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Abstract: The innovative development of a thermally driven pump in the supercritical CO2 solar Rankine cycle system has been carried out and investigated to
increase the system efficiency in field operation. To confirm the advantage of the
thermally driven pump over conventional mechanical feed pump, the energy and
exergy analysis of the system is investigated and discussed. It can be confirmed
from the analysis that the thermally driven pump operating under an actual climate
condition gives the higher exergetic efficiency in output power to the system
compared with the mechanical feed pump. On the contrary, the high rate of exergy
destruction is found in the evacuated solar collector under both system conditions.
To increase the exergetic efficiency and to prevent the destruction rate, the proper
components design, which can be considered as the essential factor to develop the
higher performance system, are suggested in the present study.
Subjects: Mechanical Engineering; Renewable Energy; Renewable Energy
Keywords: carbon dioxide; exergy analysis; solar energy; Rankine cycle; thermally driven
pump
1. Introduction
Fossil fuels, such as the coal, oil, or gas, which are the leading cause of environmental problems,
have been consumed as the power generation sources for many decades. The burning of fossil
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In the viewpoint of preventing global warming
and greenhouse effect, the interest to use CO2 as
a natural working fluid has been given much
attention for decades. The utilization of CO2 in
green/renewable energy cycle has been
researched and developed. In this study, the
energy analysis and exergy analysis of supercritical CO2 solar Rankine cycle system by using either
conventional mechanical feed pump or the thermally driven pump are investigated in a realistic
operating condition (field test), and the results are
verified to confirm the advantage and superior
property of the thermally driven pump against the
mechanical feed pump, in which exergy analysis
is based on the combination of the first and the
second laws of thermodynamics, also able to
verify the losses of quality, or work potential in
the system.

© 2018 The Author(s). This open access article is distributed under a Creative Commons
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fuels releases pollutants, such as carbon dioxide (CO2), sulfur dioxide (SO2), nitrogen oxide (NOX),
and particulate matter (PM), to the air, which directly affect human health in more significant
extent and are considered as the root of global warming and climate change crisis (Hu, Naito,
Kobayashi, & Hasatani, 2000). On the other hand, due to the limitation of fossil fuel resources, the
world will be led to face the severe energy crisis in the next few decades. Owing to environment
and energy issues, utilization of green energy resources is increasingly considered with close
attention to promoting in an actual industrial application.
Since 2015, the natural working fluids such as ammonia (NH3) and carbon dioxide (CO2) have
been recommended to use and utilize as a working fluid in industrial in order to achieve the goal of
reducing the carbon emission and to respond the global climate change threat following the “Paris
Agreement” (Dimitrov, 2016). In clearing the target of Paris Agreement, the interest in CO2 as a
working fluid in the thermodynamic cycle has increased enormously by taking account of the
reasons that CO2 itself is environmentally friendly compared with other natural working fluids. The
flavor comes from the fact that the Ozone Layer Depletion (ODP) and Global Warming Potential
(GWP) of CO2 are defined by 0 and 1, respectively. Moreover, CO2 can be classified as nonflammable, non-toxic, chemically inactive, and inexpensive in using as a working fluid.
Furthermore, CO2 has high vapor pressure and sizeable volumetric refrigeration capacity,
22,545 kJ/m2 at 0°C that the system volume and the changing mass of working fluid are much
useful when using CO2 in the thermodynamic cycle.
Many kinds of research on the utilization of CO2 in green technology application has been
conducted in various aspect of industrial applications, and among which some of the CO2 application in energy conversion has been much focused in the supercritical state due to the high
operation efficiency in a thermodynamic cycle. CO2 easily becomes to the supercritical state in
moderate operation condition due to its low critical point, 7.38 MPa and 31.1°C, respectively, for
critical pressure and critical temperature. Given preventing global warming and sustainable energy
development, the new supercritical CO2 thermodynamic cycle with solar input energy for both
electric power generation and thermal energy supplies, namely supercritical CO2 solar Rankine
cycle system (SRCS) has been purposed by Zhang, Yamaguchi, Fujima, Enomoto, and Sawada
(2005).
The SRCS consists of an evacuated solar collector, turbine, heat exchanger units, and the
mechanical feed pump, with which in the previous investigation the fundamental system performance was investigated for the electric and thermal energy generation (Zhang, Yamaguchi, &
Uneno, 2007). However, in SRCS, the mechanical feed pump was used as a driving device that the
external energy input is required to operate with the mechanical movement part, causing the
mechanical loss. From these reasons, the mechanical feed pump resulted in decreasing the overall
efficiency of the system with extra consumption from the electric energy generation of SRCS,
which reduced the reliability and stability of the system at the same time. To conquer these
problems, the new development in SRCS is attempted to develop a thermally driven pump,
which was introduced and installed in the system instead of the mechanical feed pump
(Kuwahara, Niu, Yamaguchi, Iwamoto, & Zhang, 2011). The outlook of SRCS and thermally driven
pump are respectively shown in Figure 1(a) and (b). The thermally driven pump is believed to give
advantages of low-quality energy consumption and high reliability to the system. However, in the
recent development, the non-continuous flow phenomenon is observed in CO2 outlet of the
thermally driven pump in a trial run due to its intermittent heating and cooling processes.
In this paper, the energy and exergy analysis of SRCS by using either conventional mechanical feed
pump or the thermally driven pump are investigated in a realistic operating condition (field test), which
the exergy analysis is used to improve the efficiency of the system by energy-resource use (Kanoglu,
Dincer, & Rosen, 2007). Moreover, exergy analysis points the specific weakness of the system to
design higher efficient system by reducing inefficiencies. For these reasons, the exergy analysis gives
the meaningful over energy analysis in term of efficiency evaluation (Hepbasli, 2008; Pope,
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Figure 1. Outlook of (a) supercritical CO2 solar Rankine cycle
system and (b) thermally driven
pump

Dincer, & Naterer, 2010). From the analysis results, it is verified to confirm the advantage and superior
characteristic of the thermally driven pump against the mechanical feed pump. The details of SRCS
with the thermally driven pump will be discussed in next session together with the test conditional
(in comparison with the mechanical feed pump).

2. System description
The schematic diagram of SRCS with the mechanical feed pump and with the thermally driven
pump is outlined in Figure 2. The SRCS can be operated, and its performance can be examined by
using either the mechanical feed pump or the thermally driven pump. As shown in Figure 2,
high-pressure CO2 is heated in evacuated solar collector by solar energy, and it reaches the
high-temperature supercritical state (⑤ → ①). At the outlet of the evacuated solar collector,
supercritical CO2 expands and drives the turbine generator. Electric energy is available and
obtained from the turbine generator, while the CO2 becomes a low-pressure state (① → ②).
Because of the remaining high-temperature state, the circulation CO2 is cooled in the
high-temperature heat exchanger, with which heat energy can be recovered to use as a heat source
for the refrigeration cycle (② → ③). In case of using the thermally driven pump in SRCS, heat energy
obtained from the high-temperature heat exchanger is utilized as a heat source for the heating
process in the thermally driven pump operation. The low-temperature heat exchanger is used to
further cool down CO2 to the liquid state, while the waste heat energy can be recycled for hot water
supply purpose (③ → ④). After leaving heat exchanger units, CO2 is pumped to the high-pressure
state into the evacuated solar collector by the mechanical feed pump or by the thermally driven

Figure 2. Schematic diagram of
SRCS with the mechanical feed
pump and with the thermally
driven pump
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pump (④ → ⑤), and the cycle recommences. The SRCS is categorized as a trans-critical cycle
involving to supercritical point and supercritical region CO2 inside the Rankine cycle.

2.1. Novel development: thermally driven pump
The thermally driven pump is a refrigerant (liquid CO2)-circulation pump, which uses hot and
cold water for pressurizing and depressurizing CO2 inside the device. The thermally driven
pump consists of two expansion tanks with cooling and heating function. The schematic of
the thermally driven pump is drawn in Figure 3. The expansion tanks are designed and
manufactured as a high-pressure vessel with a maximum operating pressure of 12 MPa. In
the operation of the thermally driven pump, lower valves are opened, and low-pressure CO2
(5 MPa) from low-temperature heat exchanger flows into one (lower-pressure tank, while
another tank is kept at higher pressure) tank by the exerted pressure difference. After filling
CO2 in one tank, hot water is supplied subsequently for heating CO2 to high-pressure supercritical state (5–8 MPa), and CO2 turns into a supercritical state. When CO2 becomes a highpressure state in the tank, the upper valve is opened, and the supercritical CO2 expands and
flows toward the evacuated solar collector by the exerted pressure difference. After CO2
flowing out from the tank, cold water is used to reduce the pressure in the tank (to be lower
than 5 MPa), and then the tank is filled by liquid CO2 from the low-temperature heat exchanger. Following the process, both tanks are continuously operated to achieve progressively highpressure state and low-pressure state in both tanks, making a thermally driven pump able to
charge CO2 into the evacuated solar collector as if the mechanical feed pump does.

3. Experimental
For the field experiment to investigate the exergy and energy analysis of SRCS, the typical sunny days
of the winter season (12 December 2017 and 4 January 2018 for the mechanical feed pump and the
thermally driven pump, respectively) at noon in Kyoto, Japan (34°47′58.1″N 135°46′04.6″E), are
selected as a reference for measurement. The Correction in experimental method, series arrangement of the evacuated solar collector in 15 panels with the total solar collective area of 9.6 m2 (A) is
used for the experiment. The factor of wind speed, humidity, and ambient air temperature would
also be affected by the CO2 properties in the system (Chaichan & Kazem, 2016). The T-type thermocouples and pressure sensors with an accuracy of ±0.1°C and ±0.2% for temperature and pressure

Figure 3. Schematic of the
thermally driven pump using in
SRCS
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measurement, respectively, are used to measure temperature and pressure by components in the
SRCS while operated (refer to Figure 2). Also, the flow meter is installed at the upstream of the
evacuated solar collector with an accuracy of ±0.1%. The needle valve as an expander is used in the
experiment, instead of an actual turbine, to prevent mechanical loss and to clarify the characteristic
of the thermally driven pump alone in the system. The valve is operated in the ambient weather with
an adjustable range of 0.0 to 30.00 mm. In the present study, actual electric energy from the turbine
generator is not generated from the system as stated above. Therefore, the system performance is
estimated based on thermodynamic cycle analysis.

3.1. Thermodynamic cycle analysis of SRCS
The system analysis as described above in a field test is based on a steady state, namely
steady flow process, for which mass, energy, and exergy balance equations are adopted by
neglecting effects of potential and kinetic energy. The reference state of CO2 is set for 0°C at
saturated liquid, in which enthalpy and entropy set to 200 kJ/Kg and 1.0 kJ/kg·K, respectively,
and the reference state of water is adjusted to set as 0 of enthalpy and entropy for 0°C
saturated liquid. The efficiencies for the turbine (ηt) and mechanical feed pump (ηfp) are
respectively assumed as 0.9 and 0.8 for analysis in this study (Zhang et al., 2006). The energy
and exergy analysis for SRCS with the mechanical feed pump and with the thermally driven
pump are subsequently evaluated and compared in the same operating condition. In the
thermally driven pump operation, the energy use in the cooling process is omitted in this
study. The flow rate of water in the high-temperature heat exchanger (ṁHX1) and the lowtemperature heat exchanger (ṁHX2) are fixed to the range of 600–700 kg/h and 1,200–
1,300 kg/h, respectively.
It is noted that all CO2 thermo-physical properties used in this study are obtained and calculated
from PROPATH database (1997), while the properties of water are based on IAPWS by Wagner and
Pruß (2002).

4. Evaluation
The thermodynamic cycle performance on energy analysis following the first law of thermodynamics and exergy analysis following the second law of thermodynamics in SRCS are obtained
from a mathematical model in components (Grosu, Marin, Dobrovicescu, & Queiros-Conde, 2016;
Suzuki, 1988; Tsatsaronis & Cziesla, 2004). The procedure of calculating with the parameters of
components, (i) ~ (vi), can be written as follows, by referring Figure 2.

4.1. Evacuated solar collector (process 5–1)

Heat transfer rate Q̇ s of CO2 in the evacuated solar collector is:
_ CO2 ðh1  h5 Þ
Q_ s ¼ m

(1)

Moreover, the heat loss Q̇ loss,s can be estimated as:
Q_ loss;s ¼ IA  Q_ s
Thus, the exergy rate that can be calculated from (Petela, 2003):
"
 
 #
1 T0 4 4 T0

E_ Q_ s ¼ Q_ s 1 þ
3 Tsr
3 Tsr

(2)

(3)

where T0 is the ambient temperature, and Tsr is the solar radiation temperature assumed as
5,800 K (Ruppel & Wurfel, 1980).
The change in exergy rate Ė1 − Ė5 across the evacuated solar collector can be determined as:
_ CO2 ½h1  h5  T0 ðs1  s5 Þ
E_ 1  E_ 5 ¼ m

(4)
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Finally, the exergy destruction rate Πs should be obtained as:


s ¼ E_ Q_ s  E_ 1  E_ 5

(5)

4.2. Turbine (process 1–2)

Energy balance Q̇ t in turbine (the expansion valve) is:
_ CO2 ðh1  h2 Þ
Q_ t ¼ m

(6)

The power Wt of the turbine can be written as:
Wt ¼ Q_ t ηt

(7)

Moreover, the exergy rate change Ė1 − Ė2 from the inlet and outlet of the turbine is:
_ CO2 ½h1  h2  T0 ðs1  s2 Þ
E_ 1  E_ 2 ¼ m

(8)

Thus, the exergy destruction rate Πt of the turbine is calculated as:


t ¼ E_ 1  E_ 2  Wt

(9)

4.3. High-temperature heat exchanger (process 2–3)

The heat transfer rate Q̇ HX1 leaving high-temperature heat exchanger is:
_ WaterHX1 ðh7  h6 Þ
Q_ HX1 ¼ m

(10)

For heat loss Q̇ loss,HX1 in the high-temperature heat exchanger, it can be calculated as:
_ CO2 ðh2  h3 Þ  m
_ WaterHX1 ðh7  h6 Þ
Q_ loss;HX1 ¼ m

(11)

The exergy balance Ė2 − Ė3 across the high-temperature heat exchanger can be written as:
_ CO2 ½h2  h3  T0 ðs2  s3 Þ
E_ 2  E_ 3 ¼ m

(12)

Furthermore, exergy balance rate Ė7 − Ė6 for water heat absorption in the high-temperature heat
exchanger is determined as:
_ WaterHX1 ½h7  h6  T0 ðs7  s6 Þ
E_ 7  E_ 6 ¼ m

(13)

Thus, the exergy destruction rate ΠHX1 of the high-temperature heat exchanger can be obtained from:

 

(14)
HX1 ¼ E_ 2  E_ 3  E_ 7  E_ 6

4.4. Low-temperature heat exchanger (process 3–4)

The heat transfer rate Q̇ HX2 leaving low-temperature heat exchanger is calculated as:
_ WaterHX2 ðh9  h8 Þ
Q_ HX2 ¼ m

(15)

Heat loss Q̇ loss,HX2 in low-temperature heat exchanger is:
_ CO2 ðh3  h4 Þ  m
_ WaterHX2 ðh9  h8 Þ
Q_ loss;HX2 ¼ m

(16)

For the exergy balance Ė3 − Ė4 across the low-temperature heat exchanger, it can be obtained from:
_ CO2 ½h3  h4  T0 ðs3  s4 Þ
E_ 3  E_ 4 ¼ m

(17)

Moreover, exergy balance rate Ė9 − Ė8 for water heat absorption in the low-temperature heat
exchanger is:
_ WaterHX2 ½h9  h8  T0 ðs9  s8 Þ
E_ 9  E_ 8 ¼ m

(18)
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Hence, the exergy destruction rate ΠHX2 of the low-temperature heat exchanger can be calculated as:

 

(19)
HX2 ¼ E_ 3  E_ 4  E_ 9  E_ 8

4.5. Mechanical feed pump (process 4–5)

Energy balance Q̇ fp of mechanical feed pump is:
_ CO2 ðh5  h4 Þ
Q_ fp ¼ m

(20)

And the power required Wfp for mechanical feed pump can be estimated as:
Wfp ¼

Q_ fp
ηfp

(21)

The change of exergy Ė5 − Ė4 from state 4 to state 5 is:
_ CO2 ½h5  h4  T0 ðs5  s4 Þ
E_ 5  E_ 4 ¼ m

(22)

Thus, the exergy destruction rate Πfp in mechanical feed pump is obtained from:


fp ¼ Wfp  E_ 5  E_ 4

(23)

4.6. Thermally driven pump (process 4ʹ–5ʹ)

Energy balance Q̇ tp for the thermally driven pump is:
_ CO2 ðh5  h4 ; Þ
Q_ tp ¼ m

(24)

And the change in exergy Ė5ʹ − Ė4ʹ across thermally driven pump is calculated as:
_ CO2 ½h5  h4 ; T0 ðs5  s4 Þ
E_ 5  E_ 4 ; ¼ m

(25)

For the exergy destruction rate Πtp in the thermally driven pump, it can be estimated as:




tp ¼ E_ 5  E_ 4 þ E_ 7  E_ 6

(26)

Deriving the performance by components above, (i) ~ (vi), the overall performance of the system
will be given for the system thermal efficiency of SRCS with the mechanical feed pump (ηth,fp) and
with the thermally driven pump (ηth,tp), respectively, as:
ηth;fp ¼

Wnetfp Wt þ Q_ HX1 þ Q_ HX2  Wfp
¼
Qin
Q_ s

(27)

Wnettp Wt þ Q_ HX2
¼
Qin
Q_ s

(28)

and
ηth;tp ¼

The exergetic efficiency, the evaluation on the actual performance of an energy system from the
thermodynamic viewpoint of SRCS with the mechanical feed pump (ηe,fp) and with the thermally
driven pump (ηe,tp) can be written as:

 

Wt þ E_ 7  E_ 6 þ E_ 9  E_ 8
(29)
ηe;fp ¼
E_ Q_ s þ Wfp
and
ηe;tp ¼



Wt þ E_ 9  E_ 8
E_ Q_ s

(30)
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For the exergy destruction, which is a measure of the irreversibility in an object is an essential
parameter in exergy modeling, it can be defined here from the potential work lost due to the
irreversibility in a specific element of the system. The total exergy destruction of SRCS with the
mechanical feed pump (ΠTotal,fp) and with the thermally driven pump (ΠTotal,tp) can be thus defined as:
Total;fp ¼ s þ t þ HX1 þ HX2 þ fp

(31)

and
Total;tp ¼ s þ t þ HX2 þ tp

(32)

By the contribution of components, (i) ~ (vi), the total exergy destruction rate ηΠi, in SRCS can be
remitted as follows:
η i ¼

i
Total

(33)

where Πi is referred to the exergy destruction rate by components, (i) ~ (vi), in SRCS.
Finally, for by components of SRCS, the exergetic efficiency, which characterizes the performance
of a system component from the thermodynamic viewpoint, can be defined by the exergetic
availability (Spayde, Mago, & Cho, 2017). The resultant equations for the exergetic efficiency for
the evacuated solar collector, turbine, high-temperature heat exchanger, low-temperature heat
exchanger, mechanical feed pump, and thermally driven pump can be found below, respectively.
ηx;s ¼

E_ 1  E_ 5
E_ _

(34)

E_ t
t
¼
E_ 1  E_ 2 E_ 1  E_ 2

(35)

Qs

ηx;t ¼

ηx;HX1 ¼

E_ 7  E_ 6
E_ 2  E_ 3

(36)

ηx;HX2 ¼

E_ 9  E_ 8
E_ 3  E_ 4

(37)

ηx;fp ¼

E_ 5  E_ 4 E_ 5  E_ 4
¼
Wfp
E_ fp

(38)

ηx;tp ¼

E_ 50  E_ 40
E_ 7  E_ 6

(39)

5. Results and discussion
For the calculation on the energy and exergy analysis of SRCS, the operation conditions of CO2
circulation and hot/cooling water supply in each state are tabulated, where Tables 1 and 2 present
the parametric data for the operation of SRCS with the mechanical feed pump and the thermally
driven pump, respectively. In the tables, it is noted that temperature, pressure, enthalpy, and mass
flow rate of CO2 circulation and hot/cooling water supply are given according to the thermodynamic process specified in Figure 2.
The P-h cycle diagrams of SRCS with the two conditions (Tables 1 and 2) are shown in Figure 4.
Approximately the same value of solar radiation on time average during the experiments are
selected for the field operation of SRCS for the sake of comparison between the mechanical feed
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Table 1. Conditions of SRCS with the mechanical feed pump
State

Fluid

Phase

ṁ (kg/s)

P (MPa)

T (°C)

h (kJ/kg)

s (kJ/
kg∙K)

①

CO2

Supercritical

0.0075

8.11

148.98

881.85

4.268

②

CO2

Low pressure
superheated vapor

0.0075

4.34

101.92

850.08

4.293

③

CO2

Low pressure
superheated vapor

0.0075

4.37

14.03

738.38

3.952

④

CO2

Vapor-liquid
mixture

0.0075

4.36

8.72

524.58

3.194

⑤

CO2

Compressed liquid

0.0075

8.02

15.10

535.40

3.218

⑥

Water

Liquid

0.19

0.101325

20.88

87.36

0.308

⑦

Water

Liquid

0.19

0.101325

21.62

90.70

0.319

⑧

Water

Liquid

0.36

0.101325

6.33

26.58

0.096

⑨

Water

Liquid

0.36

0.101325

7.23

30.49

0.110

h (kJ/kg)

s (kJ/
kg∙K)

Table 2. Conditions of SRCS with the thermally driven pump
State

Fluid

Phase

ṁ (kg/s)

P (MPa)

T (°C)

①

CO2

Supercritical

0.0085

7.89

105.21

829.45

4.141

②

CO2

Low pressure
superheated vapor

0.0085

6.26

85.02

816.34

4.142

③

CO2

Low pressure
superheated vapor

0.0085

6.44

38.29

742.84

3.919

④

CO2

Low pressure
liquid

0.0085

6.39

8.67

520.99

3.173

⑤

CO2

Compressed liquid

0.0085

8.15

26.41

569.93

3.333

⑥

Water

Liquid

0.17

0.101325

41.20

172.63

0.588

⑦

Water

Liquid

0.17

0.101325

42.41

177.65

0.604

⑧

Water

Liquid

0.36

0.101325

8.71

36.66

0.131

⑨

Water

Liquid

0.36

0.101325

9.82

41.28

0.148

pump and the thermally driven pump. The time-averaged values are respectively 0.459 kW/m2 and
0.422 kW/m2. As shown in Figure 4, the transcritical CO2 thermodynamic cycles are achieved in
both SRCS with the mechanical feed pump and with the thermally driven pump throughout the
operation. In Figure 4 (a), it can be obviously seen that the cycle reaches to the supercritical high
pressure state at around 8 MPa, where the simultaneous heating process takes place at the
temperature from 15.1°C to 148.98°C in evacuated solar collector (⑤ → ① in Figure 4(a)). For the
subcritical low pressure, the pressure at around 4.3 MPa is obtained with heat recovery process of
101.92–8.72°C in heat exchanger units (② → ④ in Figure 4(a)). Particularly in case of SRCS with the
thermally driven pump, the pressure of around 8 MPa and the temperature rise from 26.41°C to
105.21°C is achieved at a supercritical high pressure state in the heating process (evacuated solar
collector, ⑤ → ① in Figure 4(b)). For the subcritical low pressure, the pressure of around 6.4 MPa
and the temperature from 85.02°C to 8.67°C is obtained in the heat recovery process (heat
exchanger units, ② → ④ in Figure 4(b)).
From both cycle conditions, it can be observed that the heating processes in the Rankine cycle
are in the supercritical region for CO2. That is to say, under the supercritical state, CO2 absorbs
the thermal energy (heat energy) in the evacuated solar collector. Also, small pressures
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Figure 4. P-h diagram of SRCS
with (a) the mechanical feed
pump and with (b) the thermally driven pump

changes are found between the pump component and evacuated solar collector, and between
the heat exchanger units for both cycle conditions. It can be indicated that the flow through
these components is continuous (in Figure 4). The pressure difference in the cycle (supercritical
high pressure and subcritical low pressure) of SRCS with the mechanical feed pump and with
the thermally driven pump is approximately 2.7 MPa and 1.6 MPa, respectively. The lower in
pressure difference in the cycle with the thermally driven pump is due to the working principle
of the thermally driven pump itself, indicating that the oscillatory flow in the cycle is inevitable
throughout the alternative heating and cooling process (Yamaguchi, Zhang, Niu, & Hashitani,
2013). In the operating range of transcritical CO2 cycle system, it is understood that the
pressure difference of the turbine generator affects the system thermal efficiency in more
significant extent (Guo, Wang, & Zhang, 2010).
In the energy analysis, the input energy rate of SRCS when the mechanical feed pump is used
obtained from Equation (1) together with Equation (20) is 4.508 kW, which comes from the
evacuated solar collector and mechanical feed pump, respectively, while the output energy rate
of operating SRCS is 2.257 kW, which comes from both the turbine generator, Equation (7), and
Page 10 of 16

Pumaneratkul et al., Cogent Engineering (2018), 5: 1475440
https://doi.org/10.1080/23311916.2018.1475440

heat recovery from heat exchanger units, Equations (10) and (15). For the SRCS with the thermally
driven pump, however, the input energy rate is only from the evacuated solar collector, Equation
(1), which is 4.032 kW, and the output energy of 1.763 kW comes from both the turbine and lowtemperature heat exchanger with Equations (7) and (15), respectively. It can be found that the
output energy rate of SRCS with the thermally driven pump is lower than that with the mechanical
feed pump. The reason is chiefly that of the output energy from the high-temperature heat
exchanger, for which additional energy has to be supplied to the thermally driven pump itself for
operation, although there is no actual electric energy consumption is required in operation.
Based on the field operation as shown in Figure 4, the system thermal efficiency of SRCS can be
calculated from Equations (27) and (28). It is found that SRCS with the mechanical feed pump
gives higher efficiency compared with the thermally driven pump, which is respectively 82.64% and
79.87%. The lower in thermal efficiency is due to the low pressure difference in the cycle of SRCS
with the thermally driven pump. Furthermore, the slightly lower solar radiation has also been
affected by the thermal efficiency to some extent. It is noted here that there is no electric energy
consumption required to operate the thermally driven pump, with which the total electric energy
can be generated genuinely from the power device (turbine generator) of the system without any
external electric energy consumption.
In term of exergetic efficiency, the rational performance to compare both quantities of
input and output energy in the system, which can be obtained from Equations (29) and (30)
for SRCS with the mechanical feed pump and with the thermally driven pump, are 11.47%
and 20.28%, respectively. The higher in the exergetic efficiency of SRCS with the thermally
driven pump is derived from the fact that the thermally driven pump gives much high-quality
energy that is available to convert to work compared with the mechanical feed pump. From
the efficiencies analysis of the system, it can be speculated that the different values of the
efficiency come from the irreversibility in the process by components in the thermal efficiency
calculation.
Table 3 shows the contribution (in percentage term) by components in the system to total
exergy destruction rate, which is obtained in Equations (31)–(33) for SRCS with the mechanical feed pump or with the thermally driven pump. The exergy destruction represents the
exergy destroyed in the irreversibility process by components, which are caused by many
factors such as heat transfer loss, friction or chemical reaction (Mago, Srinivasan, Chamra, &
Somayaji, 2008). In case of SRCS with the mechanical feed pump, the evacuated solar
collector has 89.99% of exergy destruction rate, and the turbine has next highest percent
contribution with a value of 3.31%, following the mechanical feed pump, the low-temperature heat exchanger and the high-temperature heat exchanger (3.01%, 2.47%, and 1.23%,
respectively). For the SRCS with the thermally driven pump, the exergy destruction rate of
76.28%, 12.63%, and 10.57% are found in the evacuated solar collector, the low-temperature
heat exchanger and the thermally driven pump itself, respectively, while the lowest contribution can be found in the turbine at only 0.51%. It is indicated that the thermally driven pump
gives better performance characteristic in the term of exergy efficiency in the electric energy
generation to the system. From Table 3, it can be observed that the highest contribution to
the exergy destruction rate can be found in the evacuated solar collector for both system
conditions. It is due to the high rate of heat losses occurred in the evacuated solar collector.

Table 3. Percentage of exergy destruction rate by components
Πs

Πt

with mechanical feed pump

89.99

3.31

with thermally driven pump

76.28

0.51

SRCS

ΠHX1
1.23

ΠHX2
2.47
12.63

Πfp

Πtp

%

3.01
10.57
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It is noticed from Table 3 that the thermally driven pump (Πtp) itself has higher order contribution to the
total exergy destruction rate in comparison with the mechanical feed pump (Πfp). The reason can be
thought that the thermal energy (heat energy) of the thermally driven pump is much higher than that of
the electric energy input to the mechanical feed pump when the exergy is calculated.
The calculated exergetic parameters of components are listed in Table 4 for the representative
operation (Figure 4) of SRCS with the mechanical feed pump or with the thermally driven pump. Table
4 shows exergetic efficiency (obtained from Equations (34) through (39)) of evacuated solar collector ηx,s,
turbine ηx,t, high-temperature heat exchanger ηx,HX1, low-temperature heat exchanger ηx,HX2, and the
mechanical feed pump ηx,fp or the thermally driven pump ηx,tp for both system conditions. From the
presented results, it can be inferred that the turbine has exergetic efficiencies of 72.86% and 88.74% for
the operation of representative SRCS with the mechanical feed pump or with the thermally driven pump,
respectively. These efficiencies can be considered as relatively high, indicating that the turbine component can be regarded as the highest performance component, in which the electric power generation
from the turbine can be considered as a principal (high quality) output energy of SRCS rather than the
thermal energy supplied from heat exchanger units. On the other hand, relative low exergetic efficiency is
found in the evacuated solar collector component for both mechanical feed pump and thermally driven
pump conditions (10.30% and 7.84%, respectively). The heat exchanger units in SRCS with the mechanical feed pump has higher exergetic efficiencies, which are 60.00% and 33.86% for high-temperature
heat exchanger and low-temperature heat exchanger, respectively, compared with the thermally driven
pump, 23.15%, and 0.92%, respectively. The reasons of low in the exergetic efficiency in heat exchanger
units are mainly due to the irreversibility associated with heat transfer over finite temperature differences
(Chen et al., 2009). Moreover, the operation characteristic of the thermally driven pump can be considered as the same characteristic as heat exchanger operation (evaporator), which resultantly shows
lower in the exergetic efficiency (3.03%).
The exergy destruction rates by components are given in Table 3, while the exergetic efficiencies by
components are given in Table 4. Here, it can be observed from the tables that the evacuated solar
collector has maximum exergy destruction rate and low exergetic efficiency in both system conditions.
To increase the performance and reduce the exergy destruction of SRCS, careful attention should be paid
to the heat losses from the evacuated solar collector. The optimum design of the evacuated solar
collector must be suggested to be developed for the further efficient system.
Since the thermally driven pump has been developed for the purpose to increase the overall
performance of SRCS, weather conditions of summer season and autumn season are acquired to
evaluate the exergetic efficiency by components under SRCS operation. The typical days in summer
season (29 August) and autumn season (9 November) are selected as references also of the winter
season (4 January) for the field test of SRCS with the thermally driven pump. Figure 5 presents the
comparison of the exergetic efficiency by components (i.e., evacuated solar collector, turbine, hightemperature heat exchanger, low-temperature heat exchanger, and thermally driven pump) in
three weather conditions. It can be found that the exergetic efficiency of the turbine is the highest
in the winter season. The reason is from the pressure difference between the supercritical (high)
pressure and subcritical (low) pressure in the cycle, that is, a higher (1.6 MPa) in winter as
compared with autumn and summer seasons (1.4 MPa and 0.9 MPa, respectively).
The exergetic efficiency of the high-temperature heat exchanger can be found at the highest in
summer season (64%), while the lowest efficiency is in the winter season (23.15%), as indicated in

Table 4. Exergetic efficiencies by components
ηx,s

ηx,t

ηx,HX1

ηx,HX2

with mechanical feed pump

10.30

72.86

60.00

33.86

with thermally driven pump

7.84

88.74

23.15

0.92

SRCS

ηx,fp

ηx,tp

%

28.24
3.03
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Figure 5. Percentage of exergetic efficiencies by components in SRCS with the
thermally driven pump in summer season (29 August),
autumn season (9 November),
and winter season (4 January)

Figure 5. The trend comes from low ambient temperature in winter season effects directly to water
temperature used in the heat exchanger. However, the variation of exergetic efficiency in the evacuated
solar collector, the low-temperature heat exchanger, and the thermally driven pump shows minimal
change in weather conditions as shown in Figure 5.
From the results as obtained in Figure 5, it can be observed that the factor in weather condition
has much effect on the exergetic efficiency of the turbine and the high-temperature heat exchanger. Although in the present study, the SRCS field test gave the excellent understanding of the
performance characteristic of the system and as well as to the consists of components, further
factors (such as wind and humidity) may have to be considered for further obtaining accurate data
in the more detailed understanding of the system.
The analysis of exergetic efficiency in SRCS is a methodological approach to investigate the
performance of the system. It can help to assess and compare energy conversion system with
different weather conditions. The energy analysis conducted in the present study provides a
primary inspect of technological efficiencies, whereas the exergy analysis gives detailed understanding to imperfections of the energy conversion systems. The components in SRCS have to be
developed with higher efforts to increase the energy and exergy efficiency, also to prevent the
losses in term of energy and exergy, especially in the evacuated solar collector. Furthermore,
the thermally driven pump, which plays an essential role as a critical development element in the
renewable energy cycle system, has to be further investigated for higher overall efficiency.

6. Conclusions
The systematic comparison with the energy and exergy analysis of SRCS with the mechanical feed
pump or the thermally driven pump is presented. The performance characteristics of significant
components in the system are also investigated in term of exergetic efficiency. From the present
field tests, the following results were obtained;
(1) The thermal efficiency of SRCS with the mechanical feed pump is higher compared with the
thermally driven pump. The reason comes from the lower value of pressure difference between
supercritical (high) pressure and subcritical (low) pressure with the thermally driven pump.
However, there is no electric consumption in the system with the thermally driven pump.
(2) By using the thermally driven pump to the system, the exergetic efficiency was found higher
compared with that of the mechanical feed pump: 20.28% and 11.47%, respectively.
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(3) The highest rate of exergy destruction rate is found in the evacuated solar collector for both
system conditions. In case of SRCS with the mechanical feed pump, higher exergy destruction rate (89.99%) was obtained compared with the system with the thermally driven pump
(76.28%). It is due to the heat loss in the evacuated solar collector.
(4) Weather (seasonal) conditions have much effect on the exergetic efficiency by components in
SRCS with the thermally driven pump, especially in turbine and high-temperature heat exchanger.
In the winter season, the turbine gives highest exergetic efficiency, whereas the high-temperature
heat exchanger gives the lowest exergetic efficiency, and vice versa in the summer season.
It can be concluded in term of energy and exergy analysis that the thermally driven pump improves the
system to have higher performance characteristics. However, it is further suggested that the optimization
in designing by components is required to enhance the highest performance in seasonal operations.

Nomenclature
A

solar collective area (m2)

Ė

exergy rate (kW)

h

specific enthalpy (kJ/kg)

I

solar irradiation (W/m2)

ṁ

mass flow rate (kg/s)

P

pressure (MPa)

Q̇

heat transfer rate (kW)

s

specific entropy (kJ/kg∙K)

T

temperate (°C or K)

W

power (kW)

Greek symbols
η

efficiency (%)

ηe

system exergetic efficiency (%)

ηth

thermal efficiency (%)

ηx

component exergetic efficiency (%)

ηΠi

percentage of exergy destruction (%)

Π

exergy destruction rate (kW)

Subscripts
0

dead state

1~9

positions ① ~ ⑨ shown in Figure 1

CO2

carbon dioxide

fp

mechanical feed pump

HX1

high-temperature heat exchanger

HX2

low-temperature heat exchanger

in

input

s

evacuated solar collector

sr

solar radiation

t

turbine

tp

thermally driven pump
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