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1. Introduction

Heat Pumps to supply hot-water for domestic congiompare widely used especially in countries where
electric energy is also employed for this purpd&®@zil is a country where most of the domestic Wwater
requirements are supplied by electric energy, lasidally it is done with electric showers. Thisutin,
although cheap for the user in terms of initialdstment, has a strong impact on the generatiamgrtrgsion
and distribution — GTD costs. Electric showers hameaverage power of more than 5 kW, and are agstro
contribution to the residential electric energy eisé (around 24% in Brazil (Procel/Eletrobras, 2D0AIso,
they are partially responsible by the “peak houi'tlee power consumption in the residential sechat t
occurs from 18:00 to 21:00 hours in Brazil. The suomption growth observed in the last years leads to
lack of reliability of the system, and energy affitcy measures are necessary to avoid risks apdstpone
investments in GTD. Solar hot-water systems haanhused as an effective way to mitigate the proble
caused by the intensive use of electric showerseker, this solution faces some problems when used
low-income housing units: absence of hot-waterngpinadequate structure to install collectors goedmal
storage, increase of specific thermal energy cfmstsmall systems, and use of an electric showethas
backup system.

The compact heat pump can be an alternative tdrieletowers since its use can result in energyngav
and reduction in the power demand. The Coeffic@hferformance -COP of a heat pump can be more
than three times the one of an electric showeriaodn be combined with thermal accumulation touced
the power requirements. The energy for the heatppoam be supplied by photovoltaic panels that aan b
combined to solar thermal collectors to improvehibat exchange in the cold side of the heat pump.

Rocha et al. (2010) modeled a compact solar adsieat pump and showed the first obtained restilts.
present work summarizes aspects of the model sfionlahowing the outputs of the system as a funatio
temperature in the hot water tank and solar irrazha

2. Literature Review

Several authors suggest different configurationshefit pumps assisted by solar energy but the basic
assumption of all works is to improve the perforcamf the equipment using the collected solar thérm
energy. In some cases is also considered the jdgsih using PV panels to generate the electyicieeds

for fluid compression.

Kalogirou (2001) proposed a simulation model fdry@rid PV-thermal system where the PV panel acts as
the solar collector. Although it does not work grated with a heat pump, the following conclusiens
interesting: (1) the PV-thermal coupling improvis efficiency of the PV panels due to the reductibthe
panel temperature; (2) heat and electricity caproeluced together. Fraisse et al. (2007) also vebrki¢h
PV-thermal and highlighted the importance of a geodpling between the PV and thermal collectors
suggesting that both should be integrated duriegntianufacturing process. On the other hand, ortheof
disadvantages of PV-thermal systems is that agettmperature increases, the PV efficiency dropsheo t
thermal accumulation will decrease the electricfggarance. The opposite is also true, efficient riedr
collectors are not desirable to avoid overheatihthe PV panels limiting the thermal performancethuf
system.

An alternative to surpass this problem is to codipéePV-thermal collector to the evaporator of athmmp.
Heat pumps transfer heat throw a fluid working lEwa heat source and a heat sink, so the tempeadtu
the evaporator (connected to the heat sourceWayal lower than the condenser temperature (corthéate
the heat sink — the thermal storage). In this ceffigjient solar thermal collectors are not necessad the



working fluid evaporation keeps the PV panel irow ftemperature increasing its efficiency. This kivfd
system is usually called “Photovoltaic-Solar AssisHeat Pump” and will be referred as PV-SAHP.

Pei et al. (2007) developed a PV-SAHP and obsettvadthe performance of the PV panels was improved
due to the temperature reduction. Pei et al. (2@659 studied the influence of the solar therm#iectors on

the performance of the heat pump. The “CoefficiehPerformance” -COP is the most known way to
evaluate the performance of heat pumps and Equatirows how it can be obtained:

COP = Q. /W,,, (eq. 1)

where QC is the useful heat on the condenser ngv is the compressor power. Obtained results indicate

that the PV-SAHP has a bett€OP and operational conditions can be adjusted varttegcompressor
frequency.

This work was continued by Ji et al. (2008) whémeytstudied a new PV-SAHP configuration. Using R&2
the working fluid and a compressor power betwee@ ab6d 1300 W they analyze the behavior of the
condenser capacity, compressor power, PV genepatedr andCOP along the day. It was observed that the
maximumCOP and PV power were found during the irradiationkppgeriod around noon. The same result is
not verified for the compressor power since it prés a slightly decrease as the solar irradiaticreases
and the opposite when the solar irradiation deeeadi et al. (2009) completed this work presentng
mathematical model to calculate the temperatures edficiencies of the main components. The authors
considered that the model shows a good agreenms# #ie errors on the thermal performance wererunde
10%.

In the present work, a theoretical study is congltdidor a mini heat pump with R134A as the workihgdf
that is coupled to a solar thermal collector aRMapanel. The system was designed to attend thevduietr
necessities only for bath purposes for one singlsgn or a small family. The main objective of gresent
work is to show a sensibility analysis of the thetmal model regarding some design parameters lsoda
have an idea about the working characteristichisféquipment before the prototype construction.

3. Simulation Model

Figure 1 shows a schematic diagram of the mini lpesp integrated with the PV panel and the solar
collector. This is a complete version of the praabdevelopment, but some possibilities are notoggglin

the present paper and should be better evaluatie ifuture. The main idea is to have a validatel@hfor a
simpler configuration and, as the work evolves, nmprovements can be added without doing relevant
modifications in the model.

It can be observed that both the PV panel anddte sollector receive solar irradiation that iartsformed

in electric or thermal energy respectively. Theegated electricity is used to supply energy for efextric
components of the system: compressor, recirculggionp and actuators. The equipments can work using
AC or DC power, so the Power Controller box shdigdselected in order to attend the chosen contfiiguara
having the capability to transform DC to AC andpding electricity from the grid when necessary.



Hot water storage

Hot water
Condenser v
3 /
Py ~ Water
Expansion
valve Recirculati
> ec‘l)flt;[l]iq: ion 2| compressor
5 ~ Y
o 1
oo >
ST
Mixer

Intermediate heat exchanger Aux.
eat.
shower

4| e

\
N

3 ! Power Controller :”'u
§ Evaporator ‘ ‘::::
5 - | e
% s S
P ——— 1 S — :':I:
Thermal solar collector Photovoltaic panel " w:.::
gri ,
N
R A ﬁ Preheated water 1§l|
<O> Cold water Drain
L Y Q

Fig. 1: Schematic diagram of the proposed PV-solassisted heat pump

The heat absorbed in the solar collector is useglvémorate the working fluid in the cold side of theat
pump improving the€COP of the heat pump. The recirculation pump has timetion of make benefit of the
thermal stratification of the hot water tank to noype the heat exchange on the condenser. The ukation
pump, compressor and condenser were installedeiribigl hot water tank, so all the rejected heasésluo
heat water. In the case of using not waterproofpenents, the compressor and pump can be removed fro
the thermal storage. The use of this complete gardition implies in a complex conception of the Water
tank so the detailed study of the influence of tumponents in the global performance of the systeould

be done later as a further development.

The hot water consumption occurs through a theraiostnixing valve that receives water from the thar
storage and the water mains. Additional heating, loa done by an adjustable electric heater locpuistd
after the mixing valve. Although this capabilitynst included in the model yet, the water from theains
can be pre-heated by the grey water using a hedtaeger located inside the drain, recovering path®
heat usually lost.

The basis of the heat pump model is the work ofgabmes et al. (2009) that presented a semi-emicidel
for steady-state simulation of frost-free domeséfrigerators. This model divides the system in oles
where each component is represented by its chaisditte equations, whose input and output datatesea
interdependence among the components. Choosingatiiect set of equations it is possible to solve th
complete system finding its working characteristizat can be used for design purposes.

Basically these equations represent the heat gapsienomena on the components and the changé® on t
thermodynamics properties in the working fluid bedéw the input and output, so the output from a
component is used as the input for the followinmponent. Figure 2 shows the thermodynamic cyclhef
working fluid on ap x h diagram. The numbered points represent the transibetween adjacent
components.
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Fig. 2: Pressure versus enthalpy Schematic diagraof the proposed PV-solar assisted heat pump

The process 1-2 represents the isentropic compresdithe working fluid where the work is addedthe
system and heat is rejected inside the hot watde. tAuring the condensation process 2-3, first ibdms
cooling is observed, then the condensation itssdfics and finally the subcooling guarantees thit finid

in the liquid phase enters the expansion valve a/ties pressure of the working fluid drops from lingh to

the low pressure (process 3-4). The evaporatiocgao4-5 is improved by the heat collected by ¥MeaRrd
thermal solar collectors. To guarantee that onlydflon the gaseous phase arrives the compressor, an
intermediary heat exchanger overheats the fluithen process 5-1. This also avoids that too mucid flu
evaporates during the expansion improving the taeparformance of the evaporator.

In the next items, the components used in the sitioul model are detailed.

3.1. Model input data
Some parameters during the simulation processsatenveed to be fixed and are showed in Table 1.

Tab. 1: Model input data

Name Symbol [unit] | Valor Nome Simbolo Valor
[Unidade]
superheating ATgp [K] 1,0 compressor overall UAcormp [WK ] 1,0
thermal conductance
subcooling AT [K] 1,0 condenser overall thermal UA: [WKT] 100,0
conductance
water specific heat Co,water 4,186 compressor volumetric Veomp [cm’] 14
[J (kgK)7] displacement
water pressure drop |  4Pwater [KPa] 50 photovoltaic efficiency ey [-] 0,1
water specific Unater [M°kg™] | 0,001 recirculation pump Npump [-] 0,3
volume efficiency
water mass flow ... (kg s7] 0,02 solar thermal collector Acor [M7] 0,2
area
efetiveness of the &ne [] 0,0 PV panel area Ay [M7] 1,0
intermediary heat
exchanger

3.2. Compressor

The objective of the compressor analysis is tordate parameters like fluid mass flow displacedtiy
compressor, power consumption and output thermadimaroperties of the working fluid. As a first
approach, the present work uses data availablenénntanufacturer technical sheet of a commercial
compressor that can be observed in Table 2. Thepassor size is compared with a coin in the rige of
Table 2 giving an idea of its small dimension.



Tab. 2: Picture and technical data of the compressg¢Aspen, 2009)

Condensation temperature -T [°C] 26,7a711
Evaporation temperature - Tg [°C] -1,1a21,1
Coefficient of performance -COP [-] 0,4a9,6
Cooling capacity —CC [W] 58 a 613
rotation - N [rpm] 3000 a 6000

According Gosney (1982), the volumetric and globticiencies of the compressoy, andn,, can be
determined as a function of working characteristidsthe compressor: condensation and evaporation
temperaturesTe and Tg), rotation () and compression raticCR). The compression ratio is given as the
ratio between the condensation and evaporationspres, soCR=p./p.. Using performance data

provided in the technical sheet from the suppligragions 2 and 3 can be derived. The values cddiested
coefficients are given in Table 3.

n=a+aTctaTet ayN+a&RC+aTcTe+t & TcN+ & TcRC+ & Te N+ @, Te RC + a1 NRC (eq. 2)

Ng=b1+ b Te+ bsTe+ byN+ bsRC+ bg Te Te+ b; Te N + Iy Te RC + by Te N + by Te RC + by NRC (eq. 3)

Tab. 3: Coefficients & and b, adjusted for equations 2 and 3.

a, | 9.6375x10 |a; | 5.9617 x 10 b, | 1.2534x18 | b, | 2.3953x 10
a | 7.5308x10 |as | 1.7961 x 10 b, | 75697 x 10 | by | 8.2607 x 10
a; | 5.1875x10 |ay | -1.9711x 10 by | -2.5956 x 1G | by | -3.0970 x 10
a, | 7.1382x10 | a| 1.2424 x 16 b, | -5.1088 x 10 | by, | -2.3759 x 1G
a; | -1.6677 x 10 | a;; | 3.5009 x 16 bs | -1.4662 x 18 | by, | -2.0941 x 10
as | -2.2132 x 1d be | -5.8892 x 10

To determine the mass flow of the working fluidtie heat pump circuiti,p (kg s%), it is necessary to
know the volumetric efficiency given by equation(dmensionless); compressor rotation (Hz); specific

volume of the working fluid in the compressor infgbint 1) (nfkg™); and displacement volume of the
compressor ().

. ”VVCU N
m, =——— (eq. 4)
I/1
The compressor powe‘v/S/comp (W), is calculated using equation 5, whdtg is the isentropic enthalpy in the

output of the compressor arfy the enthalpy value in the input (J®g The values of the mass flow and
global efficiency are given by equations 4 andspestively.

\/VoomU :M (eq 5)

The heat losses of the compress@g‘,mp (W), are determined by equation 6 considering @secl-2 an
adiabatic compression. In this equation,, and T,, are respectively the specific heat and temperatfire

the working fluid in point 2 considering an adiabatompression.
Qcornp = rn—ipcp,z,agcomp(Tz,a _Tc) (eq. 6)

The compressor heat transfer effectivenegs, (dimensionless), is given by equation 7:



_UA:omp ]

Eoro :1—e[ ™ewza) (eq. 7)

The value ofT,, is calculated from two known thermodynamics prtiper the condensation pressure and
the adiabatic enthalpy of the working fluid in thetput of the compressor determined using equdtion

hz,a = hl +chon'p/m-iP (eq 8)

Finally, to determine the temperature at the outfuhe compressorT,, it is necessary to know another

thermodynamic property than the condensation pres$trom the energy conservation between the input
and output of the compressor it is possible to fhlenthalpy at point 2 as shown in equation 9.

h, =h +(W,,,, - Q,.)/M, (eq.9)

3.3 Condenser and hot water tank

Since the condenser is immersed in the hot watdg, &l the heat rejected is transferred to theewado the
heat flow rate from the condensation process 2tBeésame used for water heating. Equations 10 arate
used to calculate the heat flow rate on the worKRimg side (10) and hot water side (11).

Q. =r,.(h,~h) (eq. 10)
Q. =My o (T ~ T ) (€G1. 11)

where & is the condenser effectiveness (equation £2);_ is the water specific heat (Ik¢h and iy,
is the mass flow of the recirculation pump (K9.s

e
£, =1-e """/ (eq. 12)

3.4 Intermediary heat exchanger

One of the ways to improve tHeOP of the heat pump is avoiding the evaporation dutime expansion
process 3-4. Using an intermediary heat exchatitgerpossible to combine this with the superheatihthe
fluid (process 5-1) necessary to guarantee that gad arrives in the compressor. Using the effeotgs of
the intermediary heat exchanget, (), it is possible to determine the input temperatnrie compressor as

shown in equation 13.
T.=T, +£IHE(T3 _Ts) (eq. 13)
In the present workg,,. was set to zero, so the compressor input temperéfy) is equal to the output of

the evaporatorT; ).

The enthalpy in the output of the expansion vallig) (s calculated doing the energy balance for toisitp
Since the heat rejected in the hot side of thenmteliary heat exchanger is the same of the absaonbebe
cold side and both mass flows are equal, equatiorah be used to evalualte.

h,=h',~(h -h) (eq. 14)

Considering an isoenthalpic expansion (figure B énthalpies in the input and output of the exjpans
valve are the samé(=h,). As £,. was set to zero, in the studied cdseh, .



3.5 Evaporator, PV panel and solar thermal collector

The heat flow rate in the evaporal@g is determined by the energy balance on this coepoas shown in
equation 15.

QE :rn-ip(h _h4) (eq. 15)
This heat flow can also be considered by the shinmal collector side using equation 16, whéjg, is the
global irradiance on the tilted plan where theexlr is installed (W.if), A, is the solar thermal collector

area (M) and 7, is the solar thermal collector efficiency (dimemdess).

col

Q. =G, Au/l (€9. 16)

The solar thermal collector efficiency in its limdarm is given by equation 17.

T -T
N = Folra)-FU, —=—= (eq. 17)
ttilt
The linear coefficient of the efficiency curvER(m) (dimensionless) is a parameter that represents the

optical efficiency of the collector and the angutaefficient FU, (Wm?K™) represents global heat losses
of the collector. Both can be obtained experiméyntaid will be treated separately from the PV panehis
work. T, is the evaporator temperature ahdis the ambient temperature.

Combining equations 16 and 17 it is possible temdeinate T, and consequently the evaporation pressure
P., that allows the determination of the compressaiio (CR) used in equations 2 and 3. The temperature
T, can be obtained just adding the given superhedflaple 1), soT, =T  +AT . With these two
thermodynamic properties, other properties in pdintan also be determinedii in equation 14,V, in
equation 4 and the entrog/. Since the compression process 1-2 is isentrapies, and together withl,

it is used to determine the properties in point 2.

Table 4 shows two characteristic efficiency cureésolar thermal collectors used in the presentkw(y
unglazed collector without insulation and (ii) gtazflat-plate collector with back insulation. Thesdues

are only a first reference, since they are basewliactors working with water instead the two-ph#lsw of
the working fluid used in this work.

Tab. 4: Coefficients @ and b, adjusted for equations 2 and 3.

Solar collector type Fr(7a)e, FrUL,
[] [Wm K]
glazed flat-plate 0,75 5
unglazed flat-plate 0,95 25

The produced electric power by the PV panel iswtated from its efficiency as shown in equation 18.

W, =775, A, G, (. 18)

When the solar thermal collector and the PV parelcaupled, it is necessary to consider that plathe
available global irradiance will be transformedeilectricity. The global irradiance in equationsd&l 17

should consider this effect and can be rewritteanging G, by G, defined by equation 19.
Gt,tilt': (1_,7PV)Gt,tiIt (eq. 19)

Although the coupling between the thermal and PNéectors decreases available solar irradiancetfembal
purposes, the efficiency of the PV panel is incedaby its temperature reduction. This effect was no
analyzed in this work.



3.6 Recirculation pump
The recirculation pump has the objective of imprtwe heat exchange inside the hot water tank betivee
condenser and the water, so the water at lowerdeatyre from the bottom of the tank is forced tigloa

heat exchanger constructed around the condenser.pdtver consumption of the puny, (W) is

pump

calculated using equation 20, whete , Ap,... , /..., andV,. are given in Table 1.

pump

M, eter OPyrer V.
- - rnwa(er pwater water (eq 20)
pump

In the case that the recirculation pump is not utteel NTU method cannot be implemented as doneim i
3.3 and the model for the condenser should beeévis

3.7 Coefficient of Performance - COP

The useful heating rate of the systéiq;at (W) for water heating in the thermal storage idelsi the rejected
heat in the condenser, water recirculation pumpamdpressor. The total amount electrical poWgr(W)

used in the system is given by the sum of comprasand pumping powers. From the definition@DP as
the ratio between the useful and expended eneigEs; be defined for the proposed heat pump lbyaton
21.

o
CoP = (\?/r\z/ea: _ QCW Qcoipw B (eq. 21)
t ‘comp pump

4. Results

The presented results will consider variationshire¢ input parameters: (1) solar irradiance (10Q,6890
W.m?); (2) water temperature in the thermal storaget@®55 °C); and (3) ambient temperature (10, 20 or
30°C — 20°C was used as the reference temperatiwothér cases). All graphics show the behaviothef t
heat pump for selected operational conditions shgwiurves for the glazed and unglazed flat-platarso
collectors.

During the simulations it was considered that therrnal collector is coupled to the evaporator, atd
electric energy used in the pump and compressompwaduced by the PV-panel. Limiting conditions loé t
system work due to small irradiance level weretakén in consideration in this work.

4.1 Compressor rotation

Figure 3 shows the control map of the compresstatiom for water temperature and solar irradiance
variations. The output power of the PV-panel i® alsowed and it is proportional to the solar radmasince

a constant efficiency was used. The compressotiontas limited by the available electricity sairicreases

for high solar irradiance levels. It is also obsehthat as the temperature of the hot water tacie@ses the
rotation decreases as a consequence of the laifferedce between the evaporation and condensation
pressures. Both curves for the two simulated ctitschave similar behaviors.
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Fig. 3: Control map of the compressor rotation as &unction of the water temperature and solar irradiance.

4.2 Condensation and evaporation temperatures

Figures 4a and 4b shows the condensation and eatapotemperatures respectively. It is clearly obse

that the condensation temperature is regulatedhdyemperature of the hot water tank (Figure 4aj.léw
levels of irradiance, almost no heat is rejected te condensation and water temperature are aliinest
same. As the irradiance increases, the differert@den these temperatures also increases and censigq

the heat transferred to the hot water tank. Figilreshows that the evaporation temperature in taeegl
collector is lower. Since the compressor poweiniitéd by the available solar irradiance as showsection

4.1, lower evaporation temperatures implies in éighompressor powers so the heat pump has more
difficult to transport heat from the cold to thetlsides. At low levels of irradiance, the evapanatprocess
does not occur and the evaporation temperature tenithe ambient temperature.
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Fig. 4: Condensation and evaporation temperaturessaa function of the water temperature and solar iradiance.

4.3 Heating rate

The heating rate of the system is the most impodatput of the model. Figure 5a shows its variatior
the two chosen solar thermal collectors and itlmabserved that the performance of the unglaziecoar
is better. This is auspicious since the cost & kimd of collector is low and it can be easily sact using
industrial processes from refrigeration componeanuafacturers. Preliminary calculation estimates tha






5. Conclusions

The main objective of the present work that waslégelop a model that shows the integration amorg th
heat pump, solar thermal collector and PV-panel a&seved. This can be observed through the vanisiti

in the operational conditions induced by the saladiation and ambient temperature. The perforraaofc
the system is better using cheaper unglazed cotledhan glazed back insulated ones, which is very
important in terms of cost reduction of the whajstem. The proposed configuration can deliver atcb®
liters of hot-water per day without necessity oy &mnd of external energy, which fulfill the reqaments for
one single person. The same model can be usedeadhs& system for other heating demands just chgngi
the input data.

The possibility to connect the PV-SAHP the gridwhan figure 1 was not taken into account in thegant
work. Its use implies in additional study to deterenthe best balance among solar thermal, PV gttkra
electricity and grid supplied electricity that reta the most financially feasible or the best pennce
configuration.

The next step of the development will be the carmesion of the first prototype to validate the madeésults
from the prototype will be used to refine the caticomponents of the model. More realistic charzation
of the components is also necessary, since inrdmept model informations like heat transfer codadfits of
the heat exchanges (condenser, evaporator, etee) andy first approaches. After this, configurasofor
specific applications will be optimized using tter® model and real climatic data from solar irradéaand
ambient temperature.
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