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Abstract

The solar domestic hot water (SDHW) system is tlostrhighly developed system for use of solar eneftpg
developments for the thermal regulation of buildirsipould reinforce this trend given the significeeduction

of heating needs. Currently, the design of theseHWDinstallations is well controlled and the system
performance is reasonably good. The annual avesalge fraction is consistent with expected levealt@zen
60% and 70%) according to a report of CSTB by eatathg 120 SDHW installations (Buscarlet and Cacltave
2006). However, the control mode of conventionaH$Is induces additional costs related to the consiomp
of auxiliaries and other risks of dysfunction oé ttirculation pump due to the temperature probescantroller
setup which induces a lower annual productivitgaifr collector (200 instead of 400 kWRjrrFrom this point
of view, the photovoltaic pumped system seems lslgitaince it eliminates the controller and tempeat
sensors. This paper focuses on an experimentahamerical study of the behavior of a PV-SDHW system
focusing on the start-up phase optimized througioua electronic devices. A detailed model of auwiation
pump was developed by considering a direct cur(®@) circulation pump coupled with various elecfion
devices (linear current booster and maximum poveéntgracker). The developed models were then asdid
experimentally, to reveal the influence of the #r@ld solar radiation on the circulation pump stertand the
pump flow rate as a function of the solar radiatiand its effects on the annual energy performarideV-
SDHW systems.
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1. Introduction

Reducing the greenhouse gas emissions is essntiahiting climate change. According to the rep(8eghier,
2006), based on data from 41 industrialized coes{r86.8% decrease in emissions in the countri€xeafral
and Eastern Europe, however, emissions decreaggdlyslbetween 1990 and 2001 . Still, the 2000-2001
periods showed an increase despite the commitnoéritee Kyoto Protocol. At the European level, thaple

20" goal for 2020 aims to reduce greenhouse gasstonis and energy consumption by 20%, respectasadly
simultaneously incorporate 20% renewable energyenergy consumption.

In France, emission from the building sector actedior 25% of the total emission, producing 120lioml tons

of CO,. Heating and domestic hot water (DHW) currentligetahe largest share of energy consumption in
buildings (72% for heating and 11% for DHW). Thetmegulation has greatly reduced energy consumgton
heating, which enlarges the share of DHWhder these conditions, the role of SDHW is incirgly important

in terms of constructing buildings with very lowezgy consumption.

A SDHW system reduces energy consumption and cabersdemand of domestic hot water by 30-70%.
However, the results of monitoring 120 SDHW systeimsFrance (Buscarlet et al., 2006) showed the
dysfunction problems due to system over-sizingdamater temperatures overestimated by about 4 € &nd
the hot water draw profile), the incorrect settofgthe controller, and temperature probes thatdafective or
not properly installed , as also highlighted in teo report (CSTB, 2006), the latter problem colddd a
disparity of the pump working time as well as auestl system energy gain.

To minimize the shortages identified in the curnmstallations, the photovoltaic (PV) - assiste@i@pion is a
potential measure. The first alternative approachkoireplace the thermal solar collector in theveotional
SDHW systems with PV modules. In this new systeydr&ulic piping and heat exchangers are no longedu
which could reduce heat loss and improve heatfieaefficiency. Ghoneim et al. (Ghoneim et al., 2pghowed
that this type of system can suffice for DHW neewdsile the overall system cost is close to a cotiveal fuel
based system. With the reduction in the cost ofdules, the PV-SDHW system will be more compeiiiv
the near future.

Another PV-assisted application is to couple theutation pump directly with a PV module. The nezag PV
module output power for this type of PV-SDHW is muower than the previous configuration. The colfgro
and the temperature sensors are not necessarisisystem. Several studies have been conductedch@itoi

evaluate energy and economic performance througkramental and/or simulation results. Numericafhgst



of the studies are based on the use of very simglifirculation pump models. Other studies haverawed
performance by optimizing the system componentgperating conditions.

Dayan (Dayan, 1997) studied different SDHW confidians, specially for the PV-assisted SDHW systéhe
simulation was performed with a flat-plat solarrthal collector of 3.185 fna tank of 400-1 and an average
daily hot water draw is about 300-1 (12.2 kg/hrin Adirect natural convection using an externatelaeat
exchanger is considered in this study. The circtgbump in the solar loop is powered by a 20-WprRdule.

A pump model was developed, and the flow is deteechifrom a third order polynomial function basedtios
voltageV and hydraulic headl. This model was also used in others studies op®viping systems. (Kou et al.,
1998; Cardinale et al., 2003; Martire et al., 2008he annual performance was analyzed numeridajly
estimating the solar fraction. The author conclutted the solar fraction obtained with the PV-SDIdY¢tem is
lower compared with a standard SDHW system. Mealewliie low flow rate of 15 I/h.m2 compared with
standard flow rate (50-70 I/h.m?), can maintain stratification in the tank and therefore augméuet gain of
solar energy by 8 % (Castell et al, 2010; Fanneay lein, 1998; Kenjo, 2003; Knudsen and Furbo, 2D04
However, the circulation pump consumption is loweéth PV power and the corrected solar fraction, alahi
considers that the parasite energy used by the unahphe controller are very similar.

Al-Ibrahim (Al-lbrahim et al., 1998) also conductadnumerical study on the optimization of a PV-SDHW
system. The optimization procedure is divided i@ phases. Initially, it aims to find the flow fite in
relation to solar radiation, which maximizes thdasdraction. In the second phase, the goal is dlecs
components from a range of pumps supplied by PVuiesdin order to obtain the pump torque/speed legrofi
whose flow rate versus solar radiation profile aggh the optimum. With this optimized approachytfend
that the direct system (without heat exchanger) aehieve a solar fraction of about 0.7 versus 0#&8%n
indirect system with a heat exchanger and a natanavection regime and 0.504 for an indirect systeth a
heat exchanger in a forced convection regime. Hamly, the solar fraction is used as an estimatamor and
other evaluation criteria (economic and environragntere not considered. Finally, no experimengslits are
available for validating the models.

Cardinale et al. (Cardinale et al., 2003) condueteeé@xperimental and numerical study of a PV-SDHMtesn.
The system studied produces 500-I of hot waterdagrfor a family of four. An external heat exchangeas
used to maintain the stratification in the stortage with low flow. Two circulation pumps are powdrdirectly
by PV modules, one for the solar-heat exchanggy kool the other for the tank-exchanger loop. Tistesy's

performance is evaluated numerically using the TRSISimulation tool (Klein et al., 1998). A pump nabdhas



been developed with the flow also determined bypimap hydraulic head and voltage. The differendevéen
this analysis and Dayan'’s is that in the latteg, ¢kicle analysis method (life cycle analysis, LQ¥8s taken into
account. They compared several configurations ofSE\HW by varying the collector surface, the exchang
surface, and the weather conditions. They conclutlatithe best performance is achieved with theimaix
thermal collector area and the maximum heat exatrasiyface. However, the model does not take iotow@nt
pump efficiency. They consider that the power sigopto the motor is fully transferred to the purhpfact, for
small power motors, motor losses are not insigaiftand efficiency is often low ranging 15 — 40%.

Macleod (Macleod, 1998) conducted a study on a P¥\ system using a ‘solar boiler’ provided by the
manufacturer, Thermo Dynamics Limited. The systeminly includes two 6-m2 flat plate solar thermal
collectors and a 450-1 storage tank with an interc@l heat exchanger. The subsystem consists aof tw
polycrystalline PV modules (17 W and 20 W), two D®tors, and centrifugal pumps manufactured by Rroco
A linear current booster (LCB) is placed paralletieeen the PV module and the motor to ensure tigapamp
starts in low solar radiation. The different configtions depending on the power of the PV modutk rantor
were analyzed experimentally. From the experimergallts, the author found that the LCB can provide
sufficient power to start the motor under the lmlas radiation level, but during start-up, the penfiance of the
LCB (ratio of power supplied to the motor and powetput by the PV module) is low, between 65 an&o70
For configurations using a high-power motor, tretstakes place earlier with solar radiation atragimately
250 — 300 W/mz2. The performance of the LCB is glighigher (1-2%) than the other configurations.

Grassie et al. (Grassie et al., 2002) also condugtstudy on a system with the PV-SDHW system ajnbin
provide a constant temperature at the collectopuduand to maintain thermal stratification in trenk. A
numerical model was developed to determine the ¢eatpre at the collector output versus the pumy flate,
the collector area, the solar radiation, the teaupee at the collector inlet, and the desired teatpee at the
collector outlet. To maintain this temperature, pgwver output of PV modules is modulated by varyihg
number of cells in series and thus the flow rateugh the solar thermal collector. The results slioat the
predetermined temperature of the collector outputhitained for a sunshine level between 500 an@ Y@n2
when 66% of the PV module area is hidden. Howethés, model could be improved by taking into accotinet
effects of the incidence angle and the viscosittheffluid.

More concretely on the selection of the motor anthp types for directly coupled PV-assisted SDHWeys
the use of a brushless DC motor is found to be reaitable which presents a high efficiency, highatglity

and minimum maintenance requirement (Langridgé.£1996; Kou et al., 1998; Firatouglu and Yesi|&@04;).



However, Brushless DC motors are available for jmwer applications. Concerning the pumps driveby
motors, most of the studies indicated that thedess DC motor coupled to a centrifugal pump wasrtiost
suitable combination (Anis, W.R., Metwally, H.M.BL994; Al-Ibrahim et al., 1998; Firatouglu and Yet,
2004;)
Most studies are based on the use of simplifiedatsodnd experimental results which can not detegritie
level of annual performance on this type of PV-SDIdygtems compared to a conventional system. Tlgsrpa
therefore focuses on the experimental and numestadies of the solar circulation pump componeppsuted
by a PV module. The model was then used to evathatannual performance of the overall system.
2. The PV-SDHW system
2.1. The experimental set-up
An experimental set-up (Fig. 1) was built at therfeh National Institute for Solar Energy (INES)c#mprises
two flat plate solar thermal collectors (2 and 4 #Ry. 2) connected in parallel. The 400-1 storagek is
equipped an internal coil heat exchanger (FigWajh the NAPAC acquisition system (which also coigrthe
system) and the replacement of the circulation pyrtige standard SDHW systems and different cordigms
of the PV-SDHW system can be studied.
Figure 1: Experimental set-up at INES
Figure 2: Solar thermal collectors and PV module
Figure 3: Storage tank installed in the test space

Concerning the PV-SDHW systems, two DC circulatfmmps were studied. The first is a standard DC
circulation pump. The second is a commercializddrsarculation pump (Appendix I). They are botmgmsed
of a centrifugal pump and a brushless DC motor. $hkr pump is designed to connect directly to the
photovoltaic module. The integrated MPPT (maximwwer point tracker) draws the maximum output fréw t
PV module. In addition, the internal electronic tohdevice and the capacitor start the pump at smlar
radiation. Another electronic device, the LCB (Anecurrent booster), was also tested to deternmmeffect
during the start-up phase. The following three AMH8V configurations were studied (Fig. 4):

- Configuration I: PV + standard DC circulation puleirect coupling);

- Configuration II: PV + solar circulation pump (ditecoupling);

- Configuration Ill: PV + LCB + standard DC circulati pump (indirect coupling).

Figure 4: Configurations tested



The resistanceR, Ry, R, are used to determine the current in the cirdmtsneasuring the voltage across the
resistances.
2.2. Experimental results and discussions
The experimental results have allowed us to sthéyeiectrical, hydraulic, and thermal behaviorglifferent
configurations.
2.2.1. Electrical component
The electrical behavior can be described in thregssduring the circulation pump’s start-up phasetep 1, the
voltage and current increase proportionally with ithcrease of solar radiation. In step 2, wheni@afit voltage
and current are supplied to the pump, the intedratatrol system starts to work. The current anithge vary
alternately, gradually increasing over time. Theation of this period depends on the intensity fef solar
radiation. The motor begins to rotate in the tistalge. However, at the beginning of this period,ghmp flow
rate is too low to be detected. After the starttbp,current varies in proportion to the solar atidn. This motor
start-up process is also highlighted theoreticah@study realized bguehrcke et al. (Suehrche et al., 19%i.
5 shows the variation of the voltage and currentlie solar circulation pump on a sunny day. With MPPT,
the pump start-up occurred earlier, at a solaatadi level of about 200 W/m2 (this value variesto250 W/m2
depending on the day studied) versus 350 W/m#ierstandard DC circulation pump (config. I). Therent in
the pump varies proportionally with the solar réidia level, while the voltage remains almost consteetween
14 and 16 V. This value is directly related to tpeeration of the MPPT, which can deliver greatenguoto the
solar circulation pump than that to the standarddd€ulation pump with the same level of solar &didin.

Figure 5: Circulation pump voltage and current dume
For the configuration incorporating a LCB, Fig. Bows the current and voltage of the PV module and
circulation pump for one day. It can be seen thatwltage of the PV module remains at 15 V (LC®nence
voltage). The voltage and current at the pump gaestly in the morning until 11:00 am because otidlcover.
When the pump rotation speed is high enough torgemenough electromotive force, the voltage actioss
pump is close to the LCB reference voltage. The |sBibs working when the voltage of the pump excéleds
LCB reference voltage. In the experimental configion, the voltage across the pump is always Idhen the
LCB reference voltage and it remains at about 10 he performance of the LCB (defined as the rafithe
power supplied to the circulation pump to the podelivered by the PV module) is relatively low digithe
pump start-up (60%) and stopping. After the startthe efficiency reached 95%. It decreases agaenvihe

pump stops working.



Figure 6: Circulation pump electrical behavior

Fig. 7 shows the operating points of each configmmaobtained by the intersection of the IV (IV repents
‘Current’ and ‘Voltage’ characteristics of the P\bdule with the characteristics of the circulatiammp). The

characteristics of the PV module are obtained fexperimental measurements. The operating pointheof
solar circulation pump are close to the maximum @opwoints of the PV module (Pmax) through the irdégn

of the MPPT, while those in the standard DC cirtafapump are relatively far from the Pmax, betwéesnd

10 V. Regarding the configuration using a LCB, Wo#tage across the PV module remains constant quid &

the LCB reference voltage (14.5 V). The voltageoasrthe pump increases with the solar radiatiothim

configuration.

Figure 7: Operating points of different configuoats

2.2.2. Hydraulic and thermal behaviors
This section presents the experimental results exoimg the profile of the circulation pump flow eatersus
solar radiation, the threshold of solar radiationgump start-up, and the temperature changessathreghermal
collector.
For all configurations, the pump flow rate variém@st proportionally to solar radiation, as showrkig. 8. The
maximum flow rate in the solar circulation pumprgfig. 1l) is nearly the same as that in the stadda€ pump
with a LCB (config. 1ll), except about 15 I/h.m?%gtier than that in the standard DC pump (configlt leduces
the outlet temperature of the thermal collectore Tieat losses are reduced and the annual energyrpance
could be augmented.

Figure 8: Comparison of the pump flow rate as &fiom of the solar radiation
The pump flow rate in the afternoon is much higtien in the morning with the same level of solatiaton.
The difference is close to 10 I/(h.m?). Most stgdid PV-SDHW systems such as the numerical stunfied-
Ibrahim and Kou (Al-lbrahim, Kou et al., 1998) dotriake it into account for this important phenomn
The flow affects circulation pump efficiency in es of overall losses (friction losses in the hyticapipe lines)
and fluid characteristics (temperature, densitgcosity, etc.). According to several studies cotetlion the
characteristics of circulation pump (Henrikssomakt 2003; Alibert et al., 2007), viscosity is a jorafactor
affecting on the performance of the circulation puwhose value is quite low (14% maximum). The vistyoof

the coolant can be calculated depending on thedsahgre and the percentage of anti-freeze (Gue{#5h).

.
v, =3090(37+T,,, J** Exp[ 1.13“‘1“% 256 Ty )0 0.00(}: (1)



With:
veor, Kinematic viscosity, [mm2/s]
Thuig, fluid temperature, [°C]
The viscosity of the fluid decreases with incregsiemperature, which results in less mechanica insthe
pump. The higher the viscosity, the lower the panfance of the pump. This influence is particularigrked for
centrifugal pumps. A factor related to the visopsiédn be used (engineering toolbox) (Nally, 20@7jake into
account this effect to calculate the pump efficienc
The temperature difference between the colleciapgst and output is high for both the standard Dr€utation
pump (config.l and Ill) and the solar pump (config(15-20 °C), as illustrated in Fig. 10. This clispancy is
much greater than the temperature differentiahendlassic matched flow rate systenT€5 °C). This does not
produce favorable results in terms of the heatddske thermal collectors.
Figure 9: Comparison of the temperature differdmetgveen the inlet and outlet of the solar
thermal collector versus solar radiation
3. Circulation pump dynamic model associated withlectronic devices
The experimental results have highlighted the rteedevelop a detailed model of the circulation puifrine
goal is to accurately evaluate energy performance&umerical simulation. We therefore first develdpgbe
model of the standard DC circulation pump congisiifi a brushless DC motor and a centrifugal pumpe T
model of the solar circulation pump was then oladiby integrating the MPPT model.
3.1. Brushless motor model
Regarding the electrical, electronic, and electrgmesic modeling of the brushless motor, the follogvi
hypotheses were taken into account:
- The magnetic circuit is not saturated, a conditienessary to consider the fluxes as linear funstain
current;
- The magnetic circuit is fully laminated, so thatyothe windings (inducing and induced) are drivegn b
currents. In addition, the current density candmestered uniform in the section of a single comoiyc
- The consumption of the motor integrated with thextca device is estimated using a resisRyr
connected in series with the rotor.
The electrical diagram of the motor is shown in. Hi@.

Figure 10: Equivalent electrical diagram of thadtiess DC motor



The electrical equation, linking the voltayg across the motor armature and the armature cugéntwritten

as:

di,
4 dt

Vn=Ent R+ L V] )

With:

R., motor resistance(]]

L,, motor inductance, [H]

E., motor electromotive force, a function of the nratatation speed,

E,.=Kw [V] ()
With Ky, voltage constant, [V.s.rad

The motor torqué ,, is proportional to the motor armature currgnt

T =K. [Nm] (4)

m m-a

The mechanical equation including the rotation dpeevritten as:
dw
T,=T + A+ Bw+ JE [Nm] (5)

Where

A, motor static friction coefficient, [Nm]

B,, motor viscous friction coefficient, [Nm. ras]

J, motor moment inertia, [kg.m?]

The pump load torque can be expressed by the foitpaquation:

T, =A+Bw?’ [Nm] (6)
With

A, torque constant of centrifugal pump, [Nm]

B,, torque constant of centrifugal pump, [NmTas]

By combining equations (5) and (6), the motor tergan also be expressed as:

T,=A+Bwr A+ B+ 15 [Nm) ©

The coefficientK, andK,, are close and it is possible to consider themgamleby ignoring the losses in the
electromechanical power conversion.
The definition of the model takes into account tinee steps identified during the test (Fig.11)e Eoguations

above are adapted to the three steps of the di@ulpump operation.



During Step 1, the electronic control device in thetor starts to run. The variation of current amdtage
increases linearly as solar radiation increases.chifanges in voltage and current obey the OhmDaining this
period, the tension and intensity levels are tos for the rotor to rotate. At the end of step Insien and
intensity are sufficient to start the electroniotol systems.

When sufficient voltage and current are suppliethécirculation pump, the electronic control devizomoting
the pump start-up begins to operate. Step 2 carelspto the transient regime: voltage and curremy v
alternately. The pump rotation speed is zero dsasahe load torquel( = 0),

Equation (2) becomes:
R 1, +L,(dl,/dt)=V, 8
After starting (step 3), the derivative of the @t is insignificant becaude,, >> La(dla/dt). It is therefore

assumed that this period corresponds to a steatdy st

Equation (2) thus becomes:
E,+RI,=V, C)

By combining equations (2) and (9), we obtain:

Kiw+R 1, =V, (10)
Equation (11) concerning the motor torque is wniths:

Kola=A +Bwt+ A+ Bzwl‘8 (11)
ParametersR, (resistance of the armature),, (inductance), andK, (voltage constant) are obtained
experimentally.

3.2. Models of electronic devices

In the experimental section, we showed that elaairdevices such as the MPPT and LCB can improee th
performance of the circulation pump toward thetatar Thus, the models concerning these electrdeidces
were also developed.

3.2.1. MPPT model

The essential parameter for determining the ougfuthe MPPT is the transformation ratio, which daa

determined by the following relationship (Appelbaur89):

ST
n - E + [ E ) + ppm "a (12)
2\/ppr‘rﬂ MPPT 2\/pprg MPPT, V pp,rz MPP

10



Where, Vppy and lppy are the voltage and current at maximum power poggpectively.E,, is the motor
electromotive force without MPPT and thg-pt represents MPPT efficiency.

Here we assume that the efficiency of the MPPTgisaeto 0.5 for solar radiation, which is less ti2@® W/m?2
and 0.9 for sunlight above this threshold becauB&WMperformance is not stable at low levels ofrs@diation.

The motor voltage and current are related jandl,by:

Vin = etV por (13)
L =1 /N (14)
3.2.2. Model of linear current booster

There are few numerical studies on LCB, and thusodel based on experimental results has been gmalo
The voltage across the PV module remains consthahu.CB works; the value is equal to the LCB reafiese
voltage.

VPV =V

setpant

(15)
LCB efficiency is determined as the ratio betwdsngower output of the PV module and the powendedd to
the circulation pump.

Mics =1V ol L oW oy (16)
A transformation ratio is used for LCB:

I, =nl,, 17)
This ratio is determined as a function of the sodaliation in the present study:

n=1G+l, (18)
Wherel, andl, are the coefficients obtained experimentally.

The pump voltage is written as:

Vi =1icaV pf/ N (19)
3.3. Centrifugal pump model

The model of the centrifugal pump is presented aydh (Dayan, 1997). The pump flow rate is calcdlate

according to the voltage across the circulation pump and the hydraulic Héad
O
m=a+bH +cH?+dH?+eV, + fV, >+ gV, > +hHV, +iHV, >+ jH®,_ +kH* >  [kg.§] (20)

The coefficients used in equation (20) are detezthiexperimentally.

11



3.4. Model validation
The models developed have been implemented in RN¥SIYS environment (Klein S et al., 1996) in order t
simulate a complete PV-assisted SDHW system. ¥iristis important to validate the models beforeabbshing
a complete system. A comparison is presented iriolf@ving paragraph between the simulation resoftshe
circulation pump model and the experimental reswith different configurations.
The simulation results are compared with experialetiéita during a sunny day for the solar circutfapamp.
Fig. 12 and Fig. 13 show the voltage and currenthef solar circulation pump. The difference betwéssn
calculated and the measured current is greatesh@sn in Fig. 12. In the morning, between t = 12,8Gnd t =
16,000 s, the relative error varied between 3% -al@P6. The numerically calculated voltage showsdame
trend but the errors are smaller§%).

Figure 12: Comparison of calculated and measureaemuof the solar circulation pump

Figure 13: Comparison of calculated and measuré&dgmof the solar circulation pump
Fig. 14 shows the changes in the pump flow rate ¢imee. Compared the results from the simulatiothwi
experimental data, the greatest difference is faarithe early morning (t = 0 s to t = 40,000 s) dexe of the
unstable operation of the circulation pump asattstup. In addition, under the low solar radiaondition, the
MPPT performance is low and varies much more. §hfstends to decrease when the sun rises.

Figure 14: Comparison of calculated and measured ffate in the solar circulation pump
In the experimental section, we have shown thattfe same solar radiation, there is, a differdndfie pump
flow rate between the morning and afternoon becafishe change in fluid viscosity. In the circutati pump
model, the effect of viscosity in the calculatiohtbe pressure drop coefficient of the solar logs been

considered. An equation incorporating viscositysed to calculate the pump rotation speed:
Qcol = Qcolsimu(ClU cor+ Cz) [llh] (21)

With C,; andC, the coefficients related to the viscosity, obtdimxperimentally. The effect of viscosity on the
pump flow rate is correctly considered, as showhign 15.

Figure 15: Comparison of calculated and measued fate versus solar radiation

4. Evaluation of the system’s annual performance
After validating the circulation pump model, we quamed numerically annual energy performance ofRke
SDHW systems with conventional systems (on-offjalzle flow). The configurations studied were:

(1) On-Off, collector flow rate, 50 I/(h.m2)

12



()

©)
(4)
()
(6)
(7)
(8)

Matched flow rate system withT = 5 °C (between inlet and outlet of the solarrithed collector),
maximal flow rate 50 I/h.m?

Matched flow rate system withiT = 9 °C, maximal flow rate, 50 I/h.m?

Matched flow rate system withT = 13 °C, maximal flow rate, 50 I/h.m?

Matched flow rate system withT = 17 °C, maximal flow rate, 50 I/h.m?

PV-SDHW: direct coupling with a standard DC cirdida pump

PV-SDHW: direct coupling with a solar circulationmp

PV-SDHW: indirect coupling with a standard DC cietion pump and a LCB

The following hypotheses are considered:

Location: Lyon-Satolas

Solar collector surface: 6 m?

Storage tank capacity: 400-|

DHW draw, 200 I/day

Cold water temperature: monthly values used in ¢hrérhermal Regulation (Thermal Regulation 2005)

Integrated auxiliary heater: 3 kW (control functiafi-peak time &T set.point < 55 °C)

Fig. 16 shows the different annual energy conswnptalues. The matched flow rate system withTa5 °C

presents the lowest consumption of the auxiliagtére The PV-SDHW system using a standard DC citimur

pump, which consumes slightly more than 2,000 kWhually, is the least efficient. The consumptionthod

PV-SDHW system with the solar circulation pump évteen the matched flow rate systems wit9 °C and

with AT=13 °C. This is logical because the temperatuiferdince between the inlet and outlet of the ctdiec

for the solar pump is about 11 °C (Fig. 9). Howewsith the PV-SDHW, the circulation pump uses the

electricity generated by the PV module and themisontroller. The total consumption of the systgith the

solar circulation pump is therefore lower than thatched flow rate system, even for the most efficie

consumption AT = 5 °C). The system with a LCB also shows a lotaltconsumption compared to the on-off

system, but it is not the best solution.

Figure 16: Comparison of the energy consumptiodiftérent SDHW configurations

The solar fraction (ratio of energy supplied by Hwar part at the heat exchanger and the totaérsysoad

energy), the most favorable is obtained with thechmed flow rate system witAT=5 °C (0.61). When the

temperature difference increases, the solar fracterreases. The solar fraction for the PV-SDHWesyswith
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a standard DC circulation pump is the lowest siihcgarts relatively late compared to the other PYHW
systems. The savings rate is defined as follows:

Fav 1= E o/ Econy (22)
With,

Eaux auxiliary heating consumption, including the psitia energy for the collector loop (circulationrpp and
the control unit), [KWh];

Econy energy consumption of a conventional system withioe solar component, [kWh].

The highest savings rate (0.59) is obtained with BY-SDHW system using a solar pump because of the
photovoltaic combination and the removal of thetoaler. From this point of view, the system withet solar
pump is more advantageous than the matched flotersywith aAT of 5 °C.

However, the absence of controller in the PV-SDHW#tems can lead to cooling the storage tank inetiréy
morning and late afternoon. The heat losses imtbming (7:00-9:00 am) and late afternoon (5:008-fith)
were estimated. They are determined as a perceofatpe solar energy and correspond to a periodnvthe
tank is cooled by the solar heat exchanger. Theekm the morning with the standard DC circulafjomp are
almost nil because of a relatively late start-upe Bolar circulation pump presents the greatedtlbes in the
morning (about 1.9%), but this configuration is thest powerful over the year as shown in Fig.16 $ystem
with LCB presents heat losses in the afternoons dh& somewhat higher than with other systems. Rdat

losses decrease as the temperature differencagesdor the matched flow rate systems.

5. Conclusions

Different PV-assisted SDHW configurations were &ddexperimentally and numerically based on a amirb
new circulation pump model. The experimental rassltowed that the solar circulation pump is mofieieft
than the standard circulation pump which startaip In the morning at a solar radiation of 350 WiHowever,
the design of solar still needs to optimize becaafsthe excessive output-input temperature diffeecat the
collector. It is also necessary to develop a dafadirculation pump model regarding the correctsphand
behavior of the start-up and between morning atetraion, to precisely assess the energy perforntancegh
simulation.

A model of the circulation pump was developed ad@sng the three start-up steps and integratingrtbédel of
the electronic devices such as MPPT and LCB. Thalteof the simulations are in a good agreemetit thie

experimental values. The greatest differences fe@ occurred early in the morning during start-Dpring this
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period, the practical behavior of the circulatiasmp is not stable because of the control devictegjiated in
the pump. Regarding the flow profile depending atars radiation, the model accurately represents the
difference between morning and afternoon with thiestderation of viscosity change.

Regarding the annual energy performance, the PVASDB#jstem with a solar circulation pump has thednett
performance compared with traditional systems (ffrand matched flow rate systems) and other PV-SDHW
configurations. The annual consumption of auxili@ergy (circulation pump and controller) is deletsy
coupling photovoltaic with other devices such as HCB and MPPT, which amounts to approximately 100
kWh. In terms of auxiliary heating consumption lire tstorage tank, the system using a solar pumgesdii5%
consumption compared to the system with an on-offitroller. Finally, the absence of a controlleng very
harmful concerning heat loss at the beginning ardiaf the day. Also, controlling solar radiatiompin should
improve the performance of in-situ solar instatia with the feature of greater simplicity, lowekrof failure,

and lower overall energy consumption.

Appendix |
Characteristics of different types of circulation pump
Characteristics Standard Standard Solar

AC circulation pump | DC circulation pump circulation pump
Motor type AC motor Brushless DC motor Brushless id@tor
Pump type Centrifugal pump Centrifugal pump Ceagd#l pump
Operating voltage (V) 230 8-24 8-24
Operating current (A) 0.28 0.25-1.50 0.20-1.46
Head pressure (kPa) 30 0-38 0-38
Speed control 3 speed 5 speed Automatic
Built-in condensery(F) 1.6 1,000 4,700
Design optimization Self-priming Microprocessor MPPT &

(at the pump) microprocessor

Power (W) 60 (maximal) 3-35 5-37
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Nomenclature

A motor static friction coefficient [Nm]
A, Pump torque constant [Nm]
B; Viscous friction coefficient [Nm.rad™.s]
B, Pump torque constant [Nm.rad.s]
C: coefficients related to the viscosity, obtainegerimentally [
C coefficients related to the viscosity, obtainegerimentally [-1
Cp Specific heat [3.kg K™Y
Cv Correction coefficient related to viscosity [
En Motor electromotive force V]
Eaw Final energy consumption of the auxiliary heater [kwh]
Econ Final energy consumption of the system withouaisobmponent [kwh]
G Solar radiation [Wim2]
H Hydraulic head [m]
l4 Motor armature current [A]
Ippy Output current at the maximum power operating pofrihe PV module (A) [A]
lpy Output current of PV module [A]
J Moment of inertia [kg.m2?]
Km Torque constant [Nm.A™Y
Ky Motor voltage constant [V.s.rad]
L, Motor inductance [H]
Iy LCB (linear current booster) ratio [
I LCB ratio [-]
Qcaol Flow rate in the solar loop [I/h]
R, Motor armature resistance [Q]
THuid Fluid temperature K]
TL Pump torque load [Nm]
Tm Electromagnetic torque [Nm]
Ve PV short-circuit voltage V]
V setpoin LCB setpoint voltage V]
Vi Motor voltage V]
Vpy Photovoltaic voltage V]
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m Mass flow rate [kg.s"]

AT Temperature difference [°C]
Indices
aux auxiliary
col collector
conv conventional
L load
m motor
PV photovoltaic
sc short circuit
Thi
- | MT v,
hh — & Dq
/ Pyranometer Toou %
PV x CAR,
. =—_——RF
Tee) Tre
Solar thermal .
collector Il‘ - % e T
s #c2 -C IS es %HX CAR3 T
@A PR
T
Tec CAR] V1 V2 i%] M, M;
M, Tank GDS
Py
VE
Drum

Figure 1 : Experimental set-up at INES

Figure 2 : Solar thermal collectors and PV module Figure 3 : Storage tank installed in the test space

19



@PV

— —
— eed
=3 R Standard DC
circulation pump

Standard DC Solar pump ) 1CB
r : PV
circulation pump PV integrated MPPT

R] Rl
1

Configuration I: PV + standard DC Configuration Il: PV + solar pumpg  Configuration 1ll: PV + LCB +

C

irculation pump integrated MPPT standard DC circulation pump

Figure 4 : Configurations tested
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Figure 5 : Circulation pump voltage and currentrdirae
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Figure 6 : Circulation pump electrical behavior
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Figure 7 : Operating points of different configimat
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Figure 9 : Comparison of the temperature differdmetveen the inlet and outlet of the solar thercoékctor
versus solar radiation

R, La

L
b l:l

v GD En

Figure 10 : Equivalent electrical diagram of thadtrless DC motor

G (Wmd)

Figure 11 : Circulation pump operation steps
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Figure 12 : Comparison of calculated and measuneict of the solar circulation pump
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Figure 13 : Comparison of calculated and measuottdge of the solar circulation pump
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Figure 14 : Comparison of calculated and measuosdrite in the solar circulation pump
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Figure 16 : Comparison of the energy consumptiodifférent SDHW configurations
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