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HIGHLIGHTS

» A solar-driven regenerative ORC using flat-plate solar collectors is simulated.
» Sensitivity analysis of parameters and parameter optimization are conducted.
» The daily average efficiency is defined to evaluate the system performance.
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This paper presents a regenerative organic Rankine cycle (ORC) to utilize the solar energy over a low
temperature range. Flat-plate solar collectors are used to collect the solar radiation for their low costs. A
thermal storage system is employed to store the collected solar energy and provide continuous power
output when solar radiation is insufficient. A daily average efficiency is defined to evaluate the system
performance exactly instead of instantaneous efficiency. By establishing mathematical models to simulate
the system under steady-state conditions, parametric analysis is conducted to examine the effects of some
Flat-plate collector . . . . . .
Optimization theFm.odynafmc pararpeters on the system pe.rforrpan.ce using .dlfferent working ﬂu1.d5. Thg system is also
ORC optimized with the daily average efficiency as its objective function by means of genetic algorithm under the
given conditions. The results indicate that under the actual constraints, increasing turbine inlet pressure and
temperature or lowering the turbine back pressure could improve the system performance. The parametric
optimization also implies that a higher turbine inlet temperature with saturated vapor state could obtain the
better system performance. Compared with other working fluids, R245fa and R123 are the most suitable
working fluids for the system due to their high system performance and low operation pressure.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction for its abundant and sustainable resource. Li and Pei et al. [3]

proposed a low temperature solar thermal electric system which

With the increasing development of science and technology,
demand for energy is surging at an unprecedented pace. Consid-
ering the growing consumption of conventional primary energy
(coal, petroleum, natural gas) and environment-related concerns,
recovering low temperature heat sources has become an inevitable
option to solve the energy and environment problem.

ORC as a promising energy conversion technology in the field of
low grade heat utilization has been studied by many researchers for
decades [1,2]. In recent years, some researchers have paid more
attention to employing organic Rankine cycle to utilize solar energy
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consisted of compound parabolic concentrator (CPC) with a small
concentration ratio and organic Rankine cycle with R123. Phase
change materials (PCMs) were added to the system to store
collected energy maintaining the stability of power output. They [4]
also employed regenerative organic Rankine cycle instead of basic
ORC to improve the system efficiency. Quoilin et al. [5] presented
the design of a solar organic Rankine cycle installed in Lesotho. The
system consisted of parabolic trough collectors, a thermal storage
tank, and a small-scale ORC system using scroll expanders. With
conservative hypotheses and real expander efficiency curve, the
overall electrical efficiency of the system could reach 7% and 8%.
From the above mentioned investigations, the concentrating
collectors were usually used to collect solar radiation and they were
more expensive than the flat plate collector.
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Nomenclature

area, m?

specific heat capacity, k] kg~ ' K™!

diameter, m

collector efficiency factor

heat removal factor

enthalpy, k] kg~ !; convective heat transfer coefficient,
W m—2K

hourly radiation, W m 2

thermal conductivity of the insulation

length, m

mass flow rate, kg s~
number of glass covers

the day of the year
pressure, MPa

heat rate, kW

tilt factor for radiation
entropy, k] kg~! K~!
incident solar flux, W m—2
temperature, °C

loss coefficient, W m~2 K~!
power, kW; pitch of tube, m

Smmon>

1
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Greek letters

absorptivity

collector tilt angle, °

declination, °; thickness, m

emissivity for long wave length radiation
efficiency

angle of incidence, °

destiny, kg m?; reflectivity

T II M S ™ R

T transmissivity; time, s
¢ latitude, °

[3) hour angle, °
Subscripts

a ambient

b beam radiation; bottom
C covers

cond condenser

d diffuse radiation; daily
i inside

in input

instant instant

fi inlet of solar collector
fo outlet of solar collector
load load

loss loss;

L heat storage tank

net net

o) outside

out output

p absorber plate

pm average value

pw water

P pump

R Rankine cycle

S side; isentropic

t top; tank

T turbine

u useful

w water

wl water

Wang et al. [6] conducted an experimental study to investigate
the performance of a low-temperature solar Rankine cycle using
R245fa as working fluid. A flat plate solar collector and an evacu-
ated solar collector were used to collect solar radiation together,
and a rolling-piston expander was mounted in the system. They [7]
also built another experimental system consisting of a flat plate
collector, a throttling valve, a pump and an air cooled condenser, to
investigate the performance of solar Rankine cycle. Some
researchers [8—18] coupled a solar-driven ORC with a reverse
osmosis (RO) desalination sub-system to achieve the water purifi-
cation from seawater or to remove the salt and other substances
from the water. The solar-powered ORC transformed the solar
radiation into mechanical power and the useful shaft power was
used to drive the high pump of the RO unit. The existing installed
solar ORC system usually didn’t contain a thermal storage system. If
the solar-ORC-RO systems used the thermal storage system to store
the solar energy, they could operate continuously day and night,
avoiding startup and shutdown of ORC system frequently.

In a solar-powered ORC system, choosing suitable working
fluids is also a critical factor for achieving an efficient and safe
operation. Not only thermophysical properties, but also chemical
stability, environment impact and cost need to be considered to
match the application. Therefore, much attention has been focused
on the working fluid selection for solar-powered ORC system.
Tchanche et al. [19] conducted the selection of most suitable fluids
for a low-temperature solar ORC. By evaluating and comparing 20
potential working fluids, they pointed out that R134a appeared as
the most suitable for small solar application. Rayegan et al. [20]
developed a procedure to compare capabilities of working fluids
employed in solar Rankine cycles with similar operation conditions.

Results showed that 11 fluids were suggested to be used in solar
ORCs that used low or medium temperature solar collectors.

Since the pure fluids were vaporized at a constant temperature,
resulting in a thermal mismatch between working fluid and
sensible heat source, mixture fluids were recommended to be used
in ORC for its varied temperature evaporation behavior. Wang et al.
[21] analyzed some zeotropic mixtures theoretically in low
temperature solar Rankine cycles for power generation, and
pointed out that using zeotropic mixture could obtain a significant
increase of thermal efficiency and extend the range of choosing
working fluids. They [22] also conducted a comparative study of
pure fluids and zeotropic mixtures in the experimental condition.
The results showed that the collector efficiency and thermal effi-
ciency of zeotropic mixtures (R245fa/R152a) were higher than that
of R245fa and indicated that zeotropic mixtures had the potential
for overall efficiency improvement. Bao et al. [23] proposed a novel
auto-cascade low-temperature solar Rankine cycle using zeotropic
mixture (isopentane/R245fa) as working fluid. Results showed that
the thermal efficiency of the proposed cycle using a mixture of 32%
R245fa was significantly higher than that of the single stage low
temperature solar Rankine cycle.

In this study, we have developed a solar low-temperature
regenerative ORC power generation system based on flat plate
collector using selected organic working fluids, namely, R245fa,
R123, isobutane, R134a. In order to obtain a steady power output
when the solar energy is insufficient in cloudy days or at nights,
a thermal storage tank has been integrated into the system. A daily
average efficiency as a modified system efficiency is defined to
evaluate the system performance exactly instead of the instanta-
neous efficiency. A parametric analysis is conducted to examine the
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