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Abstract

An analytical approach for the economical evaluation and optimization of absorption and an ejector cooling cycle is

presented. The f – �// chart method is used here to correlate the basic design parameters of the solar system with the

system cooling cycle performance. The optimization is carried out by using the life cycle cost savings function as the

objective function. This function is expressed in terms of the capital cost and the operating cost, the later expressed in

terms of the solar fraction f . The optimization is carried out for a lithium-bromide chiller and an ejector cooling cycle

with R11 as working fluid. A numerical example is presented to compare the optimum bound regions for both cycles, in

terms of the capital costs respective to each system. The Carnot cycle limit is also determined. Upper bounds for

economical feasibility in terms of the costs of the auxiliary energy and electric energy are also set down. The design

approach presented here is convenient to determine the optimum conditions in terms of the monthly means of the

global radiation incident on a horizontal surface.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

The increasing cost of electrical energy worldwide

and decreasing production cost of flat plate collectors in

many countries give rise to investigate new concepts of

thermally driven cycles. The ejector cycle assisted by

solar energy in many circumstances has been proved to

be economically attractive and has been shown by So-

kolov and Hershgal (1993), Medina (1997) and Medina

and Colle (2001). The absorption cycles are usually more

expensive than mechanical compression cycles, because

the complexity and the size of the construction of the

former, and also because of the size of the cooling tower.

Absorption systems assisted by solar energy are in gen-
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eral more expensive than ejector systems, because the

former usually requires higher operating temperatures of

the heat supply and also because the later are much

simpler in construction. On the other hand, the coeffi-

cient of performance of ejector cycles is usually smaller

than the coefficient of performance of absorption cycles.

This advantage of the absorption cycles can be shown to

be of major importance in the economical feasibility in

favor of absorption system. Presently both, absorption

and ejector systems are seldom competitive with the

cooling cycles based on mechanical compression, par-

ticularly in the case the heat is provided by solar energy.

The optimization with respect to the solar collector area

and the operating temperatures are therefore needed, in

order to investigate the limits under which the thermally

driven cycle (TDC) may become economically compet-

itive with the mechanically driven cycle (MDC).

The f – �// chart method described in Klein and

Beckman (1979) is proposed to estimate the long term

performance of solar heating systems, for designing

process heat and power systems, for which the
ed.
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Nomenclature

Ac collector area, m2

ac collector specific area per refrigeration load, m2 GJ�1

CA collector cost per unitary area, US$ m�2

CCT capital cost of the cooling tower, US$

CE cost independent of collector area, US$

CEL capital cost of the electric-mechanical compression cooling system, US$

CE1 cost of electric energy in the first year of the period of economical analysis, US$ kWh�1

CF1 cost of the auxiliary energy in the first year of the period of economical analysis, US$ kWh�1

COP coefficient of performance of the thermally driven cycle, dimensionless

CTH capital cost of the thermally driven cooling system, US$

fi fraction of the monthly load supply by solar energy, dimensionless

FR collector overall heat removal efficiency factor, dimensionless

GSC solar constant, W/m�2

H monthly average daily total solar radiation on a horizontal surface, MJm�2

Ho monthly average daily extraterrestrial solar radiation, MJm�2

HT monthly average daily total solar radiation on the collector surface, MJm�2

KT daily clearness index on the collector surface, dimensionless

KT ratio of the monthly average total to the monthly average extraterrestrial radiation on a horizontal

surface, dimensionless

LCS life cycle savings, US$

N numbers of days in a month

P1 ratio of life cycle fuel savings to first year fuel energy cost, dimensionless

P2 ratio of owning cost to initial cost, dimensionless

Qc condenser heat transfer, GJ

Qg generator heat transfer, GJ

QL annual amount of heat required to drive the cooling cycle, GJ

Qr cooling demand, GJ

Qs solar heat, GJ

T temperature, �C
T a monthly average ambient temperature, �C
Tmin minimum useful energy temperature, �C
UL collector overall energy loss coefficient, Wm�2 K�1

R ratio of the monthly average daily total radiation on a tilted surface to that on a horizontal surface,

dimensionless

Rb ratio of the average daily beam radiation on the tilted surface to that on a horizontal surface, dimen-

sionless

Rb;n ratio of beam radiation on the tilted surface to that on a horizontal surface at solar noon, dimensionless

Rn ratio of radiation on a tilted surface to that on a horizontal surface at noon, dimensionless

rd;n ratio of the diffuse solar radiation at solar noon to the daily total radiation on a horizontal surface,

dimensionless

rt;n ratio of the radiation at solar noon to the daily total radiation on a horizontal surface, dimensionless

RS ratio of the standard storage heat capacity per unit of collector area (350 kJm�2 K�1) to the actual

storage capacity, dimensionless

X 0 modified sensibility factor of the thermal losses, dimensionless

X c monthly average critical radiation ratio, dimensionless

X c;min minimum monthly average critical radiation ratio, dimensionless

Y ratio of the absorbed solar energy to the cooling load, dimensionless

Greek symbols

aE cost parameter proportional to the operational cost, m2 kWh�1

aF cost parameter proportional to the auxiliary energy cost, m2 GJ�1

b tilt angle of solar collector
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d solar declination angle

Dt total number of seconds in the month considered

/ latitude angle
�//max;i maximum monthly average daily utilizability, dimensionless

qg reflectance of the ground surrounding the collectors, dimensionless

ðsaÞn transmittance–absorptance product for radiation at normal incidence, dimensionless

ðsaÞi monthly average energy transmittance–absorptance product, dimensionless

x hour angle

xs sunset (or sunrise) hour angle on a horizontal surface

x0
s sunset (or sunrise) hour angle on a tilted surface

Subscripts

a ambient

abs absorption

c condenser

e evaporator

ej ejector

g generator

i i-th month

L load

n noon

T tilted surface

TH thermal system
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thermodynamic cycle efficiency is independent of the

heat supply temperature. This method is useful for

designing absorption systems assisted by solar energy,

because the coefficient of performance of the absorption

cycle is nearly independent of the temperature of the

heat supply. This method requires basically the monthly

means of the global solar radiation incident on the

horizontal surface. Monthly means, rather than hourly

totals of global radiation are usually available in da-

tabases of national weather services of many countries.

On the other hand, the mapping of monthly averages of

solar global radiation incident on the horizontal sur-

faces derived from satellites by statistical and physical

models has been successfully carried out for mapping

continental solar energy resources, as reported in Stu-

hlmann et al. (1990), Pereira et al. (1996), and Beyer

et al. (1997). The f – �// chart method is particularly appli-

cable in practical situations where the design parame-

ters sensibility with the economic figures of merit is

needed. Presently, low cost computation resources

available, turns the full time simulation to be mostly

attractive, as shown by the everyday increasing number

of users of TRNSYS package. An additional advantage

of use of the f – �// chart method in the present paper is

basically due to its simple analytical formulation, which

enables one to get straightforward derivation of the

optimum economical design parameters. Moreover, the

economical optimum design of the solar system may be

considered as a first step, before going to the full sim-

ulation, in order to determine the real performance of
the system, as well as the critical conditions of opera-

tions.

The extension of the f – �// chart method for ejector

cooling cycles is suggested for the solar assisted cooling

cycles shown in Fig. 1. In this system, the burner sup-

plies auxiliary heat whenever the energy supplied by the

solar system at temperatures greater than Tmin is not

sufficient to drive the ejector cycle. The minimum heat

supply temperature can be set equal to the condenser

temperature of the ejector cooling cycle, while the min-

imum temperature is assumed to be the generator tem-

perature, for the case of the absorption cycle. In spite of

the fact the f – �// chart method has not been validated for

temperature dependent system efficiency or performance

in so far, it is used here also to optimize the lifetime cost

saving of ejector systems. The coefficient of performance

of the ejector cycles is dependent on the generator

temperature of the primary flow of the ejector. The

governing equations related to the ejector cycle can be

found in Sokolov and Hershgal (1993), Medina (1997),

Sun (1997), Cizungu et al. (1999), and Huang et al.

(1999). These equations are used in order to determine

the correlation of the coefficients of performance of the

ejector as a function of the operating temperatures.

Since in the present analysis the generator temperature,

the condenser temperature and the evaporator temper-

ature are assumed to be constant, the coefficient of

performance is thus constant. Therefore the f – �// chart

method can be used with no restrictions. As in the

absorption cycle case analyzed by Klein and Beckman



Fig. 1. Ejector cooling cycle assisted by solar energy.
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(1979), the cooling load is assumed to be constant for

each month.
2. Economical analysis and optimization

Several methods for economical analysis of solar

systems are presented in detail in Duffie and Beckman

(1991). Among them, the life cycle cost savings method

(LCS) has shown to be a simple and practical method to

derive the optimization function in terms of the basic

costs of the system, the load, and the design parameters.

In the present analysis the cost function LCS will be

expressed in terms of the solar collector area, the solar

fraction f , the capital cost and the auxiliary energy cost.

LetQL be the annual amount of heat required to drive

the cooling cycle for a specified annual cooling capacity

Qr. Neglecting the work of the liquid pump of the ejector

cycle shown in Fig. 1, the coefficient of performance of

the thermally driven cycle is then defined by

COP ¼ Qr=QL ð1Þ

As shown in Fig. 1, QL is the sum of the heat supplied

by the auxiliary burner and the heat supplied by the

solar thermal system connected to the thermally driven

system. The fraction of energy saved by the solar system

is defined by f ¼ QS=QL so that the heat saved at the

burner for a year period is QS ¼ fQL. According to the

method P1 � P2, given in Duffie and Beckman (1991),

the cost savings related to the period of economical

analysis of Ne years, is expressed as the present value of

the savings due to the operating cost minus the present

value corresponding to the capital costs. In the present

analysis the life cost savings function LCS is expressed

as

LCS ¼ P1CE1Qr

COPel

� P1CF1Qrð1� f Þ
COP

� P2ðCAAC þ CEÞ � P2ðCTH � CEL þ DCCTÞ ð2Þ
where CF1 is the cost of the auxiliary energy (US$/kWh),

CE1 is the cost of electric energy (US$/kWh), CA is the

collector cost per unitary area (U$/m2), CE is the

installation and other minor cost of the collector system

(US$), CEL is the capital cost of the MDC (US$) with the

same cooling capacity Qr (GJ), CTH is the capital cost of

the TDC (US$), and COPel is the coefficient of perfor-

mance of the MDC moved by electric energy. For the

ejector cycle, COP is a function of the vapor generator

temperature Tg, the condenser temperature Tc and the

evaporator temperature Te. The sum of the first two

terms of Eq. (2) corresponds to the savings due to the

replacement of the MDC by the TDC. The third term

corresponds to the capital cost of the solar heating

system, while the last term corresponds to the difference

of the capital cost related to the TDC and the capital

cost of the MDC. Here DCCT ¼ CCTTH � CCTEL, where

CCTTH is the capital cost of the cooling tower required

for the TDC and CCTEL is the capital cost of the cooling

tower required for the MDC. The size of the cooling

tower depends strongly on the COP of the cycle.

The factor P1 is the present worth factor of the series

of annual savings due to the operating cost, while P2 is

the economical factor that takes into account the present

value of the interest rate of the loan, income and prop-

erty taxes, mortgage costs, resale value and depreciation

costs.

The maximum of LCS is found by putting the partial

derivative of LCS with respect to Ac to vanish. The result

in terms of the derivative of f can be written as follows

aF

of
oac

¼ COP ð3Þ

where ac ¼ Ac=Qr and aF ¼ ðP1CF1Þ=ðP2CAÞ.
For ejector cycles, COP is an increasing function of

Tg. On the other hand, f is a function of QL and there-

fore a function of COP. On the other hand it is shown

that f as given in Klein and Beckman (1979) is an

increasing function with the generator temperature Tg
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and therefore, it makes sense to find the condition for

which LCS reaches a maximum in Tg. By imposing the

partial derivative of LCS with respect to Tg to vanish it

follows

1

ð1� f Þ
of
oTg

þ 1

COP

oCOP

oTg
¼ 0 ð4Þ

For the particular case of the Carnot cycle, COP is

shown in Sokolov and Hershgal (1993) to be given by

COP ¼ Te
Tg

ðTg � TcÞ
ðTc � TeÞ

ð5Þ

Replacing COP from Eq. (5) in Eq. (4) it follows

1

ð1� f Þ
of
oTg

þ Tc
Tg

1

ðTg � TcÞ
¼ 0 ð6Þ

A particular case of practical interest is the case for

which the life cost savings is assumed to vanish. By

replacing aF from Eq. (3) into Eq. (2) this limiting

condition can be expressed by the following

ðamax � acÞ
of
oac

¼ 1� f ð7Þ

where

amax ¼ aE þ d=CA; aE ¼ P1CE1=ðP2CACOPelÞ; and

d ¼ ðCEL � CTH � CE � DCCTÞ=Qr:

The specific area amax is an upper bound for the specific

area ac, for all cases of non negative life cost savings, for

the period of the economical analysis considered.

According to Klein and Beckman (1979) the fraction

f is expressed as follows

f ¼
X12
i¼1

fiQLi=QL ð8Þ

By replacing QL as a function of Qr given by Eq. (1) for

both the annual and monthly basis it follows

f ¼
X12
i¼1

fiQri=Qr ð9Þ

where Qri is the cooling demand and fi is the solar

fraction for month (i), the later expressed by the fol-

lowing correlation given in Duffie and Beckman (1991),

fi ¼ �//max;iYi � 0:015ðe3:85fi � 1Þð1� e�0:15X 0
i ÞðRSÞ0:76

ð10Þ

The parameters X 0
i and Yi, for the present analysis are

modified in terms of COP as follows

Yi ¼ ACFRðsaÞn
ðsaÞ
ðsaÞn

� �
i

HTiNiPCOP=Qri ð11Þ

X 0
i ¼ ACðFRULÞ100DtiCOP=Qri ð12Þ
where Dti ¼ 86400Ni, Ni is the number of days of month

(i); FRUL and FRðsaÞn are the efficiency coefficients of the

collector, HTi is the monthly average of the solar radi-

ation incident on the tilted collector plate, and RS is

assumed here to be equal to the unity. The solar fraction

fi, as well as its derivatives with respect to Ac and Tg, are
evaluated implicitly from Eq. (10) and given in Appen-

dix A. The expression for the monthly average HTi

estimated assuming isotropic sky is also given in

Appendix B.

�//max;i ¼ �//ðX cmin;iÞ ð13Þ
�//ðX cÞ ¼ exp ða
h

þ bRn=RÞðX c þ cX
2

cÞ
i

ð14Þ

where �// is the monthly average daily collector utiliz-

ability, and a, b, and c are functions of the average

clearness index KT for each month (i).

X cmin;i ¼ FRULðTmin�T aiÞ=FRðsaÞn ðsaÞ=ðsaÞn
� �

i
ðrt;nRnHÞi

ð15Þ

where X c is the dimensionless average daily critical level

of the solar collector, T ai is the average outdoor tem-

perature for the month (i). The parameters Rn=R, rt;n,
and the correlations for a, b and c given in Duffie and

Beckman (1991) are presented in the Appendix B.

The monthly means of global radiation incident on the

horizontal surface Hi for the site chosen for the

numerical example can be found in Duffie and Beckman

(1991).
3. Numerical example and discussion of results

The numerical example chosen here is the same

example given in Klein and Beckman (1979) for the

location of Albuquerque, New Mexico. The cooling

capacity is taken to be 10.5 kW for 12 h of operation

each day of the year. The minimum temperature Tmin for

the absorption cycle is 77 �C. The flat plate collector

efficient coefficient are FRðsaÞn ¼ 0:74 and FRUL ¼ 3

Wm�2 K�1. The COP for the lithium-bromide absorp-

tion system as given in Klein and Beckman (1979) is

equal to 0.65. For the ejector cycle proposed here COP is

0.35, as found from data of Cizungu et al. (1999) for

Tmin ¼ Tc ¼ 27:7 �C, Tg ¼ 77 �C and Te ¼ 8:8 �C.
Fig. 2 illustrates a solution for an optimum value ac,

for the absorption cycle with COP equal to 0.65. In this

figure h ¼ ðamax � acÞof =oac is plotted as a function of

ac. It is seen that function h vanishes in the point where

ac ¼ amax.

Fig. 3 shows curves of LCS¼ 0 for the Carnot cycle

case, the absorption case considered here and the case of

the ejector. Points on the left and above the curve of a

given LCS constant correspond to the economically



Fig. 2. Optimum solution for ac, for the absorption cycle for

Tg ¼ 77 �C.

Fig. 3. Bound curves of LCS¼ 0, for the absorption cycle

with Tmin ¼ Tg ¼ 77 �C, and for the ejector cycle with

Tmin ¼ Tc ¼ 27:7 �C.

Fig. 4. Curves of LCS¼ 0 for constant d=CA, for the absorp-

tion cycle.

Fig. 5. Optimum solution for Tg and ac for the case of the

Carnot cycle.
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unfeasible regions. It can be seen from this figure that

the lesser the value of the performance coefficient the

greater the required electricity cost in order to reach a

feasible point, as expected.

Fig. 4 shows the curves of LCS¼ 0 as a function of

the cost parameters aE and aF, for different values of the

capital cost ratio d=CA. Fig. 5 illustrates a solution for

an optimum value of Tg and ac, for the particular case of
the Carnot cycle. This figure is obtained from solutions

of Eq. (7) in terms of ac, for given values of Tg, and
solutions of Eq. (6) in terms of Tg, for given values of ac.
Fig. 6 shows the curves of LCS¼ 0 given in Fig. 3, which

are plotted as functions of aF and aE, where

aE ¼ amax � d=CA. For the present numerical example

the absorption chiller chosen is manufactured by Yazaki
Co. Japan. The capital cost of the chiller is quoted

around US$5000.00 by the manufacturer. The capital

cost of the ejector chiller is assumed to be US$2000.00,

for the same cooling capacity of 10.5 kW. This cost is

around twice the capital cost of an MDC commercially

available in the market.

As can be seen from Fig. 6, the economical feasible

region corresponding to the ejector cycle is larger than

the feasible region corresponding to the absorption cycle.

The bound curve of the absorption cycle is shifted to the

right by a difference between the capital cost related to

the absorption system and the capital cost related to the

ejector system. This advantage of the ejector cycle can be

explained by the relationship between amax and the costs

considered.



Fig. 6. Bound curves of LCS¼ 0 as a function of aE for par-

ticular values of the capital cost.
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From the definition of amax, it can be seen that

aEabs ¼ aEej þ amax;abs � amax;ej

þ ðCCTabs � CCTej þ CTHabs � CTHejÞ=QrCA ð16Þ

where CTHabs � CTHej ¼ US$3000.00. Here the capital

cost of the cooling tower for both systems are assumed

to be the same, i.e. CCTabs � CCTej ¼ 0. Since the capital

cost of the cooling tower corresponding to the ejector

chiller is expected to be greater than the capital cost of

the cooling tower corresponding to the absorption

chiller, the later difference is expected to be negative, and

therefore it may compensate the benefits due to the

positive difference of the capital cost of the chillers

themselves.
4. Conclusions

A design method for economical evaluation and

optimization of thermally driven cooling cycles assisted

by solar energy is presented. The analysis presented in

this paper can be applied to determine the conditions

under which the ejector cycle may be economically

competitive with the absorption cycle, with no need of a

full scale simulation of the related cooling system. The

upper bounds for the region of feasibility of economical

optimization of both, the ejector cycle and the absorp-

tion cycle are determined, in terms of the electricity cost

and the auxiliary energy cost. It is shown that the cost of

the chiller, as well as the cost of the respective cooling

tower is of major importance, in setting down the con-

ditions under which the ejector cycle become competi-

tive with the absorption cycle. In favor of the absorption

chiller is it’s higher coefficient of performance, for the

same type of flat plate collector. The expected lower
value of the capital cost of the ejector chiller itself, in

relation to the absorption chiller, is in favor of the

economical advantage of the ejector cycle. However this

economical advantage may decrease because of the need

of greater size of the cooling tower for the ejector cycle.
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Appendix A. Determination of HT and Rn

All the equations presented here for the determina-

tion of HT and Rn for each month, are described in

Duffie and Beckman (1991).

(a) Determination of HT

HT ¼ R � H ðA:1Þ

where H is the monthly average daily total solar radia-

tion on a horizontal surface for Albuquerque, given in

Duffie and Beckman (1991).

In Eq. (A.1), the ratio of the daily total radiation on a

tilted surface to that on a horizontal surface, by

assuming the isotropic sky model is expressed by

R ¼ HT

H

¼ 1

�
� Hd

H

	
Rb þ

Hd

H

1þ cos b
2

� 	
þ qg

1� cos b
2

� 	

ðA:2Þ

where Rb is given by

Rb ¼
cosð/� bÞ cosdsenw0

S þ ðp=180Þw0
S senð/� bÞsend

cos/ cosdsenwS þ ðp=180ÞwS sen/send

ðA:3Þ
d ¼ 23:45sen 360
284þ na

365

� 	
ðA:4Þ

where na, /, b are known and wS, w0
S are given by

coswS ¼ �tg/tgd ðA:5Þ
w0
S ¼ min

arccosð�tg/tgdÞ
arccosð�tgð/ � bÞtgdÞ

� �
ðA:6Þ

The ratio of the monthly average of the daily total of

diffuse radiation, to the monthly average of the daily

total of the global horizontal radiation is given by
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For wS 6 81:4� and 0:36KT 6 0:8

Hd

H
¼ 1:391� 3:560KT þ 4:189K

2

T � 2:137K
3

T ðA:7Þ

For wS > 81:4� and 0:36KT 6 0:8

Hd

H
¼ 1:311� 3:022KT þ 3:427K

2

T � 1:821K
3

T ðA:8Þ

where KT ¼ H=Ho and

Ho ¼
24� 3600GSC

p
1

�
þ 0:033 cos

360na
365

	

� cos/ cos d senwS



þ p
180

wS sen/ send
�

ðA:9Þ

(b) Determination of Rn

Rn ¼
IT
I

� 	
n

¼ 1

�
� rd;n

rt;n

Hd

H

	
Rb;n

þ rd;n
rt;n

Hd

H

� 	
1þ cos b

2

� 	
þ qg

1� cosb
2

� 	

ðA:10Þ

The ratio of the daily total of the diffuse solar radiation,

to the daily total of the global radiation to the hori-

zontal surface is given as follows

For wS < 81:4�

Hd

H
¼

1� 0:2727KT þ 2:4495K2
T

�11:9514K3
T þ 9:3879K4

T if KT < 0:715
0:143 if KT P 0:715

8<
:

ðA:11Þ

For wS P 81:4�

Hd

H
¼

1þ 0:2832KT � 2:5557K2
T

þ0:8448K3
T if KT < 0:722

0:175 if KT P 0:722

8<
:

ðA:12Þ
of
oTg

¼
�//maxoY =oTg þ Y o �//max=oTg � 0:00225ðe3:85f � 1Þe�0:15X 0 ðRSÞ0:76oX 0=oTg

1þ 0:05775ð1� e�0:15X 0 Þe3:85f ðRSÞ0:76
ðB:4Þ
where KT ¼ H=Ho, and Ho is given by Eq. (A.9).

The ratio of beam radiation on the tilted surface to

that on a horizontal surface at solar noon Rb;n is ex-

pressed by

Rb;n ¼
cos j/ � d � bj
cos j/ � dj ðA:13Þ

where /, d, and b are known.

On the other hand, rd;n and rt;n are given for the

following expressions
rd;n ¼
p
24

cosw� coswS

senwS � p
180

wS coswS

ðA:14Þ
rt;n ¼
p
24

ðaþ b coswÞ cosw� coswS

senwS � p
180

wS coswS

� �
ðA:15Þ

where

a ¼ 0:409þ 0:5016senðwS � 60Þ
b ¼ 0:6609� 0:4767senðwS � 60Þ
Appendix B. Derivatives of the solar fraction f

The following derivatives are obtained from the Eq.

(5) and Eqs. (10)–(15).

(a) The derivative of the solar fraction with respect to

specific collector area is given by

of
oac

¼
�//maxoY =oac�0:00225ðe3:85f �1Þe�0:15X 0 ðRSÞ0:76oX 0=oac

1þ0:05775ð1�e�0:15X 0 Þe3:85f ðRSÞ0:76

ðB:1Þ

The derivatives in the above equation are calculated for

each month as follows

oY =oac ¼ FRðsaÞHTN COP ðB:2Þ

and

oX 0=oac ¼ FRULð100ÞDtCOP ðB:3Þ

(b) The derivative of the solar fraction with respect to

the generator temperature is given by
where

oY =oTg ¼ acFRðsaÞHTN
oCOP

oTg
ðB:5Þ

oX 0=oTg ¼ acFRULð100ÞDt
oCOP

oTg
ðB:6Þ

o �//max=oTg ¼
o �//max

oX c

oX cmin

oTg
ðB:7Þ
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where

o �//max

oX cmin

¼ a
�

þ b
Rn

R

	
ð1þ 2cX cminÞ

� exp a
��

þ b
Rn

R

	
X cmin



þ cX

2

cmin

��
ðB:8Þ
oX cmin

oTg
¼ FRUL

FRðsaÞrt;nRnH
ðB:9Þ

and

a ¼ 2:943� 9:271KT þ 4:031K
2

T ðB:10Þ
b ¼ �4:345þ 8:853KT � 3:602K
2

T ðB:11Þ
c ¼ �0:17� 0:306KT þ 2:936K
2

T ðB:12Þ

The evaluation of ofi=oac and ofi=oTg require the

numerical value of fi, which is obtained implicitly from

Eq. (10).
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