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Abstract:

This study compares various optimization critedad solar domestic hot water system (SDHWS). Fifst
all, we present the various parameters used tauatela SDHWS. We consider the energetic, exergetic,
environmental (C@ emissions) and financial (life cycle cost) anaysVarious optimization criteria of a
standard solar hot water system are then propd$edoptimized solutions are compared with a stahtat
water system. The most suitable criteria take imtoount both energetic (therefore environmentalj an
financial evaluations. The most powerful solutidgesd to increase the collector area — increasiegsthar
fraction during the mid-season — and reduce th& tartume, thereby decreasing the thermal losses and
financial cost.

Some of the usual evaluation criteria for SDHWsneaibe used as optimization criteria because tloeryad
consider the auxiliary heater, resulting in inaeterindications of the system’s performance. Tloeesfit
seemed important to propose a new evaluation mettfudh integrates the life cycle savings, primary
energy savings and G@mission savings with regard to a referenced ismuiased on a radar diagram of
these three fractions. This mode of representasiqrarticularly useful when various auxiliary heatare
compared.
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1. INTRODUCTION

In addition to being a clean energy, solar enemg/the advantage of being an energy source thagitble
throughout the globe, with no losses attributabldransport. On the other hand, its highly variaiblgut
requires storage systems auxiliary heaters andifepeontrol systems. Optimally combining solar and
conventional systems for the most advantageousalpsizing, etc. is essential to obtaining higfioéncy.
Although there is an international standard defirtime solar energy vocabulary (ISO, 1999), thequarénce
parameters used to evaluate SDHWSs are numerous iantever indicated clearly which value is thesn
relevant to evaluate or optimize a solar heatirggesy: collector productivity, the solar fractiorffi@ency,
the fraction savings considering energetic, ex@rgenvironmental or economic criteria? The eneagg
economic criteria are most often used to optim@arsheating systems.

The economic criterion is often taken as the lifele cost (LCC): it gives the financial cost of @antestic hot
water systems over the life cycle (approximately2ars) All the annual costs and savings are ctegénto
present worth at a given interest rate and discaat(Duffie and Beckman, 1991). Various typeSDHWSs
were thus optimized: thermosiphon systems (Limalet2006) (Salazar et al., Web), forced-circulatio
systems (Kalogirou, 2004), direct-coupled photaioland pump systems (Cardinale et al., 2003) eard a
solar heating system combined with a wind powentp(Bakos and Tsagas, 2003).

The solar fraction (ISO, 1999) is widely used fotibsolar domestic hot water systems and combisisste
Numerous recent studies used this parameter dsramee: (Trillat et al., 2006; Badescu et al.,00how et
al., 2006; Jordan and Furbo, 2005; Lund, 2005).

From an exergetic point of view, numerous studig@gehbeen conducted to optimize components (coliecto
storage tank) or the overall system (Singh et28100; Torres-Reyes and Gortari, 2001; Torres-Reyes.,
2003; Xiaowu and Ben, 2005; Gunerhan and Hepb2807; Fernandez-Seara et al., 2007; Zmeureanu and
Wu, 2007; Hepbasli, 2007). Such systems generallye How exergetical efficiency because of the eperg
quality degradation of the incident solar irradiatincident on the collector (stemming from a saladrce
with a temperature greater than 5800 K) towardsantity of heat close to the ambient temperaturetider
definition can be used by taking into account tlaen®t coefficient at the collector’'s temperaturstéad of
the sun’s temperature (Le Pierrés, 2005).

The objective of energy optimization is generadiyntinimize a function including energy consumptisolar
production and a penalty when the water tap tenperas lower than the set-point (Prud’homme aniieGi

2001):



J = .”.(Pelec + I:)pump - Psol)+ a |:(Tsl - Tset)ZJ dt ( 1)

time

with Pgec the electrical consumption of the auxiliary hestpi]; Ps, the solar energy collected [Wpump
the power required by the pump to drive the flimidhe collector loodW]; Ts; the temperature in the upper
part of the storage tank [°Cl the set-point temperature[°G},is a trade-off factor.

Mixed criteria are also used as criteria for opimion. For example, the ratio of the additionalestment
cost by the primary energy savings (€/kWh-ep) careftimated and compared to a reference systethe In
(Bales, 2002) study, the author compared the padace of a generic combisystem (space heating wsite
DHW load side heat exchanger and an external amyjli using several optimization criteria: the
combisystem criterion and the fraction saving iathe, which includes the penalty function of thdaso
combisystem in the fractional energy savings. Utetoparameters were optimized: e.g., the auxilegted
tank volume, the thermostat setting for the augiliheated area, the position and size of the DHW he
exchangers, the insulation thickness and the dollearea. Another study was based on the annuithef
overall investment (20 years of operation) over d@n@ual solar heat delivered to the tank (Krausel.et
2002). Compared with the initial system (the estadasolar heat cost of this system is 9.7 c€/kwWHe,best
configuration reduced the ratio (18%), becausecitaased solar energy use and reduced the imtiasiment.
One of the most widely used numerical tools to $ateusolar heating systems is the TRNSYS software
(Klein et al., 1996). As regards optimization, wai$ software packages have been developed suchtidib O
(Gabriele and Ragsdell, 1984) and Genopt (Wet@®4P Most optimization algorithms are adaptedhte t
SDHWSs: genetic algorithms, Hooke-Jeeves algorithetts (Krause et al., 2002; Wetter and Wright,300
This study provides the various quantities necgsgamrvaluate a system considering energetic, exerg
environmental and economic criteria. We considesiedonventional installation (without a solar hegtin
system) and a standard solar installation, and eoeapthe optimized solar installations based omgetie,
environmental, economic and mixed criteria. Tharojtation was carried out by combining TRNSYS and
GenOpt simulation program. The TrnOpt componentthef TESS library (www.tess-inc.com) was the
interface between both software packages. The @athparameters were the collector area, the tahkme
and the flow rate in the collector loop. Finallyglabal approach to evaluation based on the raidgraim of

three kinds of savings (primary energy, £&nissions and financial cost) will be proposed.

2. The evaluation criteria



The energetic and thermal quantities for a coneeati domestic hot water system (without a solatihga
system) and a standard SDHW with an integratedliatkiheater (electric or heat exchanger) will be

described first. On the basis of these valuesetiauation criteria of SDHWSs will be presented.

2.1. Description of a conventional installation

Fig. 1. shows the diagram of a conventional inatih with an integrated auxiliary heater. The ewdrgy

demand for the tank set-point temperafliset is Qnet,,, The tank thermal losses @&,,.. The energy

supplied to the cold water between the inlet arttebaf the tank i€Qd;n. The tank energy balance is:
Qnetony = Qleonvt Qlkony  (KWh) (2)

The final energyQf.onw Which is the energy as the consumer receivas bptained fronQnet,,, with the

transformation efficiencyjf-net,qn. Also, the primary energ®peonyis obtained fronQfq,, with 7p-foon.
Qfconv= Qnetony / r7-n€tgn (kwh) (3)

QPeonv= Qfcony / 77P-feonv (kwh) (4)

The coefficient of performance of the conventianatallation is:

COPeonv = Qhony/ Qfcony (5)
To take into account periods when the water tapezatureThwis lower than the set-point temperatiiset
(typically 55°C), penalty energ®; needed to heat the water frmwto Tsej is considered. The temperature
Thw can be less thafiset because of the off-peak hour and peak hour rates.peak hour period forbids

electrical water heating. We nd@eten-cony the expression d@net,n, integrating the penaltied; andQ, .
Q= ma{o, At [ins [Tp [{Tset —Thv@j (kwh) (6)

With rhs the water tap mass flow rate [kg/al; the time step [s]Cp specific heat [J/kgK]

In addition, we added an equation that can pendlieenstallation when the water tap temperaftine is

lower than the set-poiftset (Tset < Tset):

Q, = mm(o,At (s [Cp [(Tset —ThV\ij (kWh) (7)
The temperaturd se} corresponds to the temperature limit below which tliscomfort is penalized. The
penalty level is expressed with the paraméterepresenting the degree of discomfort. A vafa@d means
almost forbidding the periods whémw < Tsep, whereas a valu¥=2 is much less penalizing. In that case,

we accept some periods of discomfort as long asdherare and it reduces the installation size.



Similarly, as in the study on solar combisystem®i&4, 2003), we defined the heat demand peQaity,.conv
which integrates both quantiti€s andQ.. It compares several installations with the saoael$ and does not

reach unacceptable solutions:

Qd e cony = At [ins [Cp [{ max0, (Tset -Thw)) + [max(0, (Tset - Thw))] ¥ } (kWh) (8)

The final energyQfen-convWas obtained fronQneten.cony (Which is the sum oQnetqn, and Qdyen-conv) bY

integrating the efficiencyf-net,n,. Also, the primary energ@pen-convWas obtained fron®Qfen-convWith 77p-

fconv

pren-conv= Qneben-conv / /ﬂ'neEonv (kWh) ( 9 )

Qppen-conv: pren-conv / ’7p'fconv (kWh) ( 10 )

2.2. Description of the solar installation with arintegrated auxiliary heater (Duffie and Beckman, 1991 ;

Peuser et al., 2005)

The diagram of the solar installation is shown iig. 2. Since the outlet tank temperature can batgreéhan
Tset, mixing with cold water Tcw) is necessary, not to exce&det. The energy demand for the set-point
Tset is Qnety. As previously, the heat demand pen&ghe, (same definition as equation (8)) is added to
Qnet,,. The tank’s heat losses a. The energy supplied to the cold water betweenrlet and outlet of
the tank iQL.

The final energyQf.. (respectivelyQfyen.au) is Obtained fronQnet,, (respectivelyQneten-aux Which is the
sum of Qnet,x andQd,er) by using the efficiencyyf-net,. The additional electric consumption of the solar
system (pump and controller) should be integrated @Qf,,. Also, the primary energ@p..x (respectively
QPoen-au) is obtained fronQf,., (respectivelyQfen-aw) With 77p-fas

The incident solar energy on the collector (aed:is H (kWh/mz2.year). The energy transmitted by the solar
collector to the heat transfer fluid @col. The heat losses from the collector loop @igpipe The solar

energy supplied by the collector loop to the taat@sol The thermal balances are:

Qnetyy+ Qsol=QIl + QL (kWh) (11)
Qd=QL  (kWh) (12)
Qcol =Ql,pipe+ Qsol (kwh) (13)

We also defined the solar installation’s coeffitiehperformance@QOP):



COP=Qd/ Qfyy (14)

2.3. The various evaluation criteria
2.3.1. Energetic quantities
The main quantities used to evaluate the energetiormance of SDHWs are shown as:
- Solar collector productivity:
Prod = Qcol/Ac (kWh/mg2) (15)
- Collector efficiency:
necol =Qcol/ (H.AQ (16)
Solar fraction = “energy supplied by the solar plaha system divided by the total system load'Q)JS
1999):
Fsol = Qsol/ Qd (17)
In the case of an integrated auxiliary heatersitvery difficult to determine the exact amount okrgy
supplied by the solar hot water system to the cotiweal part of the system. For this reason, wesitared
the energy supplied by the heat exchanger.
- Sometimes a different definition of the solar fract Fsol is used (e.g. in the Polysun software

http://www.solarenergy.ch and T-Sol http://www.gdkesign.co.uk):

Fsol'= Qsol/ (Qsol+ Qnetyy (18)
- Final energy savings:
Qf-sav = Qfconv + Qfpen-con) - (Qfaux + Qfpen-auxt Qpar)  (kWh) (19)
with Qpar the parasitic energy for the collector loop (purth® control unit, and possibly the boiler
pump)
- Primary energy savings:
Qp-sav = (QPcony + QPpen-con) - (QPaux + QPpen-auct Qpar*2.58)  (kwh) (20)
(The term 2.58 is usually used in France to corsfexttrical energy into primary energy)
- The final energy fractional rate:
Fsav-f= Qf-sav/ (Qfconv + Qfpen-con) (21)
- The primary energy fractional rate:

Fsav-p: Qp-sav/ (Qpconv+ Qppen—cono 22 )



2.3.2. Exergetic quantities
Exergetic efficiency not only takes into accourg tuantities of energy used, but also their qualitye

exergetic efficiencyyexof the solar system with an integrated auxiliagpter is obtained with the equation:

[ My (0) g = Preu () = Ta(t) Sy, = S, (1) ot

nex= (23)

_ Ta(t)
Qf s+ Q- + Qpar+ [GOIACTL- ™"

with Tathe ambient air temperature [Klabsthe absorber temperature [K]the water specific enthalpy

[J/kg]; Sthe water entropy [J/(kg.K{5 the solar radiation [W/mZ]
The numerator of this equation represents the gxgain of the water supplied to users (Gunerhan and
Hepbasli, 2007). The denominator is the exergyramgdhe system: the electrical energy is pure gxéut

the heat transferred to the solar panel is weighyetthe Carnot factor (Stitou et al, 2000; Soriale002).

2.3.3. Environmental quantities (CQ emissions)

A solar installation can save energy that wouldehbgen supplied by a conventional heating systedrttaat
would have produced greenhouse gases. This quarftilyeenhouse gases depends on the quantity of the
conventional energy saved. By calculating the ensayed, we can calculate the reduction in greesgou

gases. In France, the quantity (kg) of @r kwWh-PCl avoided for the DHWS is (ADEME, 2005):

Natural gas 0.234
Fuel oil 0.300
Calor or butane gas (LPG) 0.234
Electricity 0.040

The electricity value is very low because of theydproportion of nuclear energy used in France. We
calculated the mass of non-emitted (@0, and the fractional savings of GQuith regard to the

conventional solutiofrsav-CQ.

2.3.4. Economic quantities (life cycle cos{BAE, 1995; Fuller and Petersen, 2002)
The life cycle cost (LCC) method considers the £@std savings over the life cycle of the systemickvis

roughly 20 years for a SDHW. Optimizing the systemaans obtaining the lowest LCC or the highest life



cycle savings (LCS). The annual costs and savirggs@nverted into present worth values at a gimégrést

rate and discount rate.

The calculation of the solar heating system cadtioles (see Annex 1):

- Initial investment: calculated according to thetamisthe equipment and manpower associated with the
installation of the system, and the tax reductibomaed (50% on the equipment in France, after hgwvin
deducted the grants available)

- Annual maintenance and operation costs

The cost of a conventional installation consistsasts relating to the hot water tank, manpowed, amual

operation and maintenance.

The annual savingsSéy is the difference in maintenance and operatigiscbetween the conventional and

the solar installation. The additional investmeanstcbetween the solar and conventional installatiare

noted asl.

By assuming equal yearly paymeitR the life cycle cost is calculated using the fallequation:

LCC=1+K*YP (€) (24)
with | theinvestment [year O]yPthe annual payments

K:r[(rn_l) (25)
r-1

1+
1+d

r

(26)

with i the interest rate (0.02 in Francé)he discount rate (0.04 in France)is given a0 years (life cycle
of the system)
The inflation rate corresponds to the increasehedost of living. The discount rate makes it passio
return financial streams that are not directly camaple, because they occur at different dateshersame
basis. It can not only compare them but can alskenaaithmetic operations on them. The life cycleirsgs
(LC9 over the life cycle can be calculated.

LCS=K* Sav-Al  (€) (27)
with Al the additional investment[€Bavthe annual savings (€)
It is also possible to calculate the pay back time:

Ln(1+AIEfjj

Sav r

N = Ln (r)

(28)



Finally, we define the financial fractional savinggmpared with a conventional solution (withoutcdas
heating system):

Fsav-LCC=LCS/ (LCC) comentional (29)

3. Optimization based on various criteria

3.1. Description of the cases studied

3.1.1. The installations studied

The characteristics of the conventional and solatailations are described in Annex 2. Only thectele

auxiliary heater was studied. The energy demanddomwater was 3450 kwWh per year (200 | at 55°C@e T

weather conditions corresponded to the city of Lybime cold water temperature varied between 9 &€ 1

over the year. The price of electricity was 0.1&7KWh with the auxiliary heater functioning duritige

periods 2h—6h, 12h—14h and 20h—24h. This priceapgied toQf.on Qfpen-conv Qfaux QPar andQfyen.aux The

manpower cost of the solar installation was sd688 € (taxes included) for reasons of simplificatiOn the

other hand, the cost of the equipment dependeteosite of the collector and the tank (see Annex 1)

The efficiency coefficients of the conventionatlasolar installations (electrical auxiliary heatedre:
nf-néteony = ff-nety, = 0.95 (30)
MP-fcony = 1IPp-Faux =1/ 2.58 (31)

The tank set-point temperature vilset = 55°C and the comfort penalty was calculated ftbentemperature

Tset=40°C K=2).

The mass of non-emitted G@as calculated by using the 0.089 kg value per ldh\lectricity saved (this

value was much lower than the European average).

3.1.2. The optimization criteria studied
The optimized parameters were the collector ate&,tank volume and the collector loop flow rate. We
limited the number of parameters to be optimizedasdo simplify the comparisons. Various optimiaati
criteria were used. The performance quantities werdollowing:
- Energetic criterion (to be minimizedPfaux + Qfpen-auxt Qpar (kwWh)

(optimizing in terms ofsav-)
- Exergetic criterion (to be maximizedjex )

- Financial criterion (to be minimized)CC (€)



- Mixed criterion 1 (to be maximizediFsav-f* Fsav-LCC O]

- Mixed criterion 2 (to be minimized)Qnet.x + Qthen+ Ql) / Qsol )

- Mixed criterion 3 (to be minimizedpl / Qf-sav (E/kWh)

Mixed criterion 1 was designed to reflect the hgifenancial savings combined with the final enesgyings

to obtain a compromise between these two crit&tia. second mixed criterion was the ratio of thergies to

be minimized (tank losses, auxiliary heating anchimot penalties) divided by the energy to be maxadi
(the solar energy supplied to the tank). Therefarxed criterion 2 will be note@min/ Qsol The third
criterion was used in the (Bales, 2002) studyedtuced the additional investment with regard toethergy
saving.

The optimization was carried out using the Hookevds method (Wetter and Wright, 2003). We used the
default values of the interface TrnOpt, which condlsi TRNSYS (Klein et al., 1996) and GENOPT (Wetter,
2004) software. The optimization algorithm makesassible to set the minimal and maximal valuesech

of the optimized parameters. The following valuesevconsidered:

- Collector area: 2—10 m2 (initial: 6 m2)

- Tank volume: 0.2-0.6 Tinitial: 0.4 n7)

- Flow rate in the collector loop: 5-65 I/h.m?2 (initi 35 I/h.m?2)

We did not consider the initial values of these¢hparameters identical to the solar standardllatsta (see
Annex 2) so as not to be too close to an a prighidperformance installation. The tank was modelét the
TRNSYS TYPE 140 considering 20 temperature nodbs. tank exit temperature was mixed with the cold
water temperature using a three-way valve, ndted. Annual simulations were carried out with a 12-min

time step.

3.2. The optimization results

The objective of the optimization was not to look & common solution because the results deperidectiy

on the hypotheses. These vary widely consideriegSBHWS design (we assumed, for example, a relative
height of the auxiliary heater in tank of 0.5),dhtial costs (interest and discount rates, energg,pthe
grants, etc. (see Annex 1)). On the other hand,peoimy the solutions obtained can indicate which

optimization criteria are the most relevant.

3.2.1. Improvements obtained on each of the optingz criteria

10



The improvement on the optimized solar installaticompared to the standard solar installation egtth of
the criteria is shown in Table 1. The improvememtach criteria ranges from 10% to 256%.

Figure 3 shows the variation of each of the optadiparameters and the performance values during the
iterations in the case of tHaCC optimization. It can be seen tha€C performance decreased during the
iterations. The variations ihCC did not decrease continuously because of the ggation method retained.
The Hook-Jeeves method tests new parameters bagbe preceding parameters by considering an iserea
or a decrease, which explains the discontinuougrpssion of thé.CC. The optimization stops automatically
depending on the parameter defining the maximumbaurof step reductions. The performance valuesotio n
change much after 22 iterations. The minimu@C value was obtained at the 40th iteration; the ipatar
values were then 8.3 m?, 313 [ and 17.2 I/(h.mAgesE sizing parameters do not necessarily corrdsjoate
material made available by manufacturers. Idealhe would vary each parameter during the optinorati

phase by taking into account the data for eachetbmponents actually available.

3.2.2. Presentation of all the results

Table 2 shows most of the evaluation criteria far $standard solar installation, the conventionhltsm (last
column) and all the solar solutions obtained affgimization. The values of the parameters arecatdd at
the top of the table.

Optimizing a single criterion is not necessarilgiftious in that because there is a risk of obtairower
performance for the non-optimized criteria. Therggesavings Fsav-) is always greater than the financial
savings Fsav-LCQ considering the low price of electricity and tditional investment for the solar plant.
A substantial increase in the price of energy cdallince both savings rates.

If only these two criteria are relevant, it is e&syclassify the optimized solutions with Fig. 4sAlution will
provide greater performance in terms of these titer@a the farther the point is from the origin afes, i.e.
the higher the produdtsav-LCCby Fsav-Efis (mixed criterion 1). Mixed criteria 1 and 2 effthe best
performance, followed very closely by th€C and energy criteria. The last two criteria &ilgQf-savand
exergy. The exergy criterion favors energy perfarcea whereas thal/Qf-sav mixed criterion seems to
benefit financial performance. Therefore, the mmdpful criteria are the four criteria: mixed critel and 2,
energy and-CC. The performance thus obtained for this groupireximatelyFsav-LCC= 14% andrsav-

Ef = 67%. The standard solar configuration seems negattractivesav-LCG= 6% andrFsav-Ef= 47%).

11



This demonstrates the potential of performance avgment based on combining an optimization toohwit
an energy system simulation tool.

It is important to note that energy and mixed cidte?2 do not directly take the cost of the instadia into
consideration. Consequently, one risks obtainirggdbllector’'s oversize area if a large variatiorbisught
into play. Moreover, the collector’s area obtaineth these two criteria corresponds to the maxinmuaiue
authorized in our study (10 m2). This value cormegts to double the standard sizing (approximatety)
and can be considered to be oversized. A largeati@m range was not used so as not to penalize the
calculation time. Th&CC and mixed criteria 1 integrate both installati@stcand energy consumption. It will
be necessary to consider théC if we wish to encourage reducing the installagiay-back time, and mixed
criterion 1 to obtain an energy and financial coompise. Even if the progression in energy pricearns
unknown over the life cycle of the installationséems necessary to take cost into account. Knotivatghe
price of energy can only increase, the pay-back tifithe installation will actually be lower.

Other mixed optimization criteria were studied, bat presented in this study, for example mixetedon 4,
which consists in minimizing the cost and the fimalergy with regard to a reference solution (solar
installation or not) in the following way:

- Mixed criterion 4 : (CC/LCC ¢;)? + ((Qfaux + Qfpen-auxt Qpar) / Qfer)? (32)

- Solar FractionFsol’

These criteria are very successful because theyderaesults that are very close to mixed criterlorThe
optimization criterionFsol’ presents the problem of not integrating the fimglnmost. The solution obtained
therefore risks being oversized (moreover, the marn collector area was obtained in this case).
Nevertheless one should not lose sight of the tolgical feasibility of the optimized solution. Fexample,
over-sizing the solar collector requires a spedfwice that can prevent the risks of deterioratiansed by
over-heating (with an additional cost that showdddken into account).

The disadvantage of Fig. 4 is that it does notgrate the environmental issue (primary energy and
greenhouse gas emissions). The following will thate how to define a global evaluation.

- Energy issue

The high solar fractioffrsol is obtained in the summer period (roughly 150%dvjling the best solutions
because the areas are high (9.9 m? for mixed soldfj, providing an incentive to over-size the ecibr area

S0 as to increase solar gains during the mid-seddevertheless, monitoring the system for overihgat

during the summer period will remain necessaryhftetogical systems are used with combisystems).

12



For all the solar installations, the parasite eperged by the pump and controller is not low sih@Ecounts
for approximately 5.7% of the final energy from tuaxiliary heateQf,.x whenLCC is optimized (flow rate,
17.2 I/h.m?) and 7.7% for the exergetic optimizatidlow rate, 65 I/h.m?2). It is therefore normakththe
energy optimization tends to reduce the fluid floate compared to a standard solar installation.irAct
coupling of a photovoltaic module with the pump \bsave parasite energy.

The coefficient of performanceCOP) of the best solution is approximately 2.5, 1.4the standard solar
installation and only 0.7 in the conventional sioint

High collector efficiency is not necessarily synomus with optimal performance. The efficiency ire th
standard configuration is 43% versus 28% in thémapéd solution with mixed criterion 1. This residtnot
surprising because by decreasing the thicknesseofaink insulation, we can expect to increase thleator
efficiency.

- Exergy issue

The solution obtained with the exergy optimizatisimows very high efficiencyex=97%). The exergy
criterion made the collector work with a high floate and a large tank volume so as to reduce tiectar
temperature. The quality of the input exergy isé¢fare very low. In addition, the exergy criteritands to
minimize the use of the auxiliary heater, which mea large collector area and high solar en&pgwl
supplied to the tank. The maximum values authortzgthe three optimized parameters (flow rate, areh
volume) were determined by the optimization. On oltieer hand, the tank’s thermal losses and th&ilinit
investment are penalized and the pay-back timadshighest. Furthermore, the large tank volumeddad
high QI losses but limits the over-heating in spite ofldrge collector area.

If we consider the mixed criteria, the most advgatas solutions do not have the highest exerggiefity
(nex = 33% in mixed criterion 1), making it difficuld classify the solutions solely on the exergetiterion.

It would be necessary to mix the exergetic andnime criteria.

We have also considered a modified exergy paranegtarg into account not the exergy of the heaeemgy
the solar panel as in equation (23), but ratherettexgy of the incident solar radiation, followitige Petela
expression (Petela, 2003). This criterion preserited values between 17% (using equation (23) for
optimization) and 25% (using the Petela expres$wnoptimization), because solar radiation has ghhi
exergy content. The optimization also leads torgelaolar collector (9.75 7 a large storage tank (587 )

and operation at a high flow rate (65 Ifm
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- Environmental impact

To reduce greenhouse gas emissions, optimizedawuvith mixed criterion 1 can save 309 kg of Q@2
year compared to the conventional solution, coordmg to 94 kg more (309-215) compared to thedstah
solar heating installation. Concerning the fossaidl dissile resources, the annual primary energyngavis
10,548 kWh-ep with solar energy according to mixeiterion 1, and 7386 kWh-ep in the standard solar
installation.

- Cost

The pay-back time of the basic solar installatiorib.2 years, and 12.9 years for the solution nbthivith
the optimization using mixed criterion 1. The arnsavings (auxiliary heater, pump and controlldmist
obtained is 288 € (taxes included); the annual ebslectricity consumption in the conventionaltaiktion
being estimated at 553 €. The payoff period istinedly high given the current cost of electricity France.
This is not the case in all European countries siscbenmark, where the price of electricity is gvis high.
Even if energy prices continue to increase, thdsicing the payoff period, it is crucial to attentptreduce
the investment cost of a SDHWS installation usfogexample, polymer materials.

- Comfort

All the solar solutions (standard or optimized) qg® a more advantageous distribution of hot water
temperatureThw in terms of comfort than the conventional solut{see the temperature distribution when
Thw is below 50°C in Fig. 5). Th@d,en penalty integrated into the various optimizatiaitecia makes it
possible to optimize the solutions with a high cornfevel (Thwis close to the set-point 55°C).

The conventional solution is penalized by thinraktinsulation. Moreover, the solar energy supplethe
tank increases its temperature during the day,ngdpeing defined in an unpredictable way accordmthe
method described in (Shah, 2002). It can be sesrstiar energy provides both energy savings apdoved

comfort.

3.2.3. Relations between the energetic criteria

We estimated three important energetic critefaol Fsav-f and COP). Improving these three criteria
requires an increase in collector area (which regute productivity of the collector and increasies
investment cost). The criterion, that seems a pifigr most valuable is fractional savingsav-fcompared to
an equivalent conventional installation. The relatbetween this criterion and the two others ndedse

calculated for better comparison.
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It is easy to determine the relation betwdesav-f and COP from the equations. Assuming a water tap

temperature of 55°QQfenequals zero):

Fsav-f= 1- (Qd/ COP + Qpar) / Qf.ony 33)

The functionFsav-f= f(COP) increases as long &l andQpar remain fairly constant anQf..,, is fixed. It is

thus possible to replace thsav-foptimization criterion with th€OP criterion. The relation betwedtsav-f

andCOPis easily defined in the following conditions:
whenFsav-f= 0: COP=Qd/ (Qf.ony - Qpar) (34)

- whenCOPincreases-sav-fbecomes 1Qpar/ Qf.ony (35)

Fig. 6 shows how this function evolves.

The solar fractionFsol gives important information on the installatiorzisg: how much of the energy

supplied by the system is solar? Neverthelesssdha fractionFsol is not representative of the installation’s

global energy performance because the solar ersengylied to the tank can be useless (high solatyotmn
during summer) or lost (high tank losses becausargé volume or insufficient insulation). The gdiaction

Fsol determined in summer contributes additional infation on the sizing of the installation for highaso

radiation.

Qualitative considerations allow one to study tinectionFsav-f= f(Fsol):

- WhenFsol tends towards 0, the solar energy supplied tadghk becomes very low. We thus approach
the conventional installation and we can consitiat Esav-ftends towards 0. It is actually a bit more
complicated because the standard solar and coowahtinstallations are very different (for example,
there is more tank insulation in the first case).

- ltis relatively easy to obtaiRsoF100% by over-sizing the collector area and thé& tasilume (we could
even reduce its insulation) so as to supply a largeunt of solar energy and thus obt@sol = Qd. On
the other hand, obtainingsav-f =100% is unrealistic because of inadequate solargy incident at
certain times during the winter.

- The various solutions studied are presented in Figlhe maximum folFsav-fis slightly lower than
70%, which corresponds approximatelyrsol = 90%.

Since the function is not monotonic, we cannotksa as a criterion for optimization.

3.2.4. Comparison of the various optimization methds
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We also used the Hooke-Jeeves method and the Nélekd-O'Neill and Coordinate Search methods to
compareLCC optimization (the same initial values are usedg Wged the Hooke-Jeeves method with initial
penalizing values (2 m2, 0.2°rand 65 I/hm?) for the CC as well. TheLCC values obtained at the end of the

optimization are very close for all the methods.

3.3. Global evaluation approach

The most advantageous optimization criteria haenlshown through the financial and energy savidgee
we study a global evaluation of an installationdghen a radar diagram of savings with regard teference
installation compared to the conventional installat The radar diagram indicates three fractiomalirgs
that we believe to be essential in savings relativéhe LCC (Fsav-LCQ, primary energy Ksav-p and
greenhouse gas emissioisdv-CQ). The first evaluation criterion is important fdre installation owner
and the last two are important from an environmembint of view (limitation of greenhouse gas erioss
and conservation of fossil or fissile resources)r Feadability, the best performance correspondshéo
outside triangle (and conversely).

Fig. 8 shows that the standard solution is thet|baseficial. The lines relative to the varioususioins are
parallel betweerFsav-pand Fsav-CQ because these two criteria are equivalent in tesfrthe electricity
choice for the auxiliary heater (it would obvioudbe interesting to compare installations with vasio

auxiliary energies).

4. Conclusion

We have compared various optimization criteria #ISDHWS with an electric auxiliary heater. It is
important to consider criteria integrating both gyyeand financial aspects. Th&CC optimization criteria,
mixed 1 and mixed 4, are the most indicative. Ttlat®ns obtained after optimization show thatitietter

to oversize the collector area than the tank vol(ime thermal losses and financial cost are high).

Even if the results obtained are closely relateaddnditions in France through the parameters sslea
number of general conclusions can be drawn. Fomplg the evaluation criteria used for the solar
installations are often not representative of dcpheaformance because they are often based onadlhe s
energy supplied to the tank (solar fraction anddpotivity) without considering the auxiliary heatén

addition, the current environmental problems regjtiirat the greenhouse gas emissions and the corsamm
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primary energy also be considered. This is theomeaghy we developed a new representation of global

evaluation in the form of radar diagram based antfonal saving&sav-p Fsav-CQ andFsav-LCC

The highest-performance solutions obtained shoatdbe considered ideal because they are not neitgssa

realistic given, on the one hand, the sizing restms related to the materials available, andthenother

hand, the simplifying hypotheses advanced. For @k@anonly three optimization parameters were carsid
and we did not take into account the technologpralcautions necessary when the collector is owssiz

Nonetheless, this article proposes a starting foinstudies that are more complete (taking ottemtries

into account, etc.) and more realistic.

Substantial work remains to be done to obtainialbykd tool for evaluation and optimization of thenmerous

SDHW configurations. It would be particularly nesasy to:

- integrate the various design possibilities: dimmipled photovoltaic and pump, the energy choicéhie
auxiliary heater.

- modify the hypotheses so that countries other #ramce could be studied. Nevertheless, the pria of
kWh of electricity is relatively low in most Euroge countries (on average approximately 14 c€/kwh).
The payoff period therefore risks being relativielgg in general. Even if a rise in price can beestpd
in the coming years, it is important to design n&ss expensive SDHWS using, for example, polymer
materials and simplifying the systems.

- evaluate more precisely the financial cost: manpaepending on the component sizing (collector ,area
etc.), the price of the devices to prevent ovettihgaduring summer, the cost of the insulation Ktand
pipes), etc. It would also be necessary to integratious changes in the price of energy.

- add parameters to be optimized: height of the muyilheater in the tank, the thickness of insutatin
material, etc.

- integrate other optimization parameters relateth® production of primary energy. For example, the
availability of water in certain arid areas posks problem of producing electricity based on a eycl

vapor power plant.

Nomenclature

Symbols
Ac collector area  (m?)
Al additional investment between non-solar and 90lWS (€)

COP coefficient of performance

d discount rate
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LCC
LCS

Prod
Qcol
Qd
Qf
QL
Ql
Ql,pipe
Qnet
Qp
Qpar

Qsol
S

Sav
Ta
Tabs
Tew
TinC
TinHX
ToutC
ToutHX
Tset
X
nf-net
np-f
neol

nex
m,

m,

solar fraction

fractional saving

solar radiation (W/m?)

solar irradiation incident on the collector otlee year and per unit area (KWh/(m2.y))
water specific enthalpy (J/kg)

interest rate

life cycle cost (€)

life cycle savings (€)

mass (kg)

pay back time (year)

productivity of the solar collector (kWh/mz2.y)

energy removed by the heat transfer fluid overytar (kWh/y)
heat demand over the year (kWhly)

final energy demand over the year (kWh/y)

energy delivered at the outlet of the solar hegdiystem over the year (kwhly)
store heat losses over the year (kWhly)

pipe heat losses of the collector loop over tha yWh/y)

net energy demand over the year (kWh/y)

primary energy demand over the year (kWhly)

parasitic energy for the collector loop pump amea ¢ontrol unit (kwh/y)
energy delivered by the solar loop to the storer dlve year (kWhly)
water entropy (J/(kg.K))

annual savings (€)

ambient air temperature (K)

absorber temperature (K)

cold water supply temperature (K)

inlet collector temperature (K)

inlet temperature of the solar heat exchanger (K)

outlet collector temperature (K)

outlet temperature of the solar heat exchanger (K)

set-point temperature (K)

comfort penalty parameter

transformation efficiency between final and netrgge
transformation efficiency between primary and fiaaergy
collector efficiency

exergetic efficiency

water mass flow rate (tank) (kg/s)

propylene-glycol / water mixture mass flow rate/6ig
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water tap mass flow rate (kg/s)

m,
Subscripts
aux auxiliary heater
f final energy
p primary energy
pen penalty energy due to water tap temperature (canfor

ANNEX 1: the financial costs

a) conventional installation(taxes included)

Tank (200 |, vertical): 550 €
Manpower: 300 €

Annual maintenance = 20 € / year

Annual operation costs:

Final energy consumption (electricity): 0.1074 €W

b) standard solar installation

Grants and VAT:

grants: 800 €
Tax reduction: 50 % on the equipment (grant havgetdeduct)

VAT: 5.5 %

Equipment costs (tax free):

collector: 360 €/m?
tank: 3500—4500 €/in

pipe: 10 €HT/m

Other equipment cost: 575 € (tax free)

Manpower: 1600 € / installation

Maintenance: 100 € / year

Determination of the solar investment (taxes inetlid

Tax reduction = 50% * ( equipment — grants * equimt / (equipment + manpower ) )

equipment € €1+c2*Sc+c3*V +c4* Lpipe
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cl=600 €

c2 =380 €/ m2 (collector)
c3= 4220 €/ m(tank)
c4=10<€/m (pipe)

manpower = 1688 €

Annual maintenance cost: 105 € / year (taxes iredyd

ANNEX 2: description of the installations

a) conventional installation

Volume: 200 |

Tank insulation: 3.3 cm
Auxiliary heater: 3000 W
Diameter: 0.434m

Tank height: 1.35m

Tank losses: UA=4 W/K

b) standard solar installation

Clipsol TGD solar collector (X=6, Y=2)

area: 5.963 m?

collector efficiencyn =0.73

collector loss coefficients;a4.26 W/m2.K and &0.0047 W/mz2.K2

Pipes:

Diameter 16/18 mm
Insulation thickness: 2.2 cm (conductivity: 0.04rkW)
Total length: 28 m

Fraction of glycol (propylene-glycol / water mix&)r 20 %

Tank:

Volume: 400 |
insulation: 6 cm (conductivity: 0.037 W/mK)
Auxiliary heater: 3000 W

Tank height: 1.811 m
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- Tank losses: 3.5 W/K

Heat exchanger tube inside diameter / area: 1.6Xc6D m?

Auxiliary heater relative height: 0.5

Heat exchanger input / output relative heights7@.Q.07

pump: 10 W (10 I/hm?), 35 W (50 I/hm?), 60 W (90r2)

Controller: 5 W

5. REFERENCES

ADEME, 2005. Note de cadrage sur le conteny @OkWh par usage en France, 5p. www?2.ademe.fr.

Badescu, V., Staicovici, M.D., 2006. Renewable gyndor passive house heating: Model of the actiars

heating system. Energy and Buildings, Volume 38,)és2, 129-141.

Bakos, G.C., Tsagas, N. F., 2003. Technoecononsesament of a hybrid solar/wind installation for

electrical energy saving. Energy and Buildings,Woé 35, Issue 2, 139-145

Bales, C., 2002. Generic system 11: Space hedtimg with DHW load side heat exchangers and auyilia

boiler. Report of IEA SHC, task 26, solar combisyss, p. 63.

Cardinale, N., Piccininni, F., Stefanizzi, P., 20@Eonomic optimization of low-flow solar domestiot

water plants. Renewable Energy, Volume 28, Issyd 829-1914

Chow, T.T., Fong, K.F., Chan, A.L.S., Lin, Z., 20@%tential application of a centralized solar wditeating

system for a high-rise residential building in Hdfang. Applied Energy, Volume 83, Issue 1, 42-54

Duffie, J.A., Beckman, W.A., 1991. Solar Enginegrof thermal processes, 2nd ed New York : John Wile

& Sons, p. 919.

21



Fernandez-Seara, J., Uhia, F.J., Sieres, J., Zo@erimental analysis of a domestic electric haiewatorage

tank. Part I: Static mode of operation, Applied firhal Engineering 27, 129-136

Fuller, S.K., Petersen, S.R., 2002. Energy Prickcts and Discount Factors for Life-Cycle Cost Amid

(Annual  Supplement to NST Handbook 135 and NBS i@&pecPublication 709)

http://fire.nist.gov/bfrlpubs/build02/PDF/b02017fpd

Gabriele G.A., Ragsdell K.M., 1984. Optilib. An opization program library: user manual. Colombia:

College of Engineering University of Missouri.

Gunerhan, H., Hepbasli, A., 2007. Exergetic modglamd performance evaluation of solar water heating

systems for building applications, Energy and Boild, volume 39, issue 5, 509-516.

A. Hepbasli, 2007. Exergetic modeling and assestwesolar assisted domestic hot water tank integra

ground-source heat pump systems for residencesg¥aad Buildings, volume 39, issue 12, 1211-1217.

1SO,1999. Norme ISO/FDIS 9488. Solar energy, volaaigu Projet final de norme internationale, p. 48.

Jordan, U., Furbo, S., 2005. Thermal stratificatiosmall solar domestic storage tanks caused aw-aiffs.

Solar Energy, Volume 78, Issue 2, 291-300

Kalogirou, S.A., 2004. Optimization of solar systeasing artificial neural-networks and genetic &lpms.

Applied Energy, Volume 77, Issue 4, 383-405

Klein S.A. et al., 1996. TRNSYS a transient systeimulation program, version 14.2. Solar Energy

Laboratory, University of Wisconsin-Madison, refece manual, W1 53706

Krause, M., Vajen, K., Wiese F., Ackermann, H., 20hvestigations on optimizing large solar thermal

systems. Solar Energy, Volume 73, Issue 4, 217-225

22



Le Pierres, N., 2005. Procédé solaire de produdamifiroid basse température (-28°C) par sorptiditeso

gaz, thése de l'université de Perpignan.

Lima, J.B.A., Prado R.T.A., Taborianski, V.M., 20@Bptimization of tank and flat-plate collector sdlar
water heating system for single-family householdsassure economic efficiency through the TRNSYS

program. Renewable Energy, Volume 31, Issue 1011585

Lund, P.D., 2005. Sizing and applicability consatems of solar combisystems. Solar Energy, Volut@e

Issue 1, 59-71

Petela, R., 2003, Exergy of undiluted thermal réoiia Solar Energy, Volume 74, Issue 6, 469—488

Peuser, F.A., Remmers, K.H., Schnauss, M., 20@%allations solaires thermiques. Editions Le Maunite.

403.

Prud’homme, T., Gillet, D., 2001. Advanced contstiategy of a solar domestic hot water system with

segmented auxiliary heater. Energy and Buildingduime 33, Issue 5, 463-475

SAE, 1995. Society of Automotive Engineers (SAR)ifé¢ Cycle Cost”, Reliability, Maintainability, and

Supportability. Guidebook, 3rd edition, Warrend&é..

Salazar, J.P.L, Abreu, S.L., Colle, S., Reguse,20803. Optimization of a compact solar domestickater

system for low-income families with peak demand toidl cost constraints. ISES, Goteborg, Sweddh, p

Shah, L. J., 2002. A solar combisystem based ocgahdtorage with three internal heat exchange#s tésk

26, BYG-DTU SR-02-19, p. 99

Singh, N., Kaushikb, S.C, Misra, R.D., 2000. Ex¢iganalysis of a solar thermal power system, Rextdsy

Energy 19, 135-143

23



Sorin, M., Spinner, B., Stitou, D., 2002. Thermodync techniques for the conceptual design of
thermochemical refrigerators using two salt materi@hemical Engineering Science, Volume 57, Iskdie

4243-4251

Stitou, D., Spinner, B., Satzger, P., Ziegler, 7200. Development and comparison of advanced cesrad
cycles coupling a solid/gas thermochemical pro@xs a liquid/gas absorption process, Applied Thérma

Engineering, Volume 20, Issue 14, 1237-1269

Torres-Reyes, E., Cervantes de Gortari, J., 20@timal performance of an irreversible solar-assigteat

pump, Exergy Int. J. 1(2) , 107-111

Torres-Reyes, E., Navarrete-Gonzalez, J.J., Z&lgtalar, A., Cervantes-de Gortari, J., 2003. Optima
process of solar to thermal energy conversion @sipd of irreversible flat-plate solar collectoEnergy 28,

99-113

Trillat-Berdal, V., Souyri, B., Fraisse, G., 20@xperimental study of a ground-coupled heat pumplined

with thermal solar collectors. Energy and Buildingslume 38, Issue 12, 1477-1484

Weiss, W., 2003. Solar heating systems for housetgsign handbook for solar combisystems. James and

James. IEA, p. 313.

Wetter, M., Wright, J., 2003. Comparison of a galized pattern search and genetic algorithm opétion

method. Eighth International IBPSA Conference. Bkn, Netherlands, August 11-14, 1401-1408

Wetter, M., 2004. GenOpt, Generic Optimization Pamg User Manual, Lawrence Berkeley National

Laboratory, Technical Report LBNL-54199, p. 109

Xiaowu, W., Ben, H., 2005. Exergy analysis of dotitescale solar water heaters, Renewable and

Sustainable Energy Reviews, Volume 9, Issue 6,6EB-

24



Zmeureanu, R., Wu, X. Y., 2007. Energy and exemygumance of residential heating systems with ipa

mechanical ventilation, Energy 32, 187-195

25



Table 1. Improvement obtained for each optimizéidigon

Criterion Performance function Standard Optimized Improvement
Energy Fsav-f 47.0% 68.1% 45%
Exergy nex 39.9% 97.4% 144%

Cost LCC 9653 € 8729 € 10%
Mixed 1 Fsav-f * Fsav-LCC 2.7% 9.7% 256%
Mixed 2 Qmin / Qsol 1.8 0.8 54%
Mixed 3 Al / Qf-sav 0.94 € /kWh 0.82 €/kWh 13%

Table 2. Evaluation criteria for the installatiqssandard solar, optimized solar and conventioystiesns)

standard OPTIMZATION CRITERIA
(solar) Energy BXHErYY LCC mixed 1 mixed 2 mixed 3
4 10 10 8.3 9.9 10 5 Ac (m?)
EvALUATION 0.400 0.400 0.600 0.313 0.313 0.313 0.300 tank (m3)
CRITERIA 50 200 ga.0 17.2 17.2 19.1 23.8 Q (Ithm?®)
ENERGY H 1177 1177 177 177 1177 1177 1177
proc 512 342 357 365 330 327 472
ol 43 2 30 31 28 28 40
Fsof 54 a0 95 g0 g6 [ois] 62
Fsol (summer) 110 163 183 145 151 151 122 installation
Faol' 44 59 B7 B6 B9 70 a3 {non solar)
COoP 1.38 2.35 2.04 2.28 251 2483 1.75 0.73
QL 3385 3418 3438 3371 3378 3379 3333 3162
Qsol 1816 3076 3273 2853 2893 290 2071
Ql 749 1081 1450 788 544 850 630 952
Qi pipe 342 532 495 a11 542 543 414
Qnet-aux 2319 1384 1601 1406 1279 1270 1810 4138
Qd-pen 160 102 34 258 241 237 = 749
Opar 115 7a 117 76 75 7B a7
Qf-sav 2420 3503 3305 3316 3470 3481 2768
Qp-sav 7386 10850 10066 10083 10548 10554 5426
Faaw-f 470 65.1 64.2 64.5 67.4 67.7 53.8
Faavp 47 4 58.3 54.6 54.7 57.7 57.9 54.0
EXERY Hex 40 40 a7 30 33 358 26
coz ooz 215 32 294 295 309 310 246
Faav-C02 470 55.1 54.2 54.5 57.4 57.7 53.8
COST fmanpover 1688 1688 1688 1688 1688 1685 1688 300
equipment 3520 5200 7000 5185 55803 55850 38900 550
tax cradit 1680 2786 7a 23 2691 2615 1671
grant 800 800 800 800 800 800 800
Al 2278 3452 3560 25932 3249 3273 2267
annual maintenance 105 105 105 105 105 104 104 20
annual operation 293 176 198 196 180 179 255 553
annual Sav 175 291 270 271 288 289 212
Lo 9653 8520 =T 8729 8775 8778 2031 10247
LGS 584 1327 570 1518 1472 1469 1216
i 15.2 13.6 16.9 123 12.9 12.9 121
Faav-LLG 5.8 13.0 5.6 14.8 14.4 14.3 11.9
MIZED 1 Fsav-f * Fsaw-LCC 273 g.82 387 9.85 9.69 a.70 5.39
MIXED 2 Qi Qsof 1.78 0.8z 094 0.9 0.a2 081 1.35
MIXED 3 Al S (f-sav 0.94 0.99 1.17 0.858 0.94 0.94 0.52
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