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Abstract

In this paper the model of a heat pump whose ea@ooperates as a photovoltaic
collector, is studied. The energy balance equati@ve been used for some heat pump
components, and for each layer of the photovolaporator. covering glaze,
photovoltaic modules, thermal absorber plate, gefant tube and insulator. The model
has been solved by means of a program using pepgdifications. The system input
is represented by the solar radiation intensity #rel environment temperature, that
influence the output electric power of the phottaial modules and the evaporation
power. The model results have been obtained rafeto the photovoltaic evaporator
and the plant operating as heat pump, in term$efphotovoltaic evaporator layers
temperatures, the refrigerant fluid properties galin the cycle fundamental points, the
thermal and mechanical powers, the efficienciest tibharacterize the plant
performances from the energy, exergy and econowiit pf view. This study allows to
realize a thermoeconomic comparison between a pblbdéic heat pump and a

traditional heat pump under the same working caorst
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1. Introduction

The direct use of solar energy as primary energycsois interesting because of its
universal availability and low environmental impa&olar heating applications are
intuitive; on the contrary, the solar energy uselbain refrigeration is less intuitive.
Different technologies can be adopted to get refagjon from solar energy: thermal
and electric solar systems, and some new emergaimologies [1]. The solar thermal
systems include absorption [2], adsorption [3]ase@jector [4], thermo-mechanical and
regenerative dessicant solutions [5]. As for thiarselectric systems, the photovoltaic
solar is the most popular technology. In fact néfeyrto a traditional vapour plant, the
compressor motor can be electrically supplied bgtgoltaic modules that allow the
direct conversion of solar radiation into directrreat [6]. The PV system is most
appropriate for small capacity refrigeration plansed for food or medical applications
in areas far from conventional energy sourcesWhigre a high level of solar radiation
is present. Moreover, the solar assisted heat pApIP), introduced by [8], allows
improvements in comparison with a traditional hg@aimp [9]; in [10-11] some
experimental and theoretical studies of a SAHPpaesented. Lately the solar energy
conversion into electricity, by means of photovigltmodules placed on the house roof,
is widely used, but the PV module electric effiagns about 15% and the greater part
of solar radiation is converted into heat. Henhe,hybrid photovoltaic/thermal systems
(PVIT) have been designed to recover contemporaheelectrical and thermal energy.

Several experimental and theoretical studies haen bealized on the PV/T systems



[8;12-13]. Moreover, the photovoltaic heat pumjalso a promising technology, where
the photovoltaic collector is used as evaporatdt;[it is possible to use the evaporator
refrigeration effect to cool the solar cells withphotovoltaic efficiency increase. The
solar radiation is partially transformed into efectenergy by photovoltaic modules,
while most of it is absorbed from the refrigeraltid whose values of pressure and
temperature rise during the day with a heat pumfopeances improvement. In cold
winter the PV collector protects the evaporatomifrdérosting. This paper aims at
studying the dynamic model of a heat pump whosea@wedor works as a PV collector.
The model results have been obtained referringhé RV evaporator and the plant
operating as heat pump, in terms of evaporator ¢éeatpres, refrigerant fluid properties
in the cycle fundamental points, thermal and meahmpowers and efficiencies that
characterize the plant performances. This analgtisws to compare from the
thermoeconomic point of view a PV heat pump witinaaitional plant under the same

operating conditions.

2. Description of the photovoltaic heat pump

In the model analysed, the plant works as photaimlheat pump (Figure 1) and is
mainly made up of a variable speed compressor|eztrenic expansion valve, a plate-
type water condenser, a PV evaporator that worlarallel with an air evaporator; the
refrigerant fluid is R22. The main component is #¥ evaporator that consists of:
covering glaze, photovoltaic modules, thermal dbsiomplate, refrigerant tubes and

insulator. The removableovering glaze allows both to decrease the outward thermal



dispersions of the collector superior surface amdassure mechanical protection;
besides, it operates also as concentrating lensaiArgap allows a good thermal
insulation and, instead of air, other insulatoraldde used. Thphotovoltaic modules
are placed on the absorber plate superior surfam&ected by means of gluing with
high conductibility resins. The materials used tfog photovoltaic cells are mainly the
single-crystal silicon, the polycrystalline silicar the amorphous silicon that differ
both in terms of electric performances and manufactcosts. A limited energy
conversion is possible, in fact only 5+15% of th@as radiation incident on the
collector is transformed into electric energy adoog to the material and temperature
of the panels and the solar radiation incidencdeantp obtain a high thermal and
electric insulation, the modules are laminated sulojected to pressure together with a
double layer of TPT, that protects the cells frdm tveather, and EVA that acts as
adhesive between TPT and cells. Tiarmal absorber plate consists of a thin layer that
allows a high solar radiation absorption; the matemore used are aluminium, copper
and steel. Theefrigerant tubes are usually placed in the photovoltaic modulesdied
to optimize the thermal exchange. Thesulator, placed on the collector inferior
surface, aims at decreasing the outward thermpédigons and avoiding the condensate
formation; for this reason materials with a lowrthal conductivity are used, as foam
polyurethane and polystyrene. The whole collec®rassembled in a light loom,
generally realized in aluminium, and is placed osteel frame to fix the position

according to the chosen tilt angle to tap the higlum energy. The dimension of each



module considered is 1.3’mmith a peak power of 0.18 kyVand the photovoltaic cells
total area is about 7.2 anPhotovoltaic cells in single-crystal silicon habeen
considered with an electric efficiency of about 13%ereover, the following working
conditions have been used in the model: a removablering glaze with high
transmittance, a thermal absorber plate in alumnwith high absorption coefficient,
copper tubes with high conductibility, an insulgtitayer offoam polyurethane, the
tubes pitch equal to 150 mm, tilt angle equal t®, 30uth orientation of the panels and
environment data related to Southern ltaly. Theefsaglectric terminals are linked to
an inverter able to transform the direct currerdilable into alternate current at 220 V,
that can be either introduced into the grid, withaautlet electricity meter, or used to
supply the compressor or stored in a battery whexauld be taken overnight or during
cloudy days. Generally, when the water cooled coséleoperates, the circulating water
might support space heating and domestic wateirgetiirough specific heat exchange
devices that in the model have been simulated Wgn& that feeds water to the
condenser. The water mass flow rate is about 0 Kge water temperature is variable
in the range 30+55°C. When the water temperatuaa@bs there is a control that fixes

the set point required.

3. Mode of the photovoltaic evaporator and heat pump
Evaporator
The PV evaporator has been considered as a sys&troansists of different layers that

exchange thermal energy and are identified accgriira nodal approach. The energy



balance equations for each layer are related tweroty glaze node, photovoltaic
modules plate node, thermal absorber plate notteggesant tube node, refrigerant node
and inferior insulator node (Figure 1).

Covering glaze node
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Thermal absorber plate node
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Refrigerant tube node
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Refrigerant node
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Insulator node
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Related to the model equations some terms havedstermined:

send? || .
- T4 :exp[—Asg{l— Rzlﬂ is the glaze transmittance (Bouguer law) whereglage

g

extinction coefficient 4) is equal to 4, the glaze covering thicknes$ i equal to

4mm,0,=45° and B=1.5+1.8.



TevaOpy
- (@), =

=——————— s the actual absorption coefficient of the phottaiolmodules
1-(1-ap, )R,

plate [15], where Tgya :% is the EVA transmittance coefficient and

. serf (6; —6,) , tan’(6, - 6,)

> is the refractive index.
serf (6, +8,) tan’(8; +8,)

- AamAgp=App= Aai =A, and the areasyA A, At , Ay Of the contact surfaces have been
determined in terms of the tube outer diametey),(Ihe A value, the photovoltaic
collector width, the tube length.

- m=48 kg and &0.67 kJ/kgK, =21 kg and &0.71 kJ/kgK, =25 kg and
cr=0.88kJ/kgK, nn=5.8 kg and =0.39 kJ/kgK, n¥6.6 kg and 1.4 kJ/kgK.

The unitary conductive conductances of the photaioimodules, the absorber, the

refrigerant tube and the insulator have been détexnin terms of the respective

thermal conductivities and thicknesses=&smm; $=1.95 mm; 20 mm; D=6 mm;

D,=8 mm). As for the heat exchange between coveiiammegand insulator with outdoor

air, the unitary convective conductances have letarmined in terms of air velocity

[16]. The refrigerant fluid at the evaporator otjtleshose temperature depends on the |

and T, values variable with the time, is generally coestdl in the model in

superheated vapour conditions, as it absorbs sokngy and fully evaporates in the PV
heat exchanger. The evaporation power depends erddhly variation of the solar

radiation intensity, the PV evaporator area andhbemal efficiency [14].
Condenser

Referring to the condenser, differential equatiarfs the first order have been

considered, where the unknowns are the refrigeasuat water temperatures at the



condenser outlet; the first member presents a $tone, the second member the input

and output thermal fluxes:

dT, ,

ththd—;:c = htc,rAtc,r(Tr_ th)_ Qcc (7)
dTW ou - -

mw Cw Tt = Qco - mN QN (-I;v,out_ -I\-N,in } (8)

whereQ,, is the condensation power, determined by mearisedfi¢at exchanger design
equation [17], m=13.5 kg and &=0.39 kJ/kgK. The refrigerant fluid at the condense
outlet is generally in subcooled liquid conditions.

Compressor and expansion valve

The compressor suction and discharge temperatugdmked by the equation:

(P,)
T,=T, (P_j (9)

ev

. . . nv .
and the refrigerant mass flow rate is equalrttp:=n"v—. As for theexpansion valve
1

the equation considered is:

My =HyaAav2P3(Pco ~ Pey) (10)
where the evaporation and condensation pressuse®laainable by means of the
software Refprop [18] andHlis the valve characteristic constant.

Thermoeconomic analysis

As for the PV heat pump performances, the dailarsdiation allows an energy and
costs saving in comparison with a traditional hpatnp working under the same
conditions. In particular, the compressor and thaperator are the PV heat pump

components principally influenced by the solar atidn. In order to compare the



photovoltaic and traditional heat pump performarfoes the thermoeconomic point of

view, it is possible to use the following equat[@8]:

aCtot - CF{aFtOt ]t + V( aCk ] (11)

0X 0X OX

whereCyy (€/year) is the total cosk is the optimization variable (solar radiatioR)y
(kW) is the external resource, or fuel, consumedhieysystem (electric power required
by the compressor, whose variation correspondsfi@¢ocompressor destroyed exergy
variation [19]),cr (€/kWh) is the fuel cost per unit exergy (unit cofthe compressor
electric energy)t (h/year) is the working time, (1/year) is the amortization coefficient,
Ck (€) is the generic component cost. A finite difiece form of the Eq. 11 is:

ACyot =Cg AR t+V AC, (12)
The Eg. 12 allows to compare from the thermoecoongmint of view the working of
the photovoltaic and traditional heat pumps, amoh tfto calculate the economic indexes
SPB, DPB and NPV [20]. Moreover, the heat pump C®R, electric, thermal and
global efficiency values of the photovoltaic modate equal to:

_ Qo . Loy _ Qo . Qe tL
COFﬁp == Nel = o ) Ny = &) Ntot = & B
ch 1A 1A, 1A,

(13)

where the electrical efficiency depends on thersmdls efficiency and covering factor
values, and the PV plate absorption and transncittazoefficients; the photovoltaic

power depends on electrical efficiency, solar raoieintensity and collector area [12].



4. Results and discussion

The PV evaporator model consists of six first orddezar differential equations whose
unknowns are the layers temperatures. The nodabagip and homogeneous properties
for each layer, related to density and temperaaneeconsidered without evaluating the
spacial distribution. Each equation has as firsmimer the store term, and then the
temperature variation with the time, and as seaoethber the thermal and electrical
energy fluxes; the photovoltaic energy terms aillg present in the covering glaze and
solar cells equations. In order to solve the pholtaic heat pump dynamic model, a
program realized with the Matlab software [21] l@®n used with some simplifying
hypotheses; the model flowchart is reported in f@g2 The system input data are the
solar radiation intensity and the environment terapee (Figure 3) that influence the
photovoltaic and evaporation powers. These dataedaeed to a typical temperature of
the month of November in Southern ltaly [22], buhey values of | and ;Tcan be
considered in the model. The evaporator input dega collector layers thickness)(s
outside (R) and inside () diameters of the evaporator tube with its pitehy (ube
length (L) evaluated in terms of the step with the tubearyement in the modules
prevalent direction, total and effective areashef PV collector, mass (jmand specific
heat (¢) of the evaporator layers and the condenser ttilheand azimuth angles,
evaporator components density;){( conductive conducibility ¢k and unitary
convective conductance jfhair velocity (), glaze absorber plate and solar cells

emissivity, solar cells efficiency and covering tac (3c;) values, heat exchangers

10



compressor and expansion valve input data. In ithelation the outdoor temperature
has been chosen as initial value of the evaporatmtes temperatures, and the
superheating and undercooling values are varied tn& refrigerant mass flow rate
determined by the EQ.10 is equal to the value obthiby the evaporator energy
balance. The PV evaporator layers temperatures baem determined (Figure 4)
referring to operating hours included among eightthe morning and four in the
afternoon, when the gain of electric and thermatrgy is possible and larger. In
particular, all temperatures follow the paraboliend of | and J, and reach the
maximum value around noon. In Table 1 the dailyiateom of the absorber plate
temperature according to the photovoltaic cellseciog factor f¢) value, has been
reported. A higher value d¢f; results in more solar energy converted into algttr
hence, the mean absorber plate temperature desreasethe PV module electric
efficiency increases because of the more favoredstgerature conditions. As for the
refrigerant fluid operating in the PV heat pumpe ttroperties values are reported in
Table 2. It can be observed that the evaporatiessure varies during the day like the
evaporation temperature and the solar radiatioangity, and reachs the maximum
value around noon. Besides, the thermal energyrlaédofrom the PV evaporator
allows higher condensation power and temperatulgesalrhe compression ratio and
refrigerant mass flow rate values vary with timepending on the evaporation and
condensation pressures and the water temperataneelithe heat pump COP improves

when the solar radiation enhances the condenseacitgpand the evaporation

11



temperature and pressure values; in Figure 5 theewaof the compressor input,
evaporation and condensation powers and the CORpoeted to represent the PV heat
pump global performances. It has been useful t@atd the system performance by
means of experimental data available in literatarerder to give greater credibility to
the thermoeconomic model described in this papefl4] an experimental heat pump,
whose evaporator works as PV collector, is preseriteparticular, in addition to the
operating conditions analyzed in this paper, thel@hbas been also made to run under
the same working conditions of the experimentaktesalized in [14] in terms of solar
radiation intensity, environment temperature, e characteristics, water
temperature and refrigerant fluid; in [14] the watemperature rises to 55°C. By
running the model in the same range of water teatpers, average values of the
condensation power and the COP have been obtaiitadavpercentage deviation of
about 6% from the experimental values [14]; thecisee comparison also for fixed
hours of the day leads to similar percentage dievigt

The main aim is to compare the traditional and Pdathpumps by means of a
thermoeconomic analysis; the principal differencetween the two systems is
represented by the PV evaporator. The PV systermase convenient than the
traditional system from the energy point of viewgchuse it can reduce or even
eliminate the compressor electrical consumptionth lrectly and indirectly. In the
direct way the compressor is powered by photowoltabdules independent of the

national grid. The solar radiation intensity in@eacan indirectly improve the

12



compressor and heat pump performances, by incgehsith the condenser capacity and
the evaporation temperature that determines a a@sermef the compression ratio and the
compressor electric consumptions from eight iniegning and noon. It results in a
reduction of the compressor destroyed exergy aga ¢ the electric power required by
the compressor [19]. Referring to a sunny day,iguie 6 it is shown that the highest
exergy losses occur in the PV evaporator and thmpoessor, followed by the
condenser and expansion valve respectively. Thepooents efficiency defects
decrease gradually from early in the morning tomdo particular, the higher | and, T
values and the lower set value of thg dre all advantageous for improving the
compressor performance. The PV evaporator operatihgwer temperatures results in
more exergy loss; the higher evaporation tempezaisr preferable. Hence, the
Equations 11 and 12 allow to compare from the tloegonomic point of view and
under the same working conditions, the traditicsadl photovoltaic heat pumps. The
main photovoltaic heat pump components not included traditional heat pump are
PV evaporator, inverter and accumulator that ingdigher initial costs, but allow to
use electricity throughout the year. The economsults obtained in this paper take into
account the costs deduced by the literature bedhese is not a mass production of the
described system vyet. In particular, the overall $§8tem cost is about 400 €/ii23]
that takes into account installation and operatiogfs. The electric power generated by
PV panels might be either introduced into the metiogrid or used to supply the

compressor or stored in an accumulator, where utdcbe taken overnight or during

13



cloudy days. This analysis takes into account ttergy incentive proceeds in favour of
the photovoltaic systems, provided by [24] and éqoiaabout 0.40 €/kWh The PV
evaporator of 1 k\We, considered in this paper, allows to obtain bd#ttec annual
gain and heat gain. The heat gain during the déayllisused in winter for domestic hot
water and in summer if the PV evaporator workseiadtof the air cooling evaporator.
In particular, the heat gain allows during a sumlay, but not at night or when it is
cloudy, both an increase of the evaporation andleasation powers and a compressor
electrical power decrease. This allows a higher GO& a compressor electric power
consumption lower in comparison with a traditiohakat pump. Hence, the electricity,
that comes from the electric annual gain and teetet power saving obtained from the
heat gain, allows both to heat domestic hot wateyear and cool in summer without
the need of the national grid. In particular, Fegbrand Table 1 show respectively the
values of the compressor power consumption angblileéovoltaic power together with
the PV evaporator electric and thermal efficienei@sies. In particular, the compressor
power varies in the range 0.41+0.46 kW, and the pressor daily electricity
consumption is 3.9 kW The PV output power varies in the range 0.25+@\87and
the total daily electricity is 5.3 kWfp,; as every sunny day there is an electricity
surplus of about 1.4 kWh the system is able to operate in a self-sufficeanner.
Hence, the PV evaporator of 1 K\W considered in this paper, is capable of producing
in Southern Italy about 1500 kWlyear. This is, for example, the average electric

energy demand of a traditional heat pump to heatdibmestic water and to cool in
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summer, related to a typical Southern Italy hous@lmut 80 m occupied by four
people with a demand of about 200 1/day of hot kvatbose temperature difference is
30°C, and 400 hours of summer conditioning withoaling load of about 25 W/
[22]. Hence, a PV evaporator of 1 kWallows to meet the demands for domestic hot
water and summer cooling, with an air evaporatat thorks in parallel with the PV
evaporator, referring to domestic consumers of l&uat Italy where the solar radiation
intensity is higher [22]. Finally, in the thermoecmic analysis all the electricity
obtained or saved with a PV evaporator of 1,k\both for heating domestic water and
for summer cooling, has been considered. Refetiongn amortization coefficient of
0.08 1l/year, a discounting back rate of 0.05 anehtw five years the plant life, the
economic indexes SPB and DPB have been determiRgpiré 7). Under these
conditions the cost surplus of the PV heat pumpsicianed in this paper is equal to
about 3200 € [23], but the PV modules costs aregihg and therefore an economic
sensitivity analysis has been realized varyingRNesystem cost between 2800 € and
3600 € (Figure 7). In Figure 8 the NPV values edab a PV system cost of 3200 € are
reported. In particular, the NPV is positive afdout four years; generally, it depends

on the plant location and efficiency.

5. Conclusions

Aim of this paper has been the study of a photaiolheat pump model from the
energy, exergy and economic point of view. The @il model has been solved by

means of a program realized with the Matlab soféwesing some simplifications. The
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model results have been obtained related to theR¥orator and heat pump in terms
of the evaporator layers temperatures, the refigeftuid properties in the main cycle

points, the thermal and mechanical powers and thaeacies that characterize the
plant performances. The theoretical results havenbalso compared with some
experimental values available in literature poigtout a low percent deviation. This PV
system could also operate where the electric energyt available. Moreover, this

study has allowed to compare the traditional ahdtgvoltaic heat pumps under the
same working conditions; the PV heat pump COPghéri respect to a traditional plant.
In particular, a thermoeconomic analysis has bemmied out in terms of exergy

destruction rates and economic indexes. Finallyelattricity obtained or saved with a

PV evaporator of 1 k\We, and used both to heat the domestic water anaab in

summer, has allowed to meet the PV evaporatorveitista SPB of about four years.

Nomenclature

A Heat exchange surface areg)m

C Cost (€)

c Specific cost (€); Specific heat (J/kgK)
COP Coefficient Of Performance

D Diameter (m)

DPB Discount Pay-Back (year)

EVA Ethylene-vynil-acetate

G Solar radiation flux (W)

16



h Unitary convective or conductive conductance (WKnEnthalpy (kJ/kg).
Hw.  Expansion valve characteristic constant
I Solar radiation intensity (W/H

k Thermal conducibility (W/mK)

L Power (W)

m Refrigerant mass flow rate (kg/s)

m Mass (kg)

NPV Net present value (€)

n Rotational speed (rps)

p Pressure (bar)

PV Photovoltaic

Q  Thermal power (W)

R Refractive index

SPB  Simple Pay-Back (year)

S Thickness (m)
T Temperature (°C); Thermal
t Time (s)

Ty Evaporator outlet temperature (°C)
T, Compressor outlet temperature (°C)
T3 Condenser outlet temperature (°C)

Ty Evaporator inlet temperature (°C)

17



TPT Tedlar-polyester-tedlar

v Piston displacement volume {m

vi  Compressor inlet specific volume {fg)
X Optimization variable

z Pitch (m)
Greek symbols

a Absorption coefficient

Pet Covering factor of the solar cells
) Efficiency defect

e Emissivity

n Efficiency

61 Incidence angle of the sunbeam
0, Refracting angle of the sunbeam
v Amortization coefficient (1/year)

p Density (kg/m)

o Stefan-Boltzmann constant (W)
T Transmittance coefficient
Subscripts

a air; air gap

b adsorber

c collector

co condensation; condenser

18



cp

ev

ex

out

pv

tc

tot

va

hp

compressor
electric energy
evaporation; evaporator
exergetic

glazing

insulator; initial

inlet

component

outdoor

outlet

photovoltaic plate; peak
photovoltaic

refrigerant

sky

tube; thermal
condenser tube

total

volumetric

valve

water

heat pump
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Table 1 Data related to the photovoltaic evaporator

outdoor conditions photovoltaic evaporator adsorber plate temperature
hour To(°C) I (W/m?) nel nt Lpv (KW) Tb (Bef=05) Th (Bcf=0,7) Th (Bcf=0,9)
8 11,9 250 0138 0823 0,248 14,7 143 138
9 14,5 480 0138 0654 0,476 20,3 19,7 19,3
10 16,7 674 0139 0553 0,674 26,0 255 251
11 18,5 804 0140 0528 0,810 30,8 304 299
12 19,6 850 0142 0520 0,868 336 330 326
13 20,0 807 0140 0528 0,813 316 311 30,7
14 19,6 677 0139 0565 0,677 271 26,7 26,1
15 18,6 483 0138 0,653 0479 218 213 20,7

16 16,8 253 0,137 0,843 0,249 15,6 152 14,7




Table 2 Properties values of the refrigerant fluid in the main cycle points

refrigerant fluid properties
hour p.:(Mpa) p.MPa) T (°C) T (°C) T (°C) T (°C)
8 0,653 1,29 125 51,0 30,2 8,5
9 0,701 155 152 58,0 36,0 109
10 0,758 181 18,0 64,3 423 137
11 0,815 2,00 20,0 68,3 46,3 16,3
12 0,839 2,06 21,0 69,4 474 17,2
13 0,833 197 20,7 67,8 458 16,7
14 0,798 1,75 19,3 629 40,9 155
15 0,741 153 17,0 574 354 128
16 0,674 1,32 13,8 51,7 30,1 9,5
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Figure 1. Heat pump and photovoltaic evaporator scheme
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Figure 2. Model flowchart
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Efficiency defect and exergetic efficiency
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