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Abstract

A solar-assisted ejector cooling system is simulated in order to investigate the validity of a design methodology. Hourly simulation
results allow for computing the solar fraction, in cases when the cooling capacity of the ejector cycle is kept constant during daily periods.
The computed solar fraction is compared with estimates obtained from the f –�/-chart method based on the utilizability concept. An
equivalent minimum temperature for the utilizability of the solar system is found, which proves to be different, but close to, the vapor
generator temperature of the ejector cycle. It is shown that the solar fraction derived from the utilizability concept based on the monthly
means of the global solar radiation is applicable to solar-assisted ejector cooling cycles, in cases when the minimum temperature at which
solar heat is supplied to the load is determined. Good agreement is found between the solar fraction results obtained from the simulations
and those obtained by the f –�/-chart method.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The past decades have seen an increase on research lead-
ing to develop renewable energy systems as a measure to
achieve substantial reduction in emissions of greenhouse
effect gases. Solar energy is considered worldwide as an
effective renewable energy alternative; with potential to
contribute to reductions in fossil fuel and electric energy
consumption, mostly for domestic air and water heating
applications. Collectors of the flat plate and evacuated tube
types are cost effective for many applications in domestic

and industrial process heat, if the required temperatures
are lower than 100 �C. The situation is different for solar-
assisted cooling cycles, which are hardly competitive with
mechanical compression cycles (Arbel and Sokolov,
2004), mostly due to the high capital cost associated with
the acquisition of a large number of solar collectors needed
to supply the required heat, and the relatively long payback
time. Regarding solar driven absorption cooling systems,
there are only a few applications in which they can be com-
petitive with mechanical compression (Herold et al., 1996).
Capital cost of solar collectors, and barriers arising from
architecture constraints, contribute to reduce the economi-
cal advantages in favor of absorption cooling cycles. Fur-
thermore, mechanical compressors have decreased their
cost and have become more efficient in the past years.
The situation is not better for ejector cooling cycles. The
coefficient of performance (COP) of a single stage lithium
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bromide/water absorption chiller can reach 0.7 (Herold et
al., 1996), while the COP of an ejector cycle, under the
same operation temperatures can reach 0.48 (Pridasawas
and Lundqvist, 2007). A low value of the COP implies that
a large optimum collector area is needed in order to meet
the cycle heat load requirements. Therefore, potential
advantages arising from the lower cost of an ejector cooling
system are balanced by the requirement of increased collec-
tor area.

Solar-assisted ejector systems are usually simulated on
an hourly basis (Vidal and Colle, 2004), by using data from
typical meteorological year (TMY) databases, which are
readily available at meteorological services of developed
countries. However, good quality TMY database are sel-
dom available in developing and undeveloped countries,
which could take advantage of solar-assisted systems to
reduce their expenditures in primary energy sources like
fossil fuels. Monthly averages of global and beam solar
radiation incident on horizontal surfaces have recently

become available to several countries, thanks to the suc-
cessful modeling techniques used to estimate incoming
solar radiation derived from satellite data (Pereira et al.,
2008). Satellite-derived solar radiation can presently be
estimated with uncertainty levels around 5%, according
to comparisons with land-based monitoring stations.

The solar fraction, defined as the ratio of solar-supplied
heat to total thermal load, is dependent on available solar
radiation, collector efficiency, collector surface area, and
thermal load. The cost of solar-assisted cooling cycles is
therefore linked to the solar fraction, which determines
the optimal collector area, and the cost of operating an
auxiliary heating system. A proper estimation of hourly,
daily, monthly mean, and yearly mean solar fraction allows
for correct dimensioning of a solar-assisted cooling system,
and for an accurate estimation of capital and operation
costs during its life cycle. Varying conditions for available
solar radiation exist in every geographical location, which
difficults the application of standardized solutions. It is

Nomenclature

Ac solar collector area (m2)
Aev effective heat exchanger area – changing phase

section (m2)
As effective heat exchanger area – single-phase sec-

tion (m2)
Arcs total heat exchanger area (m2)
cp specific heat of the solar heating system working

fluid (kJ/kg�C)
crl specific heat of the ejector working fluid – satu-

rated liquid (kJ/kg�C)
COP coefficient of performance of the ejector cycle
f hourly solar fraction
fa annual solar fraction
f/ annual solar fraction given by the f –�/-chart

correlation
FR heat removal factor of the solar collector
hc enthalpy of the ejector working fluid at temper-

ature
Tc subcooled state (kJ/kg)
hl enthalpy of the saturated liquid (kJ/kg)
hv enthalpy of the saturated vapor (kJ/kg)
Ksa incidence angle modifier
Qaux auxiliary heat power (kW)
Qg heat power input to the vapor generator of the

ejector cycle (kW)
Qr ejector cycle cooling load (kW)
Tc temperature of the ejector subcooled working

fluid (�C)
Tf temperature of the ejector working fluid (�C)
Tg temperature of vapor generation (�C)
Tr ejector cycle evaporator temperature (�C)

Ts temperature of the solar heating system working
fluid (�C)

Uev global heat transfer coefficient for the changing
phase section of the heat exchanger (kW/m2�C)

UL solar collector heat loss coefficient (kW/m2�C)
Us global heat transfer coefficient for the single-

phase section of the heat exchanger (kW/m2�C)
Wmax maximum hourly thermal capacitance between

(xcp)s and xejcrl (kW/�C)
Wmin minimum hourly thermal capacitance between

(xcp)s and xejcrl (kW/�C)
xf vapor quality

Greeks

e heat exchanger effectiveness
�/ monthly utilizability of the solar collector
x mass flow rate of working fluid (kg/s)
(xcp)s hourly thermal capacitance of the solar heating

working fluid (kW/�C)
xejcrl hourly thermal capacitance of the ejector work-

ing fluid (kW/�C)
(sa) normal transmittance – absorptance factor of

the solar collector

Subscripts and Superscripts

s single phase (heat exchanger effectiveness)
ej ejector working fluid mass rate
ev two-phase (heat exchanger effectiveness)
n normal
s solar
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therefore necessary to develop methodologies for determin-
ing the solar fraction of solar-assisted cooling cycles, in
order to help the optimization process that can lead to
the design and deployment of high-performance, low-cost
systems.

One of such design methodologies is the f –�/-chart
method as proposed in Klein and Beckman, (1979), which
is based on monthly average solar radiation data and the
utilizability concept. It constitutes a useful tool that can
be applied to the design and optimization of solar cooling
systems, as well as to analyze the economical feasibility of
these systems for given economical scenarios. The method-
ology has successfully been used for process heat system
design, as well as for cooling applications, by analyzing
an optimized ejector cooling system and reporting the
results of simulation based on hourly data, which compares
well to f –�/-chart predictions (Vidal and Colle, 2004).

In what follows, simulation results are reported, which
show that the f –�/-chart method can be validated in terms
of the monthly and annual solar fractions. The validation is
carried out for the city of Florianópolis, Brazil, (located at
27.6 S), for which a TMY database is available, built from
a 14 years long solar radiation data series collected in base-
line surface radiation network (BSRN) surface stations
(Abreu et al., 2000). Partial results of the present paper
are reported in Colle et al. (2004, 2007).

It should be pointed out that the f –�/-chart method is
considered to be applicable to design heating systems, in
cases for which heat is supplied to the load at a tempera-
ture above a specified process heat minimum temperature
value. The method is therefore expected not to be applica-
ble if the process heat depends on the loading system tem-
perature. In the case of solar-assisted ejector cooling cycles,
the process heat depends not only on the condenser tem-
perature, but also on the vapor generator temperature. It
will be shown that the f –�/-chart method can be validated
for ejector cooling systems, once a minimum temperature
value is properly chosen, which must be sufficiently close
to the vapor generator temperature. The methodology is
restricted to closed cycle systems, with a constant or near
constant coefficient of performance, and which are charac-
terized by a minimum operation temperature, above which
all solar-supplied heat is used in the process.

2. The ejector solar cooling system

A solar-assisted ejector cooling system is composed of a
solar heating system that supplies heat to a vapor genera-
tor, which operates as the heat source in an ejector cooling
cycle, as shown in Fig. 1.

The working fluid evaporates in the vapor generator at
the saturation temperature Tg and provides the primary
stream that flow into the ejector nozzle. The primary
stream provides the kinetic energy necessary to impel the
secondary flow by mixing with it in the ejector. The mixture
of both streams circulates to the condenser and loses heat
at a temperature Tc. After the condenser, the flow splits

into primary, which is pumped back to the vapor genera-
tor, and secondary, which flows to the evaporator at Tr

after passing through an expansion valve. The ratio of pri-
mary to secondary nozzle cross section areas of the ejector
is designed in order to achieve the maximum flow ratio in
the evaporator, for a given flow ratio of the primary
stream. Algorithms for simulation and optimization of
the ejector nozzle are reported in Huang et al. (1998, 1999).

An auxiliary heating system is needed if the amount of
heat provided by the solar heating system is unable to sat-
isfy the thermal load requirements. The combined opera-
tion of solar and auxiliary heating systems guarantees a
proper steady state flow rate of refrigerant.

3. Governing equations

A model for the solar-assisted ejector cooling system is
developed based on energy conservation principles for
three flow circuits: the solar heat collection system, the
vapor generation circuit, and the ejector/evaporator
circuit.

3.1. Solar heating system

It is composed by the solar collector, the storage tank,
and the water side of the vapor generator. A full mixing
model is assumed in order to simplify the energy balance
of the system: all the fluid inside the storage tank is consid-
ered to be at the same temperature, and the system pipes
are ideal, without friction and temperature losses.

An energy balance of system leads to the following
equation:

ðmcÞs
dT s

dt
¼ Ac½F RðsaÞnKsaGT � F RULðT s � T aeÞ�

� ðUAÞsðT s � T aiÞ–asQs ð1Þ

where Ts is the fluid temperature in the storage tank, (mcp)s

is the thermal capacity of the heating fluid in the storage
tank, FR(sa)n and FRUL are the energy gain and energy loss
coefficients of the straight line correlation for a flat plate
collector efficiency, Ac is the useful collector area, (UA)s

Storage 
tank

Solar 
collector

Auxiliary 
burner 

Condenser

Evaporator

Pump Pump

Ejector

Expansion
valve

Vapor
generator

Fig. 1. Solar-assisted ejector cooling system.
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is the heat loss coefficient of the storage tank Tai and Tae

are the ambient temperatures for the storage tank and solar
collector, respectively, GT is the incident solar radiation on
the tilted collector surface, Ksa is the incidence angle mod-
ifier of the collector, Qs is the solar heat supplied by the sys-
tem to the vapor generator, and as is a control flag set to
vanish for Ts 6 Tc and set equal to the unity for Ts > Tc.

3.2. Vapor generation circuit

The solar heat collection system and the vapor genera-
tion circuit are linked through the vapor generator heat
exchanger, which receives the solar-supplied heat Qs. The
heating load needed in the vapor generator is Qg, which
is related to the solar-supplied heat by the hourly solar
fraction f:

F ¼ Qs=Qg ð2Þ

The hourly solar fraction in the vapor generator varies
from 0 (no heat supplied by the solar heat collection sys-
tem) to 1 (as when Qg = Qs, the total of the required heat
being supplied by solar energy). If the solar-supplied heat
is higher than the required load in the vapor generator (a
solar fraction higher than 1), then the energy surplus is
stored in the reservoir. In cases where the solar fraction
is lower than 1, an auxiliary heat source is needed, proba-
bly in the form of an electrical heater, or as an oil, gas or
biomass burner. Therefore, the amount of auxiliary heat
needed by the vapor generation circuit is given by:

Qaux ¼ Qg � Qs ¼ Qgð1� Qs=QgÞ ¼ ð1� f ÞQg ð3Þ

The annual solar fraction fa is the average of the hourly
solar fraction f for all hours in a year.

The temperatures in the vapor circuit shown in Fig. 1
are: the condenser temperature Tc, the temperature after
the vapor generator Tf, and the temperature after the aux-
iliary burner Tg, which is the saturation temperature of the
refrigerant at the high-pressure side of the vapor generation
circuit.

Depending on the solar fraction, the vapor generator
can work either as a single-phase heat exchanger or as a
two-phase heat exchanger. This gives origin to two different
operation regimes for the heat exchanger.
Case I: Vapor generator acting as a single-phase heat
exchanger (Tf < Tg)

For low solar fractions, the solar heating system is able
to supply only sensible heat to the vapor generator, and the
refrigerant does not reach a saturated state. In this case,
and according to heat exchanger theory, the heat supplied
to the vapor generator is given by:

Qs ¼ W minesðT s � T cÞ ¼ xejcrlðT f � T cÞ ð4Þ

where crl is the specific heat of the subcooled refrigerant,
and es the single-phase heat exchanger effectiveness, defined
as

es ¼ xejcrlðT f � T cÞ=W minðT s � T cÞ ð5Þ

where xej is the mass flow rate of the refrigerant,
W min ¼ minfðxcpÞs;xejcrlg, where (xcp)s is the hourly ther-
mal capacitance of the heating fluid. The heat exchanger
effectiveness es is a function of (UsAs), the product of the
global heat transfer coefficient and the surface area of the
vapor generator, and of Wmin. In this single-phase flow sit-
uation, the surface area equals the total surface area of the
heat exchanger, ATCS. The limit temperature for the heat-
ing fluid is achieved when the refrigerant reaches the satu-
ration temperature Tg at the end of the vapor generator,
with a vapor quality of xf = 0. It is possible to compute this
limit temperature Tsl by replacing Tg for Tf in Eq. (5) and
solving for Ts = Tsl, as

T sl ¼ T c þ xejcrlðT g � T cÞ=W mines ð6Þ

If the solar fraction is such that the refrigerant temper-
ature does not reach the onset of saturation after flowing
through the vapor generator, then the temperature Tf can
be solved as function of Ts:

T f ¼ T c þ W minesðT s � T c=xejcrlÞ ð7Þ

Case II: Vapor generator acting as a two-phase heat
exchanger (Tf = Tg)

For a high enough solar fraction, the solar heat supplied
will increase the refrigerant temperature until it reaches a
saturated state, and then provide latent heat. In this case
part of the heat exchanger area ATCS is occupied by liquid
and part is occupied by vapor.

The heat input in this two-phase flow case is a function
of the saturated liquid and vapor enthalpies hl(Tg) and
hv(Tg):

Qs ¼ xejðhl � hc þ hlvxfÞ ð8Þ

where hlv = hv�hl, xf is the vapor quality, and hc is the en-
thalpy of the subcooled liquid at temperature Tc. The max-
imum value of Qs is the amount of heat required to change
the thermodynamic state of the refrigerant from subcooled
liquid at Tc to saturated vapor (xf = 1) at Tg, or
Qs = Qg = xej (hv - hl). The area As of the heat exchanger
filled with liquid is given by As = ATCS�Av, where Av is
the area of the vapor generator where actual phase change
takes place. In this case, according to heat exchanger the-
ory (Incropera and De Witt, 2002), the effectiveness values
for the single-phase (es) and the two-phase (eev) sections of
the vapor generator are given by

es

U sAs

W min

;
W max

W min

� �
¼ xejcrlðT g � T cÞ

W minðT i � T cÞ
ð9Þ

and

eev ¼ 1� exp �U evAev

ðxcpÞs

� �
¼ ðT i � T sÞ
ðT g � T sÞ

ð10Þ

In Eq. (10), UevAev is the product of the global heat
transfer coefficient and the surface area of the evaporator
section of the vapor generator, and Ti is the temperature
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of the heating fluid at the transition section of the vapor
generator that sets the limit for the single-phase and two-
phase regions, as illustrated in Fig. 2.

Eliminating the unknown transition temperature Ti

from Eqs. (9) and (10) results in the following expression:

T c þ
xejcrl

esW min

ðT g � T cÞ ¼ T s þ eevðT g � T sÞ ð11Þ

Then, an energy balance in the evaporator section of the
vapor generator yields

ðLMDTÞevU evAev ¼ xejðhf � hlÞ ¼ xejhlvxf ð12Þ

where (LMDT)e is the logarithmic mean temperature dif-
ference in the evaporator section, given by

ðLMDTÞev ¼ ðT s � T iÞ= ln
T s � T g

T i � T g

� �
ð13Þ

From Eqs. (12) and (13) it follows that

ðT s � T iÞU evAev ¼ xejhlvxf ln
T s � T g

T i � T g

� �
ð14Þ

and Eq. (10) can also be written as

ðT i � T sÞ ¼ ðT g � T sÞeev ð15Þ

or, equivalently:

ðT i � T gÞ ¼ ðT s � T gÞ þ ðT g � T sÞeev

¼ ðT s � T gÞð1� eevÞ ð16Þ

The temperature differences Ti�Tg given by Eq. (16),
and Ti�Ts given by Eq. (15) are replaced into Eq. (14),
leading to

ðT g � T sÞeevU evAev ¼ xejhlvxf lnð1� eevÞ ð17Þ

By subtracting Tg from each side of Eq. (11), and replac-
ing Tg�Ts in the form given by Eq. (17) into the resulting
expression, it is possible to obtain

ðT g � T cÞ
xejcrl

esW min

� 1

� �
U evAeveev

¼ xejhlvxfðeev � 1Þ lnð1� eevÞ ð18Þ

By replacing the expression of eev given by Eq. (10) into
Eq. (18), it follows that

xfesxejhlv exp
�U evAev

ðxcpÞs

� �

¼ ðT g � T cÞðxcpÞs �
xejcrl

W min

� es

� �
1� exp

�U evAev

ðxcpÞs

� �� �

ð19Þ

and the total area of the heat exchanger is given by the sum
of the liquid phase area and the two-phase area as:

As þ Aev ¼ ATCS ð20Þ
For any given vapor quality xf at the outlet of the vapor

generator, it is possible to compute the unknown areas Aev

and As by combining Eqs. (19) and (20).
Eqs. (11) and (20) can also be solved in terms of Aev and

As for known values of Ts .
In the circumstance the vapor quality xf inside the vapor

generator reaches the unity, the solar fraction f also reaches
the unity. Therefore there is no need for auxiliary heating,
and the evaporator area Aev of the vapor generator reaches
a maximum value Aevmax, for which case the heating fluid
temperature Ts reaches Tsv, which from Eq. (11) can be
expressed as follows:

T sv ¼ T c þ
xejcrl

esW min

ðT g � T cÞ � eevT g

� �
=ð1� eevÞ ð21Þ

The temperature Tsv is defined as the temperature of the
heating fluid, that results in the refrigerant reaching a sat-
urated vapor state (xf = 1).

The vapor quality can be obtained from an energy bal-
ance in the evaporator section, as

xf ¼ eevðT s � T gÞðxcpÞs=xejhlv ð22Þ
Eq. (22) can also be obtained from Eq. (18) by replacing

in it the evaporator effectiveness eev given by Eq. (10).

3.3. Ejector/evaporator circuit

In this circuit, the ejector is assumed to operate steadily
at its optimum efficiency point. The refrigeration load Qr is
related to the heat supply load to the vapor generation cir-
cuit by means of the coefficient of performance COP, as

Qg ¼ Qr=COP ð23Þ

The coefficient of performance of an ejector cooling
cycle is known to be a function of the condenser tempera-
ture Tc, the vapor generation temperature Tg, and the evap-
orator temperature Tr.

Fig. 2. Temperature paths for heating fluid and refrigerant in the vapor
generator.
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4. Solar fraction computation

For given values of the heat exchanger area ATCS and
the thermal capacitance ratio (xcp)s/xejcrl, Tsl can be deter-
mined from Eq. (6). For the case of xf = 1, Eq. (19) and Eq.
(20) can be solved in terms of As and Aevmax. Tsv is thus
obtained from Eq. (21).

The values of Tsl for which the phase change regime
begins are shown in Fig. 3 as function of heat exchanger
area. It is observed that lower values of thermal capaci-
tance ratio result in higher values of Tsl needed for the
onset of phase change within the heat exchanger.

Fig. 4 shows the values of Tsv as function of the heat
exchanger area ATCS, for different values of heat capaci-
tance ratio. It can be seen that, similarly to what is
observed regarding Tsl, higher values of Tsv are observed
for lower values of the heat capacitance ratio. This indi-
cates that it is desirable to have a combination of low heat
capacitance ratio and relatively high heat exchanger area,
in order to achieve a saturated vapor state for the refriger-
ant at the outlet of the vapor generator. It also indicates

that heat exchanger areas larger than 3 m2 can be consid-
ered as very large, therefore having a negligible effect on
Tsv.

If a phase change process does occur in the refrigerant
side, then the evaporator maximum area is dependent on
the reservoir thermal capacitance, and on the heat exchan-
ger area, as seen in Fig. 5. The maximum evaporator area
appears to be asymptotic with the heating fluid hourly ther-
mal capacitance for fixed values of heat exchanger area.

For given values of (xcp)s/xej crl and ATCS, Eqs. (11),
(20), and (22) can be solved in terms of xf, As and Aev,
for each specified value of Ts. The hourly fraction f is thus
evaluated from Eqs. (8) and (2), once the cooling capacity
and COP are specified.

Figs. 6–8 display the hourly solar fraction behavior as a
function of the heating fluid temperature, for different ther-
mal capacitance ratios (xcp)s/xejcrl, and for constant heat
exchanger areas of 0.2 m2, 2 m2 and 3 m2. It can be seen
that the solar fraction value increases for increasing heat
exchanger area, with an asymptotic limit reached for rela-
tively high values of ATCS.
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T s
l  
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]

2< (wcp)s/wejcrl <50

(wcp)s/wejcrl = 0,5

Fig. 3. Temperature Tsl at the beginning of phase change phenomena as a
function of ATCS for constant values of thermal capacitance ratio.
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Fig. 4. Temperature Tsv at the beginning of phase change phenomena as a
function of ATCS for constant values of thermal capacitance ratio.
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Fig. 5. Maximum two-phase heat exchanger area Aevmax as a function of
storage thermal capacity for constant values of ATCS.

Fig. 6. Hourly solar fraction computed as a function of Ts for constant
values of thermal capacitance and ATCS = 0.2 m2.
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For constant heat exchanger areas, the solar fraction
increases with an increase on the thermal capacitance ratio.
For relatively low values of heat exchanger area, the solar
fraction is proportional to temperature. This behavior is
expected, since a low temperature heat exchange results
in one-phase, sensible heat being transferred to the refriger-
ant circuit.

For relatively high values of heat exchanger area, the
refrigerant temperature reaches a saturated state, and
phase change occurs, which in turn results in higher values
of solar fraction.

The sudden slope change on Fig. 7 and Fig. 8 at Ts = Tsl

is related to the transition from one-phase to two-phase
flow in the heat exchanger, transition which is more noto-
rious at higher heat exchanger areas.

For given refrigeration load Qr and COP, the vapor res-
ervoir heating requirement Qg can be computed from Eq.
(23). For case I, because of Eq. (4), Eq. (1) becomes a linear
differential equation that can be solved in a straightforward
manner. Then, the solar-supplied heat can be computed

from Eq. (4), and then the solar fraction is directly com-
puted from Eq. (2).

For case II, the solution procedure is more complex. Eq.
(1) is simultaneously solved with Eqs. (8), (11), (20), and
(22), in order to find Ts, xf, Aev and As. In cases when Ts

becomes greater than Tsv, the storage capacity (xcp)s

should be controlled in order to maintain a constant value
of Tg. For Ts > Tsv, Eq. (11) is used to determine (xcp)s for
each value of Ts obtained from Eq. (1), by considering the
input heat rate equal to its maximum value given by

Qs ¼ Qg ¼ xejðhv � hcÞ ð24Þ

In this case the evaporator area Aev remains equal to its
maximum value Aevmax, and therefore, it is possible to find
the minimum value of As from Eq. (20), as As min =
ATCS�Aevmax.

Once Qs is thus determined, then the solar fraction f can
be computed from Eq. (2) and Eq. (3) is used to find the
required value of auxiliary heating.

Results are presented in the following section for the
parameters which determine an optimal solar-assisted cool-
ing system, as in (Vidal and Colle, 2004) and (Colle, 2004).

5. Simulation results

The parameters used in the simulations are those for an
optimized ejector cooling cycle:

Qr ¼ 10:55 kWð3 tons of refrigerationÞ
T ¼ 80 �C; T c ¼ 35 �C; T r ¼ 8 �C; T ae ¼ 25 �C; T ai ¼ 30 �C

F RðsaÞn ¼ 0:78; and F RU L ¼ 0:003 kW=m2K

Simulations are performed for a COP of 0.6 using
R142b as the working fluid. The COP 0.6 corresponds to
the case of a cascading cooling ejector cycle assisted by a
mechanical booster as analyzed in (Arbel and Sokolov,
2004). The storage tank thermal capacity (mcp)s is variable,

Fig. 7. Hourly solar fraction computed as a function of Ts for constant
values of thermal capacitance and ATCS = 2 m2.

Fig. 8. Hourly solar fraction computed as a function of Ts for constant
values of thermal capacitance and ATCS = 3 m2.

Fig. 9. Occurrences of Ts with time for Ac = 30 m2.
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defined as the value that is necessary in order to have 75 kg
of heating water per square meter of collector area Ac. For
the present numerical example, the global heat transfer
coefficients are Us = 2 kW/m2K, and Uev = 1 kW/m2K.

Figs. 9–12 display the frequency distribution of the res-
ervoir temperature Ts occurrences for different collector
areas from 30 to 100 m2, for a fixed heat capacitance ratio
of 50.

It can be observed that as the collector area increases,
the most frequent temperature approaches 80 �C, a critical
value of temperature very close to the chosen value of
Tg = 80 �C. This behavior is expected, since the phase
change process starts at temperature values higher than
Tg, during which the heat transfer to the vapor generator
depends on Tg and the vapor quality xf in the refrigerant
fluid.

The occurrences of hourly solar fractions for collector
areas Ac = 100 and 150 m2 are shown in Figs. 13 and
Fig. 14, respectively. The heat capacitance ratio in both

Fig. 10. Occurrences of Ts with time for Ac = 50 m2.

Fig. 11. Occurrences of Ts with time for Ac = 80 m2.

Fig. 12. Occurrences of Ts with time for Ac = 100 m2.

Fig. 13. Occurrences of the solar hourly fraction f for Ac = 100 m2.

Fig. 14. Occurrences of the hourly solar fraction f for Ac = 150 m2.
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cases is 5. It can be observed that increased collector area
results in an enhancement on the occurrence distribution
of higher values of hourly solar fraction. The peak around
the solar fraction equal to 0.2 can be explained by the
shape of f in Fig. 8, for lower thermal capacitance ratio,
in which case, the frequency of heating fluid temperatures
higher than 80 �C is low.

The frequency distribution of Ts for Ac = 100 m2 is
shown in Fig. 15 as a function of three different vapor gen-
erator temperatures: 75, 80 and 85 �C, with a heat capaci-
tance ratio of 5.

From a statistical point of view, it can be argued that the
mean value for Ts is in each case slightly lower than Tg,
which seems to indicate that the minimum temperature
needed for applying the utilizability concept could be lower
than the vapor generation temperature.

6. Comparison with f–�/-chart method

The annual solar fraction fa associated with the ejector
cycle is a function of Ac, Tc, Tg, ATCS, xejcrl and (xc p)s.
On the other hand, the annual solar fraction f�/ from the
f –�/-chart method is a function of Ac, Tmin and eWmin.
Both fa and f�/ increase with increased heat exchanger area
and with increased heat capacitance. For a given value of
Tmin, the fraction f�/ increases with eWmin, reaching an
asymptotic value for infinite eWmin. As the heat exchanger
area ATCS decreases, Tsv increases while fa decreases. This
suggests that if Tmin = Tg, a decrease on ATCS implies a
decrease of both fa and f�/.

These tendencies are valid for fixed values of Wmin and
(xcp)s. The present work is not intended to determine a
correlation between eWmin, xejcrl, (xcp)s and ATCS. Instead
of doing this, the paper is intended to show that the f�/ cor-
relation can be used to estimate the annual solar fraction,
once a properly minimum temperature Tmin is chosen.
Therefore only the case of very large heat exchanger area
is analyzed.

6.1. Annual solar fraction computed from hourly data

Fig. 16 shows the mean annual solar fraction behavior
as function of collector area for different values of heat
exchanger area. It is seen that the solar fraction increases
with collector area. A COP of 0.2476 is used for a single
stage system operating with R141b.The heat exchanger
area of 5 m2 can be considered as a relatively large value,
above of which there will only be a marginal increase on
the solar fraction.

Fig. 17 shows the mean annual solar fraction behavior
as a function of the product of coefficient of performance
and collector area. The figure demonstrates that it is possi-
ble to represent the solar fraction in a single graph for dif-
ferent values of COP. In other words, it is possible to
represent the solar fraction through a group of variables,
thus allowing independence from the COP parameter. ThisFig. 15. Occurrences of Ts for three different vapor generator tempera-

tures, with collector area Ac = 100 m2 and heat capacitance ratio of 5.
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Fig. 16. Mean annual solar fraction as function of collector and heat
exchanger area.
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Fig. 17. Mean annual solar fraction as function of the COP � Ac product.

S. Colle et al. / Solar Energy 83 (2009) 139–149 147



Author's personal copy

result is interesting for validating the f –�/-chart correlation
against the simulation results, because according to Klein
and Beckman, (1979), f�/ among other parameters is a func-
tion of Ac/Qg, and thus from Eq. (23) it is also a function of
COP Ac/Qg.

6.2. Adjustment of the f–/-chart correlation

The numerical results from the hourly simulations here
presented have been used to adjust the solar fraction corre-
lation presented in Klein and Beckman, (1979). Here, Wmin

is the hourly thermal capacitance of the refrigerant fluid.
Different minimum temperatures were tested; above of
which all the heat is useful to the system, in agreement with
the basic definitions of the f –�/-chart method. A numerical
value of eWmin is determined for each of the specified val-
ues of Tmin and ATCS, in order to minimize the error
between simulated solar fraction and that from the f–/-
chart method.

The mean annual solar fraction computed with the
f –�/-chart method is shown in Fig. 18 as a function of
eWmin for different values of collector area. It is observed
that increased values of eWmin result in an increasing solar
fraction, which exhibits an asymptotic behavior more pro-
nounced as the collector area is decreased. The tendency is
expected, since relatively large heat exchanger areas and
Wmin values increase the ability of the system to transfer
heat. Furthermore, it is found that values of eWmin around
100,000 are equivalent to a heat exchanger of infinite area,
for all collector area values.

A direct comparison for the mean annual solar fraction
between the simulation results and the f –�/-chart method is
depicted in Fig. 19, for the case in which Tmin = Tg =
80 �C. Table 1 shows the numerical data for solar fraction
and percentage error as function of collector area for this
case. The error d2 � 10,000 is the sum of the squared rela-
tive errors given in the fourth column of Table 1.
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Fig. 18. Mean annual solar fraction f/ as a function of eWmin and
collector area Ac.
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Fig. 19. Comparison between simulation and f –�/-chart results for mean
annual solar fraction as a function of collector area Ac, for Tmin = 80 �C.

Table 1
Numerical results corresponding to Fig. 19

Ac (m2) fsimulated f –�/-chart Error
j f/�fsimulated

fsimulated
j � 100%

10 0.1029 0.07492 27.19145
20 0.1783 0.1534 13.96523
30 0.257 0.2319 9.76654
40 0.3352 0.31 7.5179
50 0.4088 0.3855 5.69961
60 0.4788 0.4587 4.19799
70 0.5471 0.5281 3.47286
80 0.6113 0.592 3.15721
90 0.6654 0.6508 2.19417
100 0.7111 0.7046 0.91408
150 0.8437 0.8891 5.38106
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Fig. 20. Comparison between simulation and f –�/-chart results for mean
annual solar fraction as a function of collector area Ac, for Tmin = 77 �C.
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It can be observed that good agreement exists between
both methodologies, with error levels decreasing as collec-
tor area approaches a value of 100 m2.

The comparison for the mean annual solar fraction
between the simulation results and the f –�/-chart method
for the case in which Tmin = 77 �C is depicted in Fig. 20.
Table 2 shows the numerical data for solar fraction and
percentage error as function of collector area for this case.
It is seen that good agreement exist between both method-
ologies, and that the best fit occurs for collector areas of 70
and 80 m2, which is in agreement to the optimum collector
area of 80 m2 determined by Vidal and Colle (2004). It is
interesting to note that, for Fig. 20, Tmin is lower than
Tg. This result seems to indicate that a lower value of Tmin

also results in good agreement with the f –�/-chart method.

7. Conclusions

A comparison of the solar fraction computation by the
f –�/-chart method and by hourly simulation results of a
solar-assisted ejector cooling cycle has been carried out,
for a particular vapor generator temperature of 80 �C.
The simulation is based on energy conservation for three
flow circuits: a solar heating circuit, a vapor generation cir-
cuit, and an ejector/evaporator circuit. All three circuits are
linked by proper energy conservation expressions, and the
methodology is able to successfully simulate a wide range
of solar fractions, including single-phase and two-phase
flow in the vapor generator.

The numerical results show that the simulation results
are in good agreement with the f –�/-chart prediction for
the annual solar fraction, and that a minimum equivalent
utilizability temperature of 77 �C, which is lower than the
vapor generation temperature, can be used. The best fit is
found for collector areas close to what has been determined
in the literature to be an optimum value, for particular load
conditions.

The analysis indicates that the simulations presented are
a valid design methodology, comparable to the more estab-

lished f –�/-chart method, and that monthly mean radiation
data can be used with an acceptable error level for design
and analysis purposes in cases when a TMY database is
not available.

The methodology is independent of the refrigeration
cycle COP, and thus can be used for different combinations
of components and refrigeration loads.

The present analysis should be made for other values of
the vapor generator temperature. It should also be
extended to other refrigerant fluids, in order to find a cor-
relation between vapor generation temperature and the
respective equivalent minimum temperatures for the
f –�/-chart correlation.
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