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In this study, an exergy analysis of two kinds of solar-driven cogeneration systems consisting of solar collectors and an organic
Rankine cycle (ORC) is presented for series mode and parallel mode. Three kinds of solar collectors are considered: flat-plate
collectors (FPC), evacuated tube collectors (ETC), and parabolic trough collectors (PTC). This study mainly compares the
exergy output of the two kinds of solar cogeneration systems under different temperatures of the return heating water and
different inlet temperatures of the solar collectors. This study shows that, from the perspective of Wnet or E̲ n

, the parallel mode
is superior to the series mode. From the perspective of Ez , the parallel mode is superior to the series mode when the solar
collector is FPC; however, the series mode is superior to the parallel mode when the solar collector is PTC. When the solar
collector is ETC, the result depends on the temperature of the return heating water. When the temperature of the return heating
water is low (below 46°C), the series mode is better, and when the temperature of the return heating water is high (above 46°C),
the parallel mode is better.

1. Introduction

A solar water heating system is a solar energy application that
has drawn great attention among researchers in this field. In
Lhasa, Tibet, China, known as “the city of sunlight,” a num-
ber of buildings use solar water heating systems for heating in
winter. However, the sunlight is very strong, and the cycle
water is sometimes heated to boiling, as shown in Figure 1.
Wang et al. [1] analyzed the problems of current solar heat-
ing systems in Lhasa and noted that sunlight exposure was
the most common cause.

As there is no need for a cold supply in Lhasa in the sum-
mer, a good solution might be to transform the strong solar
radiation into electrical power through solar collectors and
thermal power plants during the nonheating season and
parts of the heating season. This not only improves the reli-
ability of the solar water heating system but also reduces
the local consumption of fossil fuels and their impact on
the ecological environment. However, the outlet temperature
of solar collectors for heating systems is low for thermal
power generation based on the Rankine cycle. The organic

Rankine cycle (ORC) enables efficient power generation units
from low-grade heat sources by replacing water with organic
working fluids, such as refrigerants or hydrocarbons. Thus,
solar collectors and the ORC can form solar thermal power
generation systems in the nonheating season and solar-
driven cogeneration systems in the heating season. This
paper mainly discusses the solar-driven cogeneration system
consisting of solar collectors and the ORC.

A few studies have examined solar collectors integrated
with an ORC for electrical power production. Wang et al.
[2, 3] proposed and tested a low-temperature solar ORC sys-
tem utilizing R245fa as the working fluid. The overall power
generation efficiency was 4.2% when the solar collectors were
evacuated tube collectors (ETC), while it was 3.2% when
using flat plate collectors (FPC). Al-Sulaiman et al. [4–6]
studied a novel trigeneration system using parabolic trough
collectors (PTC) and an ORC. The maximum electrical effi-
ciency for the solar mode was 15%, the solar and storage
mode was 7%, and the storage mode was 6.5%; the maximum
electrical-exergy efficiency was 7%, the solar and storage
mode was 3.5%, and the storage mode was 3%. He et al. [7]
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built a model for a typical thermal power generation system
with PTC and an ORCwithin the transient energy simulation
package TRNSYS and found that pentane had the best
performance among three organic working fluids: R113,
R123, and pentane. Pei et al. [8, 9] reported that the overall
electrical efficiency was approximately 8.6%when a solar irra-
diation of 750W/m2 was assumed for a low-temperature
solar thermal electric generation system based on compound
parabolic collectors (CPC) and an ORC. In a different study,
Li et al. [10] noted that the optimal evaporation temperature
and corresponding annual power output for Lhasa are 116°C
and 163.42 kWh/m2, respectively, for a low-temperature solar
thermal electric generation system mainly consisting of CPC
and an ORC with R123.

It can be observed from the literature that the main
form of the solar-driven cogeneration system is in series
mode, as shown in Figure 2. The heating source for the
heating system is the heat of condensation of the ORC
system. However, the efficiency of collectors decreases with
increasing inlet temperature of the fluid, and the efficiency
of the ORC system decreases with increasing condensing
temperature. Therefore, the series mode might not be the
optimal form.

This paper proposes a new form of the solar-driven
cogeneration system, the parallel mode, as shown in
Figure 3. The solar water heating system and the solar
ORC power generation system are connected in parallel.
A portion of the solar collectors operate at low tempera-
tures for heating, and the rest operate at high temperatures
for power production. The solenoid valve VM is used to
regulate the area of the collectors for heating or power gen-
eration. In this way, the efficiency of the collectors in the
solar water heating system can be higher. In addition, the
condensing temperature of the solar ORC power genera-
tion system is lower, which provides a higher power gener-
ation efficiency.

However, in parallel mode, a large amount of condensing
heat is discharged into the environment. Therefore, it is not
known whether the parallel mode has better thermodynamic
performance than the series mode.

This paper mainly analyzes and compares the thermody-
namic properties of the two kinds of solar-driven cogenera-
tion systems: series mode and parallel mode.

2. System Descriptions

Figures 2 and 3 show the examined systems. Figure 2 shows
the series mode, while Figure 3 shows the parallel mode.
The examined systems are located in Lhasa, Tibet, China.
Each mode is separated into 3 main parts: the solar collector
field, the ORC system, and the heating system. All these parts
are operated simultaneously to convert solar energy into elec-
tricity and heat.

The solar collector field consists of a number of solar col-
lectors (FPC, ETC, or PTC). The working fluid is pressurized
water to remain in the liquid phase in all cases, operating
with a pressure of 5 bar. The water remains in the liquid
phase even when its temperature reaches up to 150°C under
this pressure [11]. To obtain an efficient ORC, the organic
fluid should be carefully selected. A number of researches
[12–16] have studied the selection of the ORC system. One
of the typical recommended organic fluid types used to oper-
ate the ORC is R245fa. Hence, it is selected as the working
fluid of the ORC.

The power generation of the two modes is similar, except
that the condensing temperature of the ORC system is differ-
ent. There are three main operating modes, which are con-
trolled by the solenoid valves V1~V6:

(1) Solar mode: V2, V5, pump-1, on; V1, V3, V4, V6,
pump-2, off

(2) Solar and storage mode: V1, V2, V4, V5, pump-1, on;
V3, V6, pump-2, off

(3) Storage mode: V1, V2, V4, V5, pump-1, off; V3, V6,
pump-2, on

The heating system in the two modes is different; the
heating source of the series mode is the heat of condensation
of the ORC system, and the source for the parallel mode is the
solar collector system.

There are three main operating modes of the heating sys-
tem in the series mode, which are controlled by the solenoid
valves V7~V10:

(1) Heating mode: V7, V8, V9, V10, off; pump-3, on

Figure 1: Overheating of solar collector systems in Lhasa.
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(2) Heating and storage mode: V9, V10, pump-3, on; V7,
V8, off

(3) Storage mode: V9, V10, off; V7, V8, pump-3, on

There are three main operating modes of the heating sys-
tem in the parallel mode, which are controlled by the sole-
noid valves V7~V10 and VM~VM′:

(1) Heating mode: V7, V8, V9, V10, off; pump-3,
VM1~VM(n) and VM1′~VM(n)′, on

(2) Heating and storage mode: V7, V8, off; V9, V10,
pump-3, VM1~VM(n) and VM1′~VM(n)′, on

(3) Storage mode: V9, V10, VM1 and VM1′, off; V7, V8,
pump-3, on
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Figure 2: The series mode of the solar-driven cogeneration system.
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3. Mathematical Modeling

3.1. Solar Collector. Solar energy is the energy source of the
analyzed system. The solar energy potential of the solar
field can be calculated from the collector aperture and
the effective radiation. Equation (1) shows the available
solar energy.

Qsol = Acol ⋅Gef f 1

The effective radiation is different for every collector.
FPC and ETC use both beam and diffuse radiation, while
PTC only uses beam radiation. The effective radiation of
every collector is presented as follows:

Gef f =
Gtil for FPC and ETC,

GPTC for PTC
2

The radiation in the tilted surface is given from (3)
[17]. The symbol G is used for the solar irradiance. The
subscripts b, n, dif, and tot are as follows: b and n refer
to the beam radiation on a plane normal to the direction
of propagation; dif refers to the diffuse radiation; and tot
refers to the total radiation on a horizontal surface. The
symbol θ represents the angle of incidence, and β repre-
sents the slope.

Gtil =Gb,n ⋅ cos θ +Gdif ⋅
1 + cos β

2

+Gtot ⋅ ρ ⋅
1 − cos β

2

3

The radiation that PTC exploit is given as follows:

GPTC = Gb,n ⋅ cos θ 4

For a tilted surface, θ is given as follows:

cos θ = sin δ sin ϕ cos β

− sin δ cos ϕ sin β cos γ

+ cos δ cos ϕ cos β cos ω

+ cos δ sin ϕ sin β cos γ cos ω

+ cos δ sin β sin γ sin ω

5

For a surface that can rotate around an axis in the
east-west direction, θ is given as follows:

cos θ = 1 − cos2 δ sin2 ω , 6

where δ, ϕ, γ, and ω represent declination, latitude, azi-
muth angle, and solar hour angle, respectively. The decli-
nation δ can be found from the equation by Cooper
[18]. The symbol n refers to the day of the year.

δ = 23 45° sin 360° ×
284 + n
365

7

The solar hour angleω canbe calculated from the following:

ω = 0 25° AST − 720 ,

AST = LST + ET − 4 SL − LL ,

ET = 9 87 sin 2B − 7 53 cos B − 1 5 sin B ,

B = 360° ×
n − 81
364

,

8

where AST and LST refer to solar time and local standard time,
respectively. The symbols SL and LL refer to the standard
meridian for the local time zone and the longitude of the loca-
tion, respectively.

The thermal efficiency of the collector is the comparison
of the useful energy that the working fluid absorbs to the
solar energy delivered to the collector. Equation (9) presents
this efficiency:

ηcol =
Quse
Qsol

=
cp,col ⋅mcol ⋅ tcol,out − tcol,in

Acol ⋅Gef f
9

For each collector type, a typical efficiency curve from
the literature is selected [19–21], and (10) presents their
efficiencies:

ηcol =

0 79 − 6 67 ⋅
tcol,in − ta

Gtit
 for FPC,

0 76 − 2 19 ⋅
tcol,in − ta

Gtit
 for ETC,

0 762 − 0 2125 ⋅
tcol,in − ta
GPTC

− 0 001672 ⋅GPTC ⋅
tcol,in − ta
GPTC

2
 for PTC

10
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3.2. ORC System. The thermal process of the ORC system is
shown in Figure 4.

Processes 5–1 in the evaporator are given by (11). The
pinch point temperature of the evaporator can be described
by (12).

Qevap =morg ⋅ h1 − h5 = cp,col ⋅mcol ⋅ tR,in − tR,out , 11

Δtevap = t8 − t6 12

Processes 1–2 in the screw expander are given by

WSE =morg ⋅ h1 − h2 ⋅ ηSE 13

Processes 2–4 in the condenser are given by

Qcond =morg ⋅ h2 − h4 = cp,wat ⋅mwat ⋅ tL,out − tL,in 14

The pinch point temperature of the condenser can be
described by

Δtcond = t3 − t9 15

An evaporative condenser exchanges heat by both heat
and mass transfer on the outside surface of the condenser
tubes. A large part of the heat exchanged by the condenser
comes from the evaporating water, so an evaporative con-
denser is mainly a wet bulb sensitive device [22]. The con-
densing temperature can be calculated by (16), where Twb
is the web bulb temperature of the outside air.

tcond = twb + t9 − tL,in + Δtcond 16

According to the literature [23], the power consumption
of the evaporative condenser is given by (17), where Wpu is
the power consumption of the evaporative condenser per
unit cooling load.

Wcond =Qcond ⋅Wpu 17

Processes 4–5 in the ORC pump are given by

WOP =
morg ⋅ h5 − h4

ηOP
18

The net power output of the ORC system is

WORC =WSE −WOP −Wcond 19

The thermal efficiency of the ORC system can be calcu-
lated as

ηORC =
WORC
Qevap

=
WSE −WOP −Wcond

cp,col ⋅mcol ⋅ tR,in − tR,out
20

3.3. Exergy Analysis. For the solar-driven cogeneration sys-
tem, the energy level of the two kinds of output, heat and
electricity, is different. Therefore, this paper uses the exergy

analysis method to compare the two kinds of solar-driven
cogeneration systems.

The exergy of the output electricity is

Wnet =WORC −Wp1 −Wp2 −Wp3, 21

whereWp1,Wp2, andWp3 represent the power consumption
of the pumps (pump-1, pump-2, and pump-3, respectively,
in Figures 2 and 3).

Wp i =
rQ i H i

ηp i
, 22

where Qp i ,Hp i , and ηp i represent the flow rate, hydraulic
head, and efficiency of the pumps, respectively, and r repre-
sents the volume weight of the working fluid.

The exergy of the output heat is

En = cn ⋅mn ⋅ tn,g − tn,h − ta ⋅ ln
tn,g
tn,h

, 23

where cn represents the specific heat of the heating water, in
kJ/kg·K; mn represents the mass flow rate of the heating
water, in kg/s; and tn,g and tn,h represent the temperature of
the supply and return heating water, in K.
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Figure 4: T-s diagram of an ORC.

Table 1: Other parameters of the analysis system.

Parameter Value Parameter Value

ϕ 29.5° Δtcond 3°C

LL 91.1° Wpu 11.12W/kW

SL 120° ηSE 0.85 [13]

n 172 H1 15m

γ 0 H2 15m

β 40° H3 30m

ρ 0.2 r 9.8 kN/m3

Δtevap 3°C ηp i 0.6
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The total exergy is

Ez =Wnet + En 24

3.4. Simulation Parameters. For the meteorological data in
the simulation, the values of Gb,n,Gdif ,Gtot, and ambient
temperature use TMY data that are taken from Meteonorm
software. The other parameters (the latitude of the place,
the slope angle of the collectors, and the ground reflectance)
are shown in Table 1. FPC and ETC are sloped, while PTC
are horizontal with the axis in the east-west direction and a
tracking system for movement in the north-south direction.

As there is no document to specify the design day, this
paper takes the average meteorological data of the heating
season for analysis. Figure 5 shows the average meteorologi-
cal data.

The optimization parameter of this system is the inlet
temperature of the pressurized water in the collectors. This
parameter determines the collector efficiency and influences
the outlet temperature of the collectors. The outlet and inlet
temperatures of the collectors are the inlet and outlet temper-
atures of the evaporator of the ORC system, respectively,
which determines the efficiency of the ORC system. A high
inlet temperature for the collectors decreases the collector
thermal efficiency but increases the efficiency of the ORC sys-
tem. Thus, an optimization of this temperature is needed to
design an optimum system. Four different simulations, one
for each collector type, are presented in this study. It is essen-
tial to mention that the solar potential is different from case
to case because each collector type utilizes the diffuse radia-
tion in a different way, which has been presented in (2).
The analysis is performed under steady-state conditions
using MATLAB and REFPROP.

4. Results and Discussions

All the simulation results are presented and analyzed to
determine which kind of solar-driven cogeneration system
has better thermodynamic properties.

4.1. Collector Performance. The collector efficiency depends
on the operating conditions, among which the effective

radiation and the water inlet temperature are two crucial
parameters. Figure 5 shows the effective irradiance of every
collector. Apparently, the effective radiation of the collectors
changes with time. Before 7:00 and after 19:00, there was no
effective irradiance. The effective irradiance increases in the
morning from 7:00 until it reaches a maximum value and
then decreases until 19:00. The maximum effective irradiance
of every collector occurs at 13:00. The effective irradiance of
PTC is higher than that of FPC and ETC from 7:00 to 9:00
but lower from 9:00 to 19:00.

Figure 6 shows the efficiency of each collector under dif-
ferent inlet temperature conditions. It is obvious that the effi-
ciency decreases with increasing inlet temperature. PTC are
the most efficient technology with ETC being the second.
FPC follow with a lower efficiency. For higher inlet tempera-
ture levels, the performance of FPC is very low because the
heat losses are very large. PTC and ETC use evacuated tubes,
so the heat losses remain low for the entire examined temper-
ature region.

Figure 7 shows the collected heat of collectors with a 1m2

collector area at different inlet temperatures on the analyzed
day. It can be seen from the figure that the collected heat
decreases with increasing inlet temperature, and FPC
decreases the most while PTC decreases the least. Therefore,
for the solar-driven cogeneration system with FPC, the paral-
lel mode can significantly improve the collected heat. How-
ever, for ETC or PTC, the improvement is not as significant.

4.2. ORC Performance. For the ORC system, the tempera-
tures of the heat source and the cold source are two crucial
parameters for the thermal efficiency. Figure 8 depicts the
influence of inlet temperature on the thermal efficiency of
the ORC system in parallel mode and series mode.

A higher temperature of the heat source leads to a higher
efficiency. A higher temperature of the heat source corre-
sponds to a higher inlet temperature of the solar collectors.
Apparently, the thermal efficiency increases with the inlet
temperature up to 145°C because the critical temperature of
R245fa is 154°C.

Figure 8 shows that the efficiency of the ORC system in
the parallel mode is significantly higher than that in the series
mode. As the heating temperature increased, the efficiency of
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the ORC system in the series mode gradually decreased. The
reason is that the condensing temperature of the ORC system
in the parallel mode is the wet bulb temperature of the air,
which is much lower than that in the series mode.

4.3. Series Mode of the Solar-Driven Cogeneration System. For
the series mode of the solar-driven cogeneration system, the
inlet temperature of the collectors and the temperature of

the return heating water are two crucial parameters for the
thermal performance. Figure 9 depicts the influence of inlet
temperature on the exergy output of the series mode of the
solar-driven cogeneration system when the temperature of
the return heating water is 40°C.

Figure 9 shows that for the three types of solar collectors,
the output exergy could be ranked from high to low: Ez >
En >Wnet.

For FPC, with the increase of the inlet temperature of the
collectors, Wnet increases until it reaches a maximum value
and then decreases. En and Ez decrease with the increase of
the inlet temperature of the collectors. The optimum inlet
temperature for FPC is 65°C, and the maximum Ez is
0.265 kWh.

For ETC and PTC, with the increase of the inlet temper-
ature of the collectors,Wnet and Ez increase until they reach a
maximum value and then decrease. En decreases with the
increase of the inlet temperature of the collectors. The opti-
mum inlet temperature for ETC is 85°C, and the maximum
Ez is 0.657 kWh. The optimum inlet temperature for PTC is
135°C, and the maximum Ez is 0.850 kWh.

4.4. Parallel Mode of the Solar-Driven Cogeneration System.
For the parallel mode of the solar-driven cogeneration sys-
tem, a portion of the solar collectors operate at low tempera-
tures for heating, and the rest operate at high temperatures
for power production. The inlet temperature of the collectors
for heating is the temperature of the return heating water,
which is 40°C. The inlet temperature of the collectors for
power production is the optimum temperature, which is
60°C for FPC, 100°C for ETC, and 140°C for PTC.

For the parallel mode of the solar-driven cogeneration
system, the proportion of the solar collector area that is used
for heating and power production is a crucial parameter for
the thermal performance.

Figure 10 shows that for the three types of solar collec-
tors, En and Ez increase whileWnet decreases with an increas-
ing proportion of solar collector area for heating. That is, the
exergy output of the solar heating system is higher than that
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of the solar power production system when the solar collector
area is the same. Ez (En) reaches the maximum when all the
collectors are used for heating, and Wnet reaches the maxi-
mum when all the collectors are used for power production.

4.5. Comparison of the Two Kinds of Solar-Driven
Cogeneration Systems. Figure 11 shows the maximum
exergy output of the two modes of the solar-driven cogene-
ration system with a 1m2 collector area on the analyzed day
at different temperatures of the return heating water. The
value beside each point in Figure 11 indicates the optimum
inlet temperature of the collectors for the maximum exergy
output in series mode. The optimum proportion of solar
collector area for heating is 1 for En (Ez) and 0 for Wnet
in parallel mode.

In the series mode, for the three types of solar collectors,
the maximum Wnet decreases with the increase of the tem-
perature of the return heating water. The reason is that the
condensing temperature increases with increasing tempera-
ture of the return heating water, which decreases the power
generation efficiency. For FPC, the maximum Ez decreases
with increasing temperature of the return heating water.
When tn,h = 40°C, the maximum Ez is 0.265 kWh; when
tn,h = 60°C, the maximum Ez is 0.194 kWh; and when tn,h
= 80°C, the maximum Ez is 0.088 kWh. For ETC and
PTC, the maximum Ez increases with increasing tempera-
ture of the return heating water. For ETC, when tn,h = 40
°C, the maximum Ez is 0.657 kWh; when tn,h = 60°C, the
maximum Ez is 0.754 kWh; and when tn,h = 80°C, the
maximum Ez is 0.823 kWh. For PTC, when tn,h = 40°C,
the maximum Ez is 0.850 kWh; when tn,h = 60°C, the max-
imum Ez is 0.976 kWh; and when tn,h =80

°C, the maxi-
mum Ez is 1.088 kWh.

In the parallel mode, for the three types of solar collec-
tors, the maximum Wnet remains the same with the increase

of the temperature of the return heating water because all the
solar collectors are used for power production and none for
heating. For FPC, the maximum Ez decreases with increasing
temperature of the return heating water. When tn,h = 40°C,
the maximum Ez is 0.415 kWh; when tn,h = 60°C, the maxi-
mum Ez is 0.376 kWh; and when tn,h = 80°C, the maximum
Ez is 0.272 kWh. For ETC and PTC, the maximum Ez

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

40 60 80 100 120 140 160

�휂 O
RC

tcol, in (°C)

Parallel mode

Series
mode, tn, h = 40 °C
Series
mode, tn, h = 50 °C

Series
mode, tn, h = 60 °C
Series
mode, tn, h = 70 °C
Series
mode, tn, h = 80 °C

Figure 8: Efficiency of the ORC system.

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

60 70 80 90 100 110 120 130 140 150

Ex
er

gy
 (k

W
h)

tcol, in (°C)

FPC

Ex
er

gy
 (k

W
h)

tcol, in (°C)

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

60 70 80 90 100 110 120 130 140 150

ETC

Ex
er

gy
 (k

W
h)

tcol, in (°C)

En
Wnet
Ez

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

60 70 80 90 100 110 120 130 140 150

PTC

Figure 9: Output exergy for a 1m2 collector area on the analyzed
day (tn,h = 40°C).
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increases with increasing temperature of the return heating
water. For ETC, when tn,h = 40°C, the maximum Ez is
0.628 kWh; when tn,h = 60°C, the maximum Ez is 0.795 kWh;
and when tn,h = 80°C, the maximum Ez is 0.900 kWh. For
PTC, when tn,h = 40°C, the maximum Ez is 0.624 kWh; when
tn,h = 60°C, the maximum Ez is 0.848 kWh; and when tn,h =
80°C, the maximum Ez is 1.035 kWh.

Make ΔEn = En − series − En −parallel , ΔWnet = Wnet
− series − Wnet − parallel , and ΔEz = Ez − series −
Ez − parallel , and then ΔEn, ΔWnet, and ΔEz of the three
collector types are shown in Figure 12. From Figure 12, it
can be seen that from the perspective of Wnet or En, the par-
allel mode is superior to the series mode. From the perspec-
tive of Ez , the parallel mode is superior to the series mode
when the solar collector is FPC; however, the series mode
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Figure 10: Output exergy for a 1m2 collector area on the analyzed
day (tn,h = 40°C).
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Figure 11: Maximum output exergy of two kinds of solar-driven
cogeneration systems with a 1m2 collector area on the analyzed day.
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is superior to the parallel mode when the solar collector is
PTC. When the solar collector is ETC, the result depends
on the temperature of the return heating water. When the
temperature of the return heating water is low (below
46°C), the series mode is better, and when the temperature
of the return heating water is high (above 46°C), the parallel
mode is better.

5. Conclusions

The performance of two kinds of solar-driven cogeneration
systems consisting of solar collectors and an ORC is com-
pared and analyzed for series mode and parallel mode. Three
kinds of solar collectors are considered: FPC, ETC, and PTC.
The exergy outputs of the two kinds of solar cogeneration
systems under different temperatures of the return heating
water and different inlet temperatures of the solar collectors
are calculated and compared. The main results of this study
are summarized below:

(1) In the series mode, with the increase of the inlet
temperature of the collectors, the total exergy out-
put decreases for FPC and increases until it reaches
a maximum value and then decreases for ETC and
PTC

(2) In the parallel mode, the total exergy output increases
with the increase of the proportion of solar collector
area for heating. The exergy output of the solar heat-
ing system is higher than that of the solar power pro-
duction system when the solar collector areas are the
same

(3) From the perspective ofWnet or En, the parallel mode
is superior to the series mode

(4) From the perspective of Ez , the parallel mode is supe-
rior to the series mode when the solar collector is

FPC; however, the series mode is superior to the par-
allel mode when the solar collector is PTC. When the
solar collector is ETC, the result depends on the tem-
perature of the return heating water. When the tem-
perature of the return heating water is low (below
46°C), the series mode is better, and when the tem-
perature of the return heating water is high (above
46°C), the parallel mode is better

Nomenclature

A: Area (m2)
AST: Solar time (minutes)
c: Specific heat (kJ/kg·K)
E: Exergy (kwh)
G: Solar irradiance (W/m2)
h: Enthalpy (kJ/kg)
LL: Longitude (°)
LST: Local standard time (minutes)
m: Mass flow rate (kg/s)
Q: Heat rate (W)
s: Entropy (kJ/kg)
SL: Standard meridian for the local time zone (°)
t: Temperature (°C)
W: Power (kWh)

Greek Letters

β: Collector slope (°)
γ: Azimuth angle (°)
δ: Declination angle (°)
η: Efficiency
θ: Angle of incidence (°)
ρ: Ground reflectance
ω: Solar hour angle (°)
ϕ: Latitude (°)

Subscripts and Superscripts

a: Ambient
b,n: Beam radiation on a plane normal to the direction of

propagation
col: Collector
cond: Condenser
dif: Diffuse radiation
eff: Effective
evap: Evaporator
in: Inlet
L: Cooling source
OP: Organic pump
org: Organic fluid
out: Outlet
R: Heating source
SE: Screw expander
sol: Solar energy
til: Tilted surface
tot: Total radiation on a horizontal surface
use: Useful
wat: Water
wb: Wet bulb.
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Figure 12: ΔEn, ΔWnet, and ΔEz of the three collector types.
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