Applied Energy 191 (2017) 469-491

journal homepage: www.elsevier.com/locate/apenergy

Contents lists available at ScienceDirect

Applied Energy

AppIie!' ergy

.
e

Thermo-economic analysis of an integrated solar power generation

system using nanofluids
Adnan Alashkar, Mohamed Gadalla *

@ CrossMark

Department of Mechanical Engineering, College of Engineering, American University of Sharjah, PO Box 26666, Sharjah, United Arab Emirates

HIGHLIGHTS

« Develop a thermo-economic analysis of an integrated solar-power generation system.
« A thermodynamic optimization is proposed to maximize system performance.

« Select the optimum nanofluid to replace conventional heating fluids inside a PTSC.

« Study the effect of thermal energy storage on performance and cost of the system.

« Perform monthly and daily analyses to analyze system behavior using nanofluids.
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In this paper, a thermo-economic analysis of an Integrated Solar Regenerative Rankine Cycle (ISRRC) is
performed. The ISRRC consists of a nanofluid-based Parabolic Trough Solar Collector (PTSC), and a
Thermal Energy Storage System (TES) integrated with a Regenerative Rankine Cycle. The effect of dispers-
ing metallic and non-metallic nanoparticles into conventional heating fluids on the output performance
and cost of the ISRRC is studied for different volume fractions and for three modes of operation. The first
mode assumes no storage, while the second and the third assume a storage system with a storage period
of 7.5 h and 10 h respectively. For the modes of operation with the TES, the charging and discharging
cycles are explained. The results show that the presence of the nanoparticles leads to an increase in
the overall energy produced by the ISRRC for all modes of operation, causing a decrease in the
Levelized Cost of Electricity (LEC), and an increase in the net savings of the ISRRC. After comparing the
three modes of operation, it is established that the existence of a storage system leads to a higher power
generation, and a lower LEC; however, the efficiency of the cycle drops. It is seen that the maximum
increase in the annual energy output of the ISRRC caused by the addition of Cu nanoparticles to

Syltherm 800 is approximately 3.1%, while the maximum increase in the net savings is about 2.4%.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Conventional power generation plants running on fossil fuels
have been struggling recently to equate the increasing daily
demand in electricity and energy from different sectors. Fossil fuels
are being depleted at an exponentially increasing rate, and are set
to be completely exhausted within the next 40 years as the world
demand is exceeding the annual production rate. In addition, the
combustion of the burning fuels releases gases that are harmful
to the atmosphere and that contribute to global warming. As a
result, a renewable source of energy is needed to run the power
generation plants in order to save the environment and match
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the increasing electrical load. Solar energy provides a clean,
reliable and uninterrupted source of energy that can replace or
support the conventional power generation methods. Different
technologies are present for harvesting the sun’s energy, but the
Concentrated Solar Power (CSP) technology is the most effective
for power generation plants. In the CSP, the sun rays are concen-
trated on a specific area in order to heat the fluid. Numerous CSP
methods are available, such as the Parabolic Trough Solar Collector
(PTSC), Solar Power Tower (SPT), Linear Fresnel Reflector (LFR), and
Parabolic Dish System (PDS). The PTSCs are the leading CSP tech-
nology due to their relatively cheap cost and high power output.
However, the low efficiency and high Levelized Cost of Electricity
(LEC) are two major drawbacks of using the PTSC. Numerous
researchers worked on enhancing the performances of the PTSC
[1-7]; consequently, the PTSC is the most commercially available
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Nomenclature
Symbols Ze2 capital investment cost of the heat exchanger between
Ag reflective aperture area (m?) the TES and the power block (US$)
Ac glass cover area (m?) Zic cost of indirect factors (planning, permitting) (US$)
Ar receiver area (m?) Zopt maintenance cost of the plant (US$)
Can0, alumina nanoparticles price (US$/g) ZpcsT capital investment cost of the cold storage tank pump
Ccu copper nanoparticles price (US$/g) (US$)
Ce electricity sale price (US$/kWh) ZprwH capital investment cost of feed pump (US$)
Cp specific heat capacity (kJ/kg K) ZpHTF capital investment cost of the heating fluid pump (US$)
Cswent  Single Walled Carbon Nanotubes price (US$/g) ZpHsT capital investment cost of the hot storage tank pump
D¢ glass cover inner diameter (mm) (US$)
Deo glass cover outer diameter (mm) Zpw capital investment cost of the water pump (US$)
Dy absorber tube inner diameter (mm) Zprsc capital investment cost of the PTSC field (US$)
Dro absorber tube outer diameter (mm) Zsc capital investment cost of the steam condenser (US$)
f friction factor (-) Zst capital investment cost of the steam turbine (US$)
h enthalpy (kJ/kg) Zst qux capital investment cost of the auxiliary equipment of
Ig normal beam radiation (W/m?) the steam turbine (US$)
i loan interest rate (%) Zwt capital investment cost of the water treatment facility
k thermal conductivity (W/m K) (US$)
L length of collector assembly (m)
L collector length (m) Greek symbols
ls SWCNT length (nm) O glass cover absorptance (-)
ity fluid mass flow rate (kg/s) o receiver absorptance (-)
1 steam mass flow rate (kg/s) y nanolayer thickness ratio (-)
N, number of collectors (-) & glass cover emissivity
N, number of loops (-) & receiver emissivity
Np, number of modules (-) Misrre  energetic efficiency of the ISRRC (%)
p pressure (kPa) et isentropic efficiency of the steam turbine (%)
Pc condenser pressure (bar) 1, isentropic efficiency of the pump (%)
Py feed water pressure (bar) ", receiver efficiency (-)
Py steam turbine pressure (bar) o collector optical efficiency (%)
Qersc  power generated by the PTSC (kW) U dynamic viscosity (mPa s)
qc specific heat rejected (kW/kg) v kinematic viscosity (mm?/s)
R. Reynolds number (-) 0 density (kg/m?)
Tins insurance rate (%) Dul mirror reflectance
T fluid temperature (°C) Te glass cover transmittance
Eopt operating hours of the plant (h/year) o volume fraction (%)
Vv velocity (m/s)
v specific volume (m3/kg) Subscripts
w collector width (m) AlL,O;  alumina nanoparticles
Wep speqﬁc condenser pump work (kW/kg) C, copper nanoparticles
Wp specific feed pump work (kW/kg) f fluid
wp spec@ﬁc pump work (kW/kg) n nanoparticles
Wit specific turbine work (kW/kg) nf nanofluids
Whet net power output (MW) SWCNT Single Walled Carbon Nanotubes
Whump  pumping power (W) sy Syltherm 800
y flash factgr ) th Therminol VP-1
Yeon construction years of the plant (years)
YVdec decommissioning years of the plant (years) .
Yopt plant life time cycle (years) Abbreviations
Zc capital investment cost of the condenser (US$) CNT Carbon Nanotubes
ZcE capital investment cost of the civil engineering works csp Concentrated Solar Power . .
(US$) ISRRC lnteg!‘ated Solar Regene_rgtlve Rankine Cycle
Zeon cost of contingency issues (USS) LEC Levelized Cost of Electricity
Zet capital investment cost of the cooling tower (US$) NPV Net Present Value
Zgec cost of decommissioning the plant (US$) NS Net SaV} ngs
Zeq equipment capital investment cost (US$) PISC Parabolic Tr_o ugh Solar Collector
Zeg ins equipment installation capital investment cost (US$) SAM System Advisory Model
Zrw capital investment cost of the feed water heater (US$) SWCNT  Single Walled Carbon Nanotubes
ZHE capital investment cost of the heat exchanger between TES Thermal Energy Storage
the PTSC Field and the TES system (US$)

solar technology for power generation plants. The performance of
PTSCs power generation plants is studied by multiple researchers.

Reddy et al. [8] studied the energetic and exergetic perfor-
mances of a solar thermal power plant system in the cities of Delhi
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