearly COP of about 4.2. Dual source heat pumps which use hot
water and ambient air energy have been also studied from many
researchers. Chargui and Sammouda [15] used TRNSYS to simulate
a residential house coupled with a dual source heat pump and con-
cluded that a higher temperature of hot water improves the perfor-
mance of the system and can give COP values greater than 6. Wang
et al. [16] studied a novel solar PVT air dual-heat-source composite
heat pump hot water system. In this system, ambient air and hot
water are the heat sources for the heat pump which finally proved
to have a satisfying efficiency. The COP was calculated to be ranged
from 3 to 4, performing better than usual air source heat pumps.

The use of PVT with heat pumps is not usual in literature; how-
ever some interesting studies have been conducted. Tsai [17] stud-
ied an innovative PVT heat pump system for hot water production.
The collector is the evaporator of the system and the condenser is
located inside the hot water storage tank. The final results proved
very good operation of this system with the electricity output from
PVT to be adequate for the compressor needs. Good et al. [18]
examined various solar collector systems in order to achieve zero
energy consumption for a single family building in Norway. The
studied systems were a combination of solar thermal and PV, a
combination of covered PVT and PV, and a system with only PV.
The final results proved that the system with only PV is the one
that gets closest to reaching net zero energy balance. Calise et al.
[19] studied with TRNSYS a polygeneration system using PVT cou-
pled with heat pump and adsorption chiller for producing heating,
cooling, domestic hot water and electricity. The optimum collect-
ing area was proved to be about 25 m? and this system can be
financially feasible when the initial cost will be reduced about
50%. Moreover, the use of PVT with water source heat pumps has
been referred as a promising technology from other researchers
[20,21].

In other studies, solar assisted heat pump systems with FPC
have been analyzed successfully. Kuang et al. [22] investigated
the thermal performance of a solar assisted heat pump system
with FPC and water storage tank during the winter in north China.
Svard et al. [23] described a new design procedure for solar
assisted heat pump systems for space heating purposes. They sta-
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ted that the heat pump capacity is an important parameter of the
system and it significantly affects the total system performance.
Furthermore, Cai et al. [24] studied a novel indirect expansion solar
assisted heat pump system for space heating, cooling and domestic
hot water production. More specifically, a parametric analysis was
presented in order to explain the impact of ambient temperature,
solar irradiation, and mass flow rate in the system performance.
Another important part of the research have been focused on the
direct expansion solar assisted heat pumps [25,26].

The use of evacuated tube collectors with a water source heat
pump studied by Caglar and Yamali [27] and the final results
proved that COP is approximately 6. This is a high cost system that
can be applied in regions with difficult winter conditions, where
the heating load is high and the energy saving will be greater.
The use of PV with heat pumps is analyzed less than the other solar
collectors because these collectors do not produce useful heat.
However, Ochs et al. [28] investigated the optimum share of PV
and solar thermal collectors in combination with air sourced heat
pumps or ground water heat pumps. They finally concluded that
the building storeys, the electricity price and the PV cost are
parameters that influence on this comparison.

In this study, the use of FPC, PV and PVT collectors with heat
pumps is analyzed. Four systems are presented and examined
energetically and the system performance is presented for a range
of collecting areas in each case study. The financial sustainability of
every system is a decision parameter and for this reason a basic
financial evaluation is presented in this study. A sensitivity analy-
sis toward electricity cost takes place because this parameter var-
ies a lot over the last years, especially in Greece. More specifically,
PV coupled with an air source heat pump, FPC with a water source
heat pump, PVT with water source heat pump and the combination
of PV-FPC with a water source heat pump are the examined sys-
tems which are compared. This study comes to resume all the
usual solar assisted heat pump systems, something that that is
not clearly presented in the current literature.

The present work is a simulation with Transient System Simu-
lation Tool (TRNSYS) which provides many features to the user
for simulations of solar energy systems. Many parameters of the
examined systems are determined from the TRNSYS default values.
The examined solar collectors, heat pumps and the other devices
are taken from the TRNSYS libraries, something that is very com-
mon in numerous simulations up to time.

2. Examined cases and theory
2.1. Theoretical background

It is essential to define the parameters of the present analysis.
These are related to efficiency performance of the system and to
the cost evaluation of every investment. The main parts of the
examined systems are solar collectors (PV, FPC, PVT), heat pumps
(air and water source) and other storage devices (storage tank
and batteries).

Heat pump efficiency is determined by coefficient of perfor-
mance (C.0.P.) which is defined as the ratio of produced heating
(Qneqt) to electricity (P.;) consumed, according to Eq. (1). This
parameter is depended on the temperature level of the input heat
source, something that is analyzed more detailed in Section 2.4.

Qheat
COP = ==, 1
P, (M

The energy utilization in every system is calculated by using the
electrical solar coverage (f) which determined as the electricity
produced by solar collectors to the demanded energy (P,). This

parameter can be calculated by an indirect way by taking into
account the energy that consumed from the grid (Pgiq), according
to Eq. (2):

P,
-1- gnd7 2
f Poy (2)
The available solar energy (Qs) is equal to the product of solar
collector aperture and of solar incident irradiation in the title sur-
face (Gr), according Eq. (3):

Qs =Ac - Gr, 3)

The efficiency determination of every solar collector is made by
a different way because the useful output in every case is different.
For flat plate collectors (FPC) the useful output is the heat absorbed
by the working fluid (water). This efficiency is characterized as
thermal (#,) and given by the next equation:

u m-cp- Tou _Tin
Nepe = Nen = %—S = %~, (4)

For photovoltaic collectors (PV) the useful output is electricity
and for this reason their efficiency is electrical efficiency (7,;) as
Eq. (5) presents:

_ 7Pelilmp'vmp
r]PV nel Qs Qs ’

For thermo-photovoltaic collectors (PVT) there are two useful
outputs; electricity and thermal energy. Eq. (6) presents the total
efficiency of this collector which is equal to the sum of the useful
outputs to the available solar energy to the collector aperture.

Py +Q
Npyr = Net + Ny = %7 (6)

()

In the comparison of heating technologies, financial analysis is
essential in order to determine the more feasible solutions. A sim-
ple way to compare the examined cases is to calculate the total
cost of every investment in the present economical basis. This is
similar as net present value or better “net present cost”. Eq. (7)
gives the total cost (Crorar) as the sum of the capital cost of every
investment (Ccapirar) and of the variable cost for all the investment
years (Cyariasie)- EQ. (8) shows the way that the variable cost is cal-
culated, which is mainly the cost of consumed grid electricity. This
cost is the product of the yearly energy consumed by the grid (Egig
[kW h]) and of the specific electricity cost (C; [€/KW h]).

CTOTAL = CCAPITAL + CVARIABLE7 (7)
N
Egria - Kei
CVARIABLE = L ) (8)
kz (1+1)

2.2. Examined building

The examined building is a building with main dimensions
(10m x 10 m x 3 m). The four external walls are located to four
directions and double windows are placed to south, west and east
side with area of 6 m?, 3 m? and 3 m? respectively. Usual values for
the internal gains have been taken into consideration. More specif-
ically, the equipment load is about 1.5 kW, the lighting load is
1 kW and 10 seated persons have been taken into account for this
analysis [10]. The building is supposed to be a commercial building
which operates from 8:00 to 18:00 daily. The ventilation of the
building is supposed to be three air changes per hour. The analysis
is conducted for months with heating load and more specifically
from November to April. Table 1 includes the main data of the
examined building.

The layers of the structural components have a great impact on
the final heating loads. The existence of insulation is a factor that
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Table 1

Building parameters.
Parameters Values Parameters Values
Floor area 100 m? Equipment load 1.5 kW
Height 3m Persons 10
Indoor thermal capacitance ~ 720kJ/K  Lighting load 1.0 kW
East double window 3 m? Ventilation rate 3 changes/h
West double window 3m? Operation program  8:00-18:00
South double window 6 m? Windows U-value 1.4 W/m? K

reduces the loads up to 3 times. The insulation of the presented
building is good enough and this fact results to relative low heating
demand. The external walls have a total thickness of 35 cm with
the following layers: 1.5 cm plaster, 12 cm brick, 8 cm insulation,
12 cm brick and 1.5 cm plaster. Roof thickness is 31.5 cm with
the following composition: 20 cm cement, 10 cm insulation and
1.5 cm plaster (internal side). The ground floor has various layers
from cement and insulation materials with a total thickness of
40 cm and thermal transmittance (U-value) equal to 0.31 W/
m? K. The external walls, the roof and the windows have U-
values equal to 0.406 W/m?K, 0.36W/m?K and 1.4W/m?K
respectively. The last important information for the full determina-
tion of the building is the thermal properties of the structure mate-
rials. Table 2 gives the information about thermal conductivity,
specific heat capacity and density of the used materials.

The heating load of the building is calculated by TRNSYS easily
and it is depended on the desired temperature inside the building.
Fig. 1 shows the monthly heating loads of the examined building
for various values of indoor desired temperature. In this study,
22 °C was selected as the preferable indoor temperature level in
order to achieve usual thermal comfort conditions. Table 3 gives
the monthly loads and the total heating loads for the selected
indoor temperature level of 22°C. The total winter load is
4998 kW h and the month with the maximum load is January with
1209 kW h. The ratio of this heating load to building area is about
50 kW h/m? and it is in accordance with Papakostas et al. study
[29] for Athens.

Fig. 2 depicts the ambient temperature and the mean daily solar
energy delivered to the horizontal surface for the examined
months. The ambient temperature is minimum in January and
the solar irradiation is minimum in December. These data can
explain the reason that the January heating load is the maximum
one. The solar irradiation is minimum in December because the
winter solstice is observed in this month.

2.3. Examined solar collectors

Three different collector types are used in this study; photo-
voltaic collectors, flat plate collectors and thermal-photovoltaic
collectors. The efficiencies curves of these collectors calculated by
TRNSYS are presented below because they determine the energet-
ically performance of the system. In the majority of the selected
parameters, the default values from TRNSYS databases were used
in order to examine typical solar collectors.

2.3.1. Photovoltaic module
Photovoltaic collectors or modules use solar energy in order to
produce electricity. Their efficiency is influenced on ambient tem-

Table 2

Thermal properties of structural materials.
Material k (W/mK) ¢, (J/kg K) p (kg/m?)
Brick 0.85 1000 1800
Plaster 1.40 1000 2000
Insulation 0.04 800 40
Concrete 2.00 800 2400

1400 -
1200 -
1000 -
= mT=20°C
2 3800 -
4 mT=21°C
2 600 1 T=22°C
g
400 - mT=23°C
200 -
o 4

Nov Dec Jan Feb Mar Apr

Fig. 1. Monthly heating loads of the examined building depended on the indoor
desired temperature level.

perature and on solar irradiation delivered to the collector aper-
ture. Fig. 3 illustrates the I-V curve of the examined collector at
reference conditions. The maximum produced power is approxi-
mately 100.4 W at reference conditions. Moreover, Table 4 gives
all the characteristics of the examined PV module. The aperture
of the module is 0.89 m? and in order to achieve great collecting
area more modules are placed in parallel series.

2.3.2. Flat plate collector

The next examined solar collector is a usual selective flat plate
collector which produces useful heat. Fig. 4 shows the thermal effi-
ciency of this collector as a function of parameter [(T;;, — Tam)/Grl
which is a typical parameter for expressing the solar collector per-
formance. Eq. (9) is a good approximation of this curve with the
least square method.

2
ey = 0.8 —3.61- (T’"EJ) - 13.889- (T”EJ) : 9)
T T

2.3.3. Thermo-photovoltaic collector

The last presented solar technology is a thermal-photovoltaic
collector which produces electricity and useful heat simultane-
ously. The performance of this collector is fully depended on the
operating temperature level of the cell. Eq. (10) shows how the
electrical efficiency of the module changes for different cell tem-
perature levels:

nel(Tcell) = r]el‘max . (] -b. (Tcell - Tref)),

Table 5 gives the main parameters of the examined PVT module
as they used in the simulation tool [30]. Fig. 5 depicts the efficien-
cies of this collector as a function of the parameter [(Ti;, — Tam)/Grl.
This parameter influences on the electrical efficiency because the
cell temperature is depended by the operating conditions (water
inlet temperature, ambient temperature and solar radiation level).
Eqgs. (11)-(13) give the electrical thermal and total PVT efficiencies
respectively. These formulas are approximately given the perfor-
mance of the examined PVT module and they have been made
by TRNSYS simulation. It is interesting that the slope of the thermal
efficiency curve is high, fact that proves the low thermal efficiency
of the PVT module in high water temperature levels.

(10)

Ny = 0.1286 — 0.3269 - (%) (11)

o o 2
My = 0.6853 — 11.294 - (%) —4425. (%) ., (12)

T T

2
Mg — 0.8139 — 11,6209 . (T —Tam) _ 4455 (Tn—Tam)" " 45
GT GT
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Table 3
Monthly heating loads of the examined building.
November December January February March April Total
503 kW h 1024 kW h 1209 kW h 1025 kW h 887 kW h 349 kW h 4998 kW h
18 6
16
5
14
12 F 4 ~
E
O 10 <
& L3 <
5 8 E
6 L2 T
4
- 1
2
0 - 0
Nov Dec Jan Feb Mar Apr
Fig. 2. Ambient temperature and daily solar energy on horizontal for the mean day of the examined months.
8.0 Pma=100.4 W 105 0.9 -
0.8 -
7.0 1 1,.,56.5 A 90 0.7 -
60 4o ’e 0.6 -
= < 0.5 4
5.0 < o4
= 60 =
< 2 ]
= a0 = 03
= 4 o 0.2 1
3.0 0.1
30 0.0 T T T T )
2.0
0 0.02 0.04 0.06 0.08 0.1
1.0 15 (Tin'Tam)/GT
0.0 0 Fig. 4. Thermal efficiency curve of flat plate collector as a function of operation
0 5 i e conditions.
Voy (V) Vina=21.6 V

Fig. 3. PV module performance at reference conditions (T.y=25°C and
Gr=1000 W/m?).

Another important parameter is the cell temperature of the PV
part. This temperature influences on the electrical and thermal effi-
ciency. Fig. 6 shows the cell temperature and the water inlet tem-
perature as a function of the parameter [(Ti; — Tam)/Grl. It is
obvious that for higher water inlet temperature levels, the differ-
ence between the presented temperatures is getting lower some-
thing that mainly deals with the decrease in thermal efficiency of
the collector.

2.4. Performance of the examined heat pumps

Two kinds of heat pumps are used in this study. The first one is
an air source heat pump (air to air) which produces hot air from
the environment heat sink. The second is a water source heat
pump (water to air) which uses hot water heat sink in order to pro-
duce hot air. The water source heat pump needs an extra heat
source which is the solar energy in the examined cases. Fig. 7
depicts the coefficient of performance of the utilized heat pumps
from the TRNSYS data base. The main parameter of the COP is

Table 4 Table 5
Properties of the used PV module. Properties of the used PVT collector.
Parameters  Values Parameters Values Parameters Values
Imax (atref)  6.5A Module temperature at NOCT 40 °C Fin efficiency (F) 0.968
Vmax (atref) 216V Ambient temperature at NOCT 20°C Plate absorbance (o) 0.9
Imp (at ref) 59A Insolation at NOCT 800 W/m? Cover transmittance (7) 0.95
Vimp (at ref) 17V Temperature coefficient of I,ax 0.02 A/K Plate emittance (¢,) 0.1
Trer 25°C Temperature coefficient of Vinax —0.079 V/K Edge and back heat loss coefficient (U, + Up) 0.8 W/m? K
Grref 1000 W/m?  Semiconductor bandgap 1.12eV Maximum cell efficiency at reference temperature 15%
Apv 0.89 m? Transmittance absorbance 0.95 Temperature coefficient of cell efficiency (b) 0.0045 K!

product

Temperature for cell reference efficiency 25°C

=
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Fig. 5. Thermal, electrical and total efficiency of the examined thermos-photo-
voltaic collector.
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Fig. 6. Comparison of PV-cell and water inlet temperature for various operating
conditions.

cop

|

= \Nater source heat pump

== Air source heat pump

(=}

-5 0 5 10 15 20 25 30 35

Tsource (OC)

Fig. 7. Air source and water source heat pump heating performance for various
values f heat source temperature.

the heat source temperature which is the horizontal axis in Fig. 6.
As it is obvious, water source heat pump performs but need higher
source temperature levels than air source heat pump. Moreover,
Table 6 gives the main parameters used in TRNSYS for each heat

pump.
2.5. Storage devices
2.5.1. Thermal storage

A storage tank of hot water is used in order to store the supple-
mentary solar energy during the day. Fig. 8 shows the modeling of

Table 6

Air and water source heat pumps parameters.
Parameters Heat pump Values
Indoor fan power Both 190w
Fraction of outside air Both 15%
Working fluid temperature Water 55°C
(UA) between working fluid and indoor air Water 420 WK
Outdoor fan power Air 207 W
Volumetric flow rate of hot air Both 5001/s

Storage = Input — Output — Losses

Thot,in Tload,out
my m,
—
s . 3
Thot,out ‘\ Tload,in

» ~
> Quoss

Fig. 8. Storage tank modelling.

the examined storage tank. According this modeling, there are “N”
mixing zones and temperature (T;) is uniform in every zone “i”. An
energy balance is made in every zone and finally a system of N dif-
ferential equations is created [31]. The basic idea of the energy bal-
ance in every zone is the given by the following equation:

Storage = Input — Output — Losses

The storage tank energy equations are presented below
(Eqs. (14)-(17)). Eq. (14) is the energy balance in the first node,
Eq. (15) is for the random node “i” and Eq. (16) for the last node
“N". The total thermal losses of the tank (Qy.) are the sum of the
losses of all the nodes according Eq. (17). These thermal losses
include radiation and convection heat losses.

oT . .
M -¢cp B_tl =1y - Cp - (Thotjin — Tsr1) + 1y - ¢y - (T2 = Ty)
—Ur - Asta - (T1 — Tam), (14)
oT; . .
Mi'Cp'E:mh'cp'(Ti—l =T +my-cp- (Tin = Th)
—Ur - Asti - (Ti = Tam), (15)
TN . .
MN Y 7 =Mp-Cp- (TN—] - TN) +m- Cp- (Tload,in - TN)
—Ur-Astn - (Tn — Tam), (16)
N
Qlass = Z[UT 'AST,;' . (Tj - Tam)}v (17)
A

The outer area and the water mass of every zone are symbolized
with Asr; and M; respectively. The thermal loss coefficient (Uy) is
equal to 0.8 W/m?K for this study, a typical value for insulated
tanks. The height of every node is taken equal to 0.2 m and gener-
ally 6 nodes are used in every tank model. The use of more nodes
increases the calculation time with no effect on the final results.
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2.5.2. Electricity storage

Batteries are used in the simulation for storing the electricity
produced by PV and PVT modules. The storage capacity of the bat-
teries is depended on the installed power in every case. Table 7
shows the battery parameters used in the simulations.

2.6. Other used components

In the simulations of the examined systems many other compo-
nents are used in order to simulate properly every case. In this sec-
tion the main information about control systems, water pumps and
inverters are given.

The control system has a one level thermostat which is regu-
lated at 22 °C. The dead band is about 0.5 °C and 5 oscillations
are permitted in every time-step. The water pump practically is
used for determining the flow rate of every stream. The inverter
that used in the system is a very important component because
determine the power consumed by the grid. Table 8 gives the main
parameters of the used inverter in the examined systems.

3. Examined systems

In this paragraph the examined systems and the methodology
of the analysis are presented. The simulation tool is TRNSYS which
offers a great variety of features to the users. Four different solar
heating systems are presented and compared energetically and
financially in order to determine the most feasible solution.

3.1. Simulation process and methodology

TRNSYS is a transient simulation program which simulates
complex systems. The examined systems consist of properly con-
nected components (types). Every component (type) has its own
executable program which nuns in the background of the TRNSYS.
The user has to regulate many parameters and to connect them
properly between components in order to simulate the system
with a suitable way. The utilized types on the examined systems
are given in Table 9.

It is essential to state that the time-step in all the simulations is
0.05 h (=12 min) and this time-step was selected after testing the
performance of the systems in various time-steps. The simulation
period is the winter period from November to April and the respec-
tive yearly hours are 7297-11,640. TRNSYS solves the differential
equations with the modified Euler method while the non-linear
equations are solved with successive method because there is
building in the simulation, according manual directions. Weather
data was taken for typical meteorological year (TMY) in Athens
and for the diffuse radiation was used the Perez-model [32]. This
model is a complex model which accounts for circumsolar, horizon
brightening and isotropic diffuse radiation. The ground reflectance
was selected to be equal to 0.2 which is used for typical ground.

In every system, a simple sensitivity analysis takes place in
order to examine the system performance in various combinations

Table 7

Battery parameters.
Parameters Values
Charging efficiency 90%
Maximum charge voltage per cell 25V
Maximum current per cell charging 333A
Maximum current per cell discharging -333A
Cell energy capacity 15-180Ah
Cells in series 6
Cells in parallel 1

Table 8

Inverter parameters.
Parameters Values
Regulator efficiency 85%
Inverter efficiency 95%
Power capacity 3 kW
Charge to discharge limit on fractional state of charge 0.85

Table 9

Components and TRNSYS types used in simulations.

Component TRNSYS type
Flat plate collector 1b
Water pump 3b
Storage tank 4b
Operation program 14h
Quantity integrator 24
Psychometrics 33
Battery 47b
Inverter 48b
Thermal-photovoltaic collector 50b
Periodic integrator 55
Multi-zone building 56
Online plotter 65

Sky temperature 69
Photovoltaic module 94a
Weather data 109
Water source heat pump 505a
Air source heat pump 665-3
Heating controller 671
Calculations Equator

of important parameters. More specifically the main parameter is
the collecting area in every system which determines the solar
energy coverage and the capital cost of the system. Moreover,
the storage capacity of each system changes for different collecting
area values. Other parameters as the mass flow rate in every circuit
are selected to have values which reduce the grid electricity
consumption.

3.2. Air source heat pump with PV modules

The fist examined system uses an air source heat pump for
space heating proposes. The electricity demand of this heat pump
is coved partially by photovoltaic panels and by grid electricity
consumption. An inverter and batteries are used in this system in
order to convert and regulate the voltage and to store the momen-
tary supplementary energy. Fig. 9 depicts the examined system. In
order to predict the suitable slope of the collectors, an optimization
of the slope angle is presented in Fig. 10. The final results prove
that 45° is the optimum slope for the winter period which is exam-
ined in this study. This figure shows the energy delivered to a titled
surface, so these results can be adopted to all the examined
collectors.

Storage capacity of the system is very important for the opti-
mum design of the system. This parameter is conjugated with
the collecting area of the PV and for this reason greater storage
capacity was used for greater collecting area. Fig. 11 depicts the
dependence of these parameters in this analysis.

3.3. Water source heat pump with FPC

The idea of coupling a water source heat pump with flat plate
collectors (FPC) is also examined in this study. The high water tem-
perature makes the heat pump to perform better consuming lower
amounts of electricity. A water storage tank is used in this system
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Fig. 10. Slope optimization of the PV module.

in order to store thermal energy. Fig. 12 depicts the examined sys-
tem which includes FPC, storage tank, water source heat pump and
building. The surface area of the FPC and the volume of storage
tank are parameters that investigated in this analysis for determin-
ing the optimum operation of this heating system. The slope of the
collectors is selected to be 45° as in the case of PV modules
(Fig. 10). The specific mass flow rate in the collector loop selected
to be 0.0166 kg s ' m 2 [33] and the same mass flow rate was
selected to the circuit between tank and heat pump.

3.4. Water source heat pump with PVT

Thermal photovoltaic collectors combine thermal and electric-
ity production and it is an ideal solution for feeding a water source
heat pump with these quantities. This idea is examined in this
study because it is of high interest due to energetic complementar-
ity between PVT and water source heat pump. Fig. 13 shows the
examined system which includes PVT, storage tank, water source
heat pump, batteries, inverter and building. This is complex
enough because the solar collector supplies the two energy
demands of the heat pump. Storage for thermal and electrical
energy is used because it essential not to loss useful energy (ther-
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Fig. 11. Battery storage capacity as a function of PV area.

mal and electrical). The specific mass flow rate is selected to be
0.0166 kg s~ m~2 in the collector loop, while the same mass flow
rate was set in the tank-heat pump circuit. PVT slope angle is 45°
something that is in accordance with Fig. 10. It is also important
to be stated that the battery capacity was increased for higher
PVT area in order to store all the possible produced electricity.

3.5. Water source heat pump with PV modules and FPC

The last presented system is based on the idea of feeding a
water source heat pump with produced heat and electricity, as in
the previous system. In this case (Fig. 14), FPC and PV are used sep-
arately and produce thermal energy and electricity for covering the
heat pump respective energy needs. This idea is innovative and it is
similar with the previous system. Slope angle for FPC and PV is 45°
according previous optimization and the mass flow rate in water
circuits is according to the previous systems.

4. Results

The results of this study are separated in 2 categories, the ener-
getic and the financial results. Energetic results are necessary to
determine the system with the lower energy consumption, while
financial results aid to select the most attractive investment. In
every system, a sensitivity analysis is presented in order to corre-
late the energy consumption with the utilized solar collector sur-
face. The storage capacity follows the increase in solar field in
order to minimize the energy waste.

4.1. Energetic performance of the examined systems

4.1.1. Air source heat pump coupled with PV

The first examined system is depicted in Fig. 9 and includes an
air source heat pump coupled with photovoltaic panels. A sensitiv-
ity analysis is conducted for analyzing the system performance for
various values of PV surface. In every case the power consumed
from the grid is calculated and the solar coverage. Fig. 15 illustrates
the impact of the PV collecting area to these parameters. It is obvi-
ous that greater PV area reduces the grid electricity consumption
and increases the solar coverage. More specifically, for PV surface
over 20 m?, the solar coverage is high enough, fact that leads to a
feasible system. Up to 20 m?, the solar coverage curve is increasing
linearly and after this point increases with lower rate. The behavior
of the grid electricity consumption exhibits reversal behavior with
a reducing rate.

4.1.2. Water source heat pump coupled with FPC

The next examined system is the coupling of a water source
heat pump with flat plate collectors. In this system the collecting
area and the storage tank volume are important parameters. For
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Fig. 13. Water source heat pump heating system coupled with PVT collectors.

collecting areas up to 25 m?, the storage tank was selected to be
1 m?3, while for higher collecting areas, a storage tank with 1.5 m>
volume was used. The impact of the storage tank volume is relative
low in the results, if its values are in-between logical estimations.

In this point, it is important to state that 20 m? of FPC are
needed in order to achieve an accepted profile of indoor tempera-
ture. Lower values of collecting area are not capable to deliver the
needed amount of energy to the heat pump and the thermal com-
fort conditions are not satisfied. For this reason, Figs. 16-18 display
results for collecting areas greater than 20 m?. Fig. 16 shows the
collectors thermal efficiency and the produced useful heat for the
examined range of collecting areas. The thermal efficiency of the
collector field is lower when more collectors are used because
the mean operating temperature is getting greater and according
to Fig. 4, the thermal efficiency is lower. This result makes the use-
ful heat curve to increase with a reducing rate for higher collecting
areas. On the other hand, the C.O.P. of the water heat pump, which
is depicted in Fig. 17, increases for higher FPC surfaces because the
system operates in higher temperature levels. Fig. 7 validates these
results and it is proved that greater collecting surfaces aid the heat
pump to operate with higher performance. Electricity consumption
is getting lower with higher collecting areas, as a result of the
increase in the heat pump performance. It is obvious from Fig. 17
that the collecting area up to 30 m? has essential impact of the sys-
tem performance by reducing the electricity consumption and
increasing the C.0O.P. of the heat pump.

4.1.3. Water source heat pump coupled with PVT

The simulation results for the system of PVT and water source
heat pump (Fig. 13) are presented in this paragraph. It is essential
to state that 20 m? of collecting area are needed for creating and
keeping the desired temperature level inside the building. For this
reason, only the results for collecting areas greater than this limit
are presented. Figs. 18 and 19 depict the performance of the PVT
collector for every case. When greater collecting area is used, the
mean operating temperature is getting greater, a fact with negative
impact on the thermal efficiency and on electrical efficiency
according to Fig. 5. Fig. 19 shows that the thermal and the electrical
outputs have an increasing rate with greater collecting areas and
the increase is approximately linear. The selected storage tank vol-
ume of the system is given in Fig. 20 and it is ranged from 1.25 m®
to 1.75 m>. Heat pump COP is depicted also in Fig. 20 and it is obvi-
ous that the greater collecting area has a positive impact on this.
The COP is ranged from 5.075 to 5.85, high values which lead to
low electricity consumption. Fig. 21 displays the grid electricity
consumption and the solar coverage for the range of the examined
collecting areas. Generally, the consumption is significant low,
compared to other systems because of the produced electricity
and of the high COP of the heat pump. More specifically, the solar
coverage is ranged from 85% to 95% and the energy consumption
from 152 kW h to 171 kW h.
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Fig. 14. Water source heat pump heating system coupled with PV modules and FPC.
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Fig. 15. Electricity consumption from grid and solar coverage for the case of PV
with air source heat pump.
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Fig. 16. FPC thermal efficiency and useful heat as a function of the collecting area in
the system.

4.1.4. Water source heat pump coupled with PV and FPC

The last examined system includes PV and FPC coupled with a
water source heat pump. The minimum possible collecting area
for FPC is 20 m? for meeting the indoor temperature limits. For this
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Fig. 17. COP of water source heat pump and electricity consumption from grid for
the examined FPC areas.
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Fig. 18. Thermal, electrical and total efficiency of PVT.

reason 3 collecting area levels are used in the following results;
20 m?, 25 m? and 30 m2. Fig. 22 illustrates the grid electricity con-
sumption and the solar coverage for various combinations of FPC
and PV collecting areas. The use of greater FPC areas has a low
impact on the results, fact that leads to select 20 m? of FPC as
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Fig. 19. Thermal and electrical output of the PVT for the examined collecting areas.
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Fig. 21. Electricity consumption from grid and solar coverage for the case of PVT
with water source heat pump.

the most sustainable solution. The collecting area of PV is a deter-
mining factor in the grid electricity consumption up to 30 m? col-
lecting area. Table 10 includes the mean COP and the useful
thermal energy produced by FPC. It is important to state that the
mean COP takes into account all the winter period. Greater FPC
area leads to higher COP because the mean water temperature in
the system is higher and the heat pump operates with input energy
of higher quality. The storage tank volume was selected to be 1 m°,
after a simple sensitivity analysis.

4.2. Financial performance of the examined systems

The next step in this study is the financial evaluation of the
examined technologies. The systems are compared by taking into
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Fig. 22. Electricity consumption from grid and solar coverage for the case of FPC
and PV combinations with a water source heat pump.

Table 10
System performance for various FPC areas.
Agpc (M?) Mean C.0.P. Qi (kW h)
20 5.10 5734
25 5.38 6227
30 5.66 6658

consideration the initial investment cost and the cost of grid elec-
tricity consumption for the life time of the investment. Because the
specific electrical cost has not a constant value the last years, espe-
cially for Greece, a sensitivity analysis is conducted in a great range
from 0.15 €/kW h to 0.3 €/kW h. At present, the electricity cost in
Greece is about 0.2 €/kW h including taxes and other charges paid
by the consumers. The project life and the discount factor are
selected to be 25 years and 4% respectively. The low value of dis-
count factor is explained by the financial crisis in the present years.
Table 11 includes the cost or the specific cost of the used compo-
nents in all the examined systems.

Figs. 23-26 illustrate the total cost of the system for the exam-
ined cases for various values of electricity cost. It is essential to
explain that technologies with higher grid electricity consumption
are not feasible when the electricity price is high enough. On the
other hand, these systems are financially ideal for low electricity
cost cases.

Fig. 23 depicts that there are optimum collecting areas for PV
which minimizes the total cost of the investment. For electricity
price 0.2 €/kW h, 20 m? PV collectors lead to minimum total cost
which is 15,212 €. The reason for the increasing total cost after a
point in every curve is explained by the reduced solar energy
exploitation for higher collecting areas.

Table 11

Financial parameters of the study [34].
Parameter Value
Project life 25 years
Discount factor 4%
PV cost 150 €/m?
PVT cost 200 €/m?
FPC cost 150 €/m?
Inverter cost 1500 €
Storage tank cost 500 €/m>
Battery cost 1€/Ah
Air source heat pump cost 7500 €
Water source heat pump cost 8500 €
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Fig. 23. Total cost of PV system with air source heat pump for the examined
collecting areas and for various electricity costs.
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Fig. 24. Total cost of FPC system with water source heat pump for the examined
collecting areas and for various electricity costs.

The next examined system is a water source heat pump coupled
with FPC. Fig. 24 shows the total cost of the investment for the
examined cases. The results proves that the FPC area should be
the lower possible in order to have lower cost. This can be
explained by Fig. 17, where the impact of the FPC area in the
COP is low. As it has referred in Section 4.1.2, it is not possible to
use area lower than because it negative affects the indoor thermal
comfort conditions.

Fig. 25 illustrates the financial results for the PVT collectors cou-
pled with the water source heat pump. As it is depicted in this fig-
ure, all the curves are close to each other because of the low grid

22000 -
21000 -
- 20000 -
¥
£ 19000 |
8 =#=0,20€/kWh
E 18000 =4=0,15€/kWh
°
=
17000 0,25€/kWh
=é=0,30€/kWh
16000
15000 - T T T T T )
20 25 30 35 40 45 50
Apyr (M?)

Fig. 25. Total cost of PVT system with water source heat pump for the examined
collecting areas and for various electricity costs.
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Fig. 26. Total cost of FPC and PV system with water source heat pump for 20 m? FPC
area and for various electricity costs.

23000
Arpc=30m?
22000 - Agpc=25m?
Appc=20m?
& 21000 -
-
7]
S 20000 -
©
-
2 19000 -
18000 -
17000 : : : ‘ ‘ ‘
10 15 20 25 30 35 40
Apy (m?)

Fig. 27. Total cost of FPC and PV system with water source heat pump for the
examined collecting areas for electricity cost 0.2 €/kW h.

electricity consumption. This result proves that this technology is
preferred for areas with high electricity price. Again it is essential
to say that PVT area under 20 m? does not lead to an accepted
indoor micro-climate which keeps the indoor temperature over
22 °C.

The conjugation of PV and FPC with a water heat pump is the
last examined system. Fig. 26 illustrates the results for various
electricity prices. All the curves are calculated for 20 m? FPC area.
This area is the suitable one according to Fig. 22. Fig. 27 also exhi-
bits that the use of 20 m? FPC is the best choice financially. More-
over, Fig. 26 displays that the optimum PV area is depended on the
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Fig. 28. Final comparison of the examined systems for various electricity costs.
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Table 12
Final comparison of the examined cases.
Electricity cost (€/kW h) Parameters CASE 1 CASE 2 CASE 3 CASE 4
PV FPC PVT FPC/PV
Air-HP Water-HP Water-HP Water-HP
0.15 A (m?) 20 20 20 20/10
Qgria (KW h) 956 1148 171 779
Total cost (€) 14,622 15,362 15,336 17,281
0.20 A (m?) 20 20 20 20/20
Qgria (kW h) 956 1102 171 401
Total cost (€) 15,212 16,483 15,493 18724
0.25 A (m?) 20 20 20 20/20
Qgrig (kW h) 956 1045 171 401
Total cost (€) 15,803 17,603 15,660 18,657
0.30 A (m?) 25 20 20 20/25
Qgria (kW h) 605 1040 171 245
Total cost (€) 16,225 18,724 15,827 18,985

electricity price. For the electricity price of 0.2 €/kW h, 10 m? PV
area lead to minimum total investment cost.

4.3. Final comparison of the examined systems and discussion

In this point it is essential to resume all the above results in
order to determine the most feasible solution. Fig. 28 and Table 12
summarize the optimum solutions for the examined electricity
prices. It is obvious from Fig. 28 that for the present electricity cost
(0.2 €/kW h) the system with PV and air source heat pump is the
most attractive investment. However, for a greater electricity price,
over 0.23 €/kW h, the system of PVT coupled with a water heat
pump seems to lead to the most feasible solution. The other two
systems with FPC and PV-FPC coupled with a water source heat
pump are not so feasible solutions. Table 12 includes analytical
information about the optimum collecting area, the grid electricity
consumption and the total cost for each point case in Fig. 28.

The results of this sensitivity analysis are in fact very interesting
because four innovative solar heating technologies were compared
in an energetically and financially basis. The use of PV and PVT cou-
pled with air source and water source heat pump respectively are
feasible solutions. The electricity price is the deciding factor for
select which technology is financially more attractive. On the hand,
PVT is the collector with the lower grid electricity consumption,
while the case with FPC the most grid electricity consuming. These
results are summarized in Fig. 29.

Finally, for the present electricity price of 0.2 €/kW h, the use of
20 m? PV with an air source heat pump is the best choice, while
20 m? of PVT with a water source heat pump is the second one.
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Fig. 29. Grid electricity consumption for the financially optimum cases.

However, the grid electricity consumption in the first case is
956 kW h yearly and with the second only 171 kW h yearly. This
comparison proves that energetically and environmentally, the
use of PVT is a very attractive solution because these collectors
have double output (heat and electricity).

5. Conclusions

This study examines various solar heating systems energetically
and financially. The simulation tool is TRNSYS and the examined
period is from November to April. A usual building in Athens of
100 m? area is examined with a yearly heating demand of about
5000 kW h. Four heating systems are compared; an air source heat
pump coupled with PV collectors, a water source heat pump cou-
pled with FPC, a water source heat pump coupled with PVT and a
water source heat pump coupled with PV and FPC together.

In the first part of this study, the systems are analyzed energet-
ically with a parametric study based on collecting areas. Important
result is that for the water source heat pumps, 20 m? of solar col-
lectors (FPC or PVT) are needed in order the desired thermal com-
fort conditions to be satisfied. Solar coverage is increased for higher
collecting areas and simultaneously the COP in the water source
heat pump. In the financial study, the minimum total investment
cost is the comparison criterion for selecting the most feasible sys-
tem in every case. A sensitivity analysis is presented based on elec-
tricity price, because this parameter varies the last years.

The final results proved that for the present electricity cost of
0.2 €/kW h and up to 0.23 €/kW h the use of 20 m? PV area with
an air source heat pump is the most attractive solution financially.
For higher prices of electricity, 20 m? of PVT collectors coupled
with a water source heat pump is the ideal choice. On the other
hand, PVT system consume extremely low grid electricity, com-
pared to other systems, and for this reason it renders the most
environmental friendly solution for space heating.
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