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Abstract

The parabolic trough collector is widely recognized as the leading and mature technology for
concentrated solar thermal applications, allowing for the generation of high-temperature thermal
energy. However, the parabolic trough collector still faces challenges in achieving high solar-thermal
efficiency due to significant radiation heat loss incurred, particularly under high operating
temperatures. To address this issue and maximize the capture of solar irradiation, a novel parabolic
trough collector system integrated with photovoltaic cells and a high-reflective coating was proposed.
The proposed novel systems in different configurations were manufactured and tested in the indoor
solar simulator laboratory to assess their feasibility and performance. Additionally, a comprehensive
mathematical model regarding the novel system was developed and validated by the experiments. This
study then involved assessing the potential application of the novel parabolic trough collector system
in a concentrated solar power plant. And the overall techno-economic performance of the novel power
plant was analyzed and evaluated for three typical areas across the globe. The results showed that the

novel configurations of photovoltaic cells and high-reflective coating in the proposed system exert
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excellent roles in significantly improving the efficiency of the solar irradiance utilization and reducing
the radiation heat loss. Compared to the prototype power plant, the proposed power plant with the
novel system possessed superior techno-economic performance, including a significant improvement
of 10.1 % in annual power output, a noteworthy reduction of 87.0% in electricity consumption for

annual freeze protection, and an effective reduction of 6.9 % in levelized cost of electricity.

Keywords: Parabolic trough collector (PTC); Photovoltaic (PV),; Photo-electrical/thermal;techno-

economic; Concentrated Solar Power (CSP)

Nomenclature

A Area, m® Abbreviation

c Specific heat capacity, J/(kg-K) amb Ambient

D Diameter, m conv Convection

G Solar radiation, W/m? g Glass envelope

h Heat transfer coefficient, W/(K-m?) gl Glass envelop in the lower half
L Length, m gu Glass envelop in the upper half
m Mass flow rate, kg/s in Inlet

0 Net heat flux, W/m, W out Outlet

T Temperature, K s Absorber

w Width, m th Thermal

Greek Symbols CRF Capital recovery factor

n Efficiency CSP Concentrated solar power

0 Incidence angle, ° HTF Heat transfer fluid

b Temperature coefficient OCC Overnight capital cost

X Solar radiation coefficient PTC Parabolic trough collector

T Transmittance PTR Parabolic trough receiver

o Absorptance SSC Solar selective-absorbing coating
e Emittance

1. Introduction
Concentrated solar thermal technology is a widely adopted method for capturing high-
temperature thermal energy from solar radiation [1-3]. This technology has diverse applications in

fields such as concentrated solar desalination [4, 5], and concentrated solar power (CSP) [6, 7]. The
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typical implementation schemes of concentrated solar thermal technology include parabolic trough
collectors (PTC) [8-10], tower collectors [11-13], and Fresnel collectors [14, 15], among others [16-
18]. Notably, PTC is the most established technology and has been extensively deployed globally [19].
The PTC system comprises parabolic trough receivers (PTR), highly reflective mirrors, and structural
supports [20], with the PTR serving as the key component that concentrates solar rays using mirrors
to achieve operating temperatures above 200°C [21]. In commercial CSP plants, the PTC system can
attain operating temperatures of up to 400°C or even 550°C when utilizing thermal oil or molten salt
as heat transfer fluids within the PTRs [22, 23].

Although PTC technology has achieved good popularity and technical maturity, it has been faced
with a thorny problem that has not been effectively solved so far. That is the extremely high heat loss
of the PTR induced by the high operating temperature [24]. According to the experimental report from
the National Renewable Energy Laboratory (NREL) [25], the PTR’s heat loss increases with its
operating temperature raised to the fourth power, which is estimated to significantly reduce the thermal
efficiency of the PTC system by 5.0~20% under the operating temperatures of 400 and 550 °C. Aiming
to decrease the heat loss of the PTR and thus improve the thermal efficiency of the PTC system, the
researchers have taken endeavored efforts on the solar selective-absorbing coating (SSC) for decades.
SSC is generally deposited on the inner tube of the PTR for high solar radiation absorption and is a
key functional material to obtain the highest possible solar energy and lose the least possible thermal
energy [26, 27]. In recent years, many advanced SSCs have been developed to further reduce thermal
emittance on the premise of high enough solar energy absorptance [28, 29]. Up to now, the state-of-
the-art SSC used in commercials has achieved a solar absorptance of 0.96 and thermal emittance of
0.09 at the service temperature of 400 °C [30]. However, the heat loss of the PTR at 550 °C still
accounts for up to 15 % of the total solar energy absorbed by the PTC system [31].

In such scenarios, novel parabolic trough receivers (PTRs) have been proposed and designed by
the authors and various other researchers to more effectively mitigate heat loss compared to
conventional PTR structures [10, 32]. The authors investigated the circumferential thermal flow

around the PTR, revealing that the upper half of the PTR experiences negative heat gain due



to excessive heat loss exceeding the solar irradiance of one sun. Based on these findings, several
innovative PTR designs have been proposed to maximize heat loss reduction at the upper half of the
PTR, even if it entails sacrificing a portion of the upper one solar irradiation level. As an illustration,
Yang et al. [33] proposed a novel PTR design that incorporated a secondary selective surface coating
(SSC) with ultra-low thermal emissivity to replace the original SSC on the upper section of the
absorber tube. Al-Ansary et al. [34] filled the PTR annulus with half-insulating material, while Wang
et al. [35] introduced a metal radiation shield into the upper section of the PTR vacuum annulus. Qiu
et al. [36] further replaced the metal radiation shield with solar transparent aerogel. Experimental and
simulated results indicated that the aforementioned PTR designs exhibited notable heat loss reduction
capabilities. Nevertheless, the new configurations utilized in these novel PTRs, such as secondary SSC,
insulated material, and shields, obstruct a significant portion of the incoming solar radiation from
reaching the absorber tube inside the PTR, resulting in non-negligible solar radiation loss.

To address this predicament of simultaneously reducing the heat loss and solar radiation loss
of PTRs, we propose a novel PTR design that integrates photovoltaic (PV) panels and high-reflective
coatings with ultra-low emittance across the entire waveband [37]. The PV panel is securely fixed onto
the PTC system and positioned above the PTR. High-reflective coatings are applied to the upper half
of the glass envelope of the PTR and the rear surface of the PV panels (Fig. 1). This design enables
the high-reflective coatings to effectively block the thermal flux emitted from the absorber tube of the
PTR, thereby mitigating heat loss. Additionally, the PV panels can fully harness the incoming solar
radiation with the aid of the one-axis solar tracking mechanism of the PTC system. To the author’s
knowledge, no researchers have yet proposed such a similar versatile system that integrates the PTC
system with PV and high-reflective coatings (PTC-PVHC) for efficient cogeneration of PV electricity
and solar thermal energy.

In the previous study, the performance of the hybrid PTC-PVHC with different configurations
was preliminarily explored, and the optimal configuration of such a hybrid system was determined. In
this study, this PTC-PVHC will be employed in a real CSP plant. The research entails designing a

novel CSP plant that incorporates the PTC-PVHC system. A solar-thermal conversion model for the



novel PTC-PVHC system is developed, along with an economic model specifically tailored for the
CSP plant. The study aims to analyze and compare the overall techno-economic performance of the
CSP plant when equipped with the PTC-PVHC system, which includes parameters such as thermal
efficiency, photoelectrical efficiency, annual power generation, freeze protection, initial capital cost,
and levelized cost of heat and energy. These performance metrics are then contrasted with the original
CSP plant employing a conventional PTC system. Such a novel PTC-PVHC system exhibits superior
thermo-economic performance compared to the prototype system, thereby demonstrating its excellent
effectiveness and promise in perfectly integrating the PTC and PV technologies, enhancing efficiency
in both PV and PTC systems as well as strengthening future applications.

2. Configuration of new CSP plant equipped with hybrid PTC-PVHC system
2.1 Configuration of the hybrid PTC-PVHC system

The schematic diagram of the hybrid PTC-PVHC system is presented in Fig. 1. The PV panel is
affixed to the PTC structure using circular plates and is strategically positioned above the PTR,
maintaining a specific distance of 80 mm (Hpy). In this study, monocrystalline PV is adopted in the
proposed PTC-PVHC system [38, 39]. In order to mitigate excessive interception of incoming solar
radiation, the PV panel is designed with a width (Wpy, 125 mm) that matches the diameter of the glass
envelope (Dg, 125 mm) of the PTR. Furthermore, to enhance thermal performance, three aluminum
films with an ultra-low emittance of 0.03 across the entire spectrum are meticulously selected. These
films are applied to the inner and outer surfaces of the upper half section of the glass envelope, as well
as the rear back surface of the PV panel. It is worth highlighting that aluminum films applied to the
upper section of the glass envelope are carefully designed to not intercept the solar rays that are
concentrated and reflected by mirrors below, ensuring that the concentrated solar rays can effectively

reach the absorber tube without obstruction.

The implementation of these three aluminum films serves multiple purposes. Firstly, they
effectively obstruct the transfer of radiation heat from the absorber tube to the glass envelope, thereby

minimizing heat loss. Additionally, they reduce radiation escaping from the glass envelope to the



environment, optimizing thermal efficiency. Lastly, they prevent excessive radiation heat projection

from the PTR onto the rear surface of the PV panel, safeguarding its operational integrity.
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Fig. 1 Schematic diagram of the hybrid PTC-PVHC system
2.2 Configuration of the CSP plant equipped with hybrid PTC-PVHC system

Typically, a parabolic trough-type CSP system consists of several key components, including a
parabolic trough solar field, thermal storage tanks, heat exchangers, and a steam turbine [40], as
depicted in Figure 2(a). The solar radiation captured within the solar field is initially converted into
thermal energy within the heat transfer fluid (HTF), which is then transported to the hot salt tank.
Subsequently, through the heat exchanger, the thermal energy stored in the hot salt tank is transferred
to water, resulting in the generation of high-temperature steam. This steam is utilized to drive a turbine,
thereby producing electricity. The HTF, after transferring its thermal energy, is subsequently pumped
back into the cold tank and circulated back into the solar field for the continuous collection and
conversion of solar radiation. In this configuration, the HTF employed is selected as solar binary salt
(NaNO3-KNOs, 60-40 wt%) [41, 42]. This particular choice of heat transfer fluid is based on its
excellent stability at high temperatures of up to 600 °C, making it a widely utilized option in
commercial CSP plants. The hot and cold salt tanks possess salt temperatures of 550 and 290 °C,

respectively.



In this study, to investigate the techno-economic performance of the proposed PTC-PVHC system,
the new PTR with PV panels, configured as Fig. 1 and Fig. 2(b), is employed in the parabolic trough-
type CSP plant. The single solar field loop used in the CSP plant is shown in Fig. 2(c). It is composed
of 8 solar collector assemblies (SCAs), each of which has a length of 100 m and an aperture width of
5.76 m. The original PTR and PTC adopt the commercially popular Schott 2008 PTR70 solar receiver
[43, 25] and Eurotrough collector [44]. The detailed specifications of the single loop and PTC system

are presented in Table 1. The concentration ratio of such a popular PTC system is calculated as 82.3

=,

according to the dimensions in Table 1.
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Fig. 2 Parabolic trough CSP plant system using the solar binary salt as the HTF. (a) Schematic diagram of CSP system,

(b) Newly designed PTR integrated with PV, and (c) Single solar field loop in the CSP system

Table 1 Specifications of the single solar field loop and PTC system [45, 46]

Parameter Specification Parameter Specification

Single SCA length 100 m Loop optical efficiency (7o, prc) 0.736




SCA number in single loop 8 Loop optical efficiency (7o, prc-pvic)
Single loop length (Lioop) 800 m Length of single PTR
Aperture width (Wyp) 5.76 m Diameter of absorber tube (Ds)
Single loop aperture area (A4ap) 4360 m? Diameter of glass envelope (Dy)
PTR number in single loop 192 Width of PV panel (Dpv)
Loop inlet HTF temperature (7in) 290 °C Height of PV panel (Hpr)

Loop outlet HTF temperature (7ou) 550 °C

0.722

4.06 m

70 mm

125 mm

125 mm

80 mm

3. Mathematical model and Methodology

3.1 Heat transfer model and photoelectrical conversion model of the PTC-PVHC system

In this study, the thermal and photoelectrical performance of the PTC-PVHC system along the

loop is evaluated by employing the finite volume method. As depicted in Fig. 3, the entire loop is

discretized into a series of one-dimensional finite volumes [20]. For each volume, represented by the

index i (ix), dedicated heat transfer and photoelectrical conversion models are formulated. These

models are designed to accurately capture the intricate processes occurring within each volume,

encompassing both the thermal aspects and the photoelectric conversion.
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Fig. 3 Heat transfer model of the PTC-PVHC system [20, 37]

Taking into account the distinct configurations of the glass envelope in the upper half (gu) and
lower half (gl), the radiation heat flux emitted from the absorber tube (s) is partitioned into two distinct
components, with each component transferring heat to the corresponding section of the glass envelope
(gu and gl, respectively). This division allows for a more precise characterization of the heat transfer
process and ensures that the thermal distribution within the glass envelope is accurately accounted for.
The expressions of heat fluxes involved in Fig. 3 are presented in Table 2. The detailed explanations

of expressions can be referred to in the literature [20, 37].

Table 2 Heat fluxes involved in the PTC-PVHC in i, finite volume [37]

Heat flux (W/m) Expressions
Q . 2”0-(Ts4 _Tgt)
Radiation heat flux between s and gu P 1 g, N 1 N 2(1-¢,)
gS DS DS Fs—gu DC Ag




2no (T —Tg‘ll)

Radiation heat flux between s and gl Qs = 1-¢, N 1 . 2(1-¢,)
D, DRy, gD,
o 7o Tgt —Tsﬁy
Radiation heat loss from gu to sky nousy T (1-g,) N 2
& Dg Dg FQU—Sky

o (Tg‘l1 - Tsﬁy

Radiation heat loss from gl to sky Qrar-sy = 1-¢ 2

2— %4+ —
£D, Dy
Q — o gt - TP4V )
Radiation heat flux between gu and PV panel rou-FY 5 1-¢, N 2 . 1-¢,
& Dg Dg I:gu—PV chPV
.. _ O-(TP4V _Tsﬁy
Radiation heat from the upper surface of the Q pvusky = 1_¢ 1
PV panel to sky PV
EpyWpy  Woy
L. o (TP4V _Tsﬁy)
Radiation heat from the rear surface of the PV Qr,p\/r_sky = 1_z 1
C

panel to sky
chPV WPV I:PVr —sky

Conyection heat fluxes between gu with the 0 _ hambﬂD% T -T )
ambient conv, gu-a 2 Ugu ™ Tamp

Convection heat fluxes between gl with the B hamb”D% T T
ambient Quomg1-a = 2 (T = Tams)

Convection heat fluxes between PV panel with
the ambient P Qconv,PV—a = 2hambWPV (TPV _Tamb)

Heat gain of the HTF Quonvs—tire = NopreT D (T =Ty

In Table 2, o is the Stefan-Boltzmann constant, 5.67x 10 W/(m?K*) [20]. The temperatures of
the absorber tube, upper-half glass surface, lower-half glass surface and sky are denoted as T, Tqu, T
and T, respectively, K. The value of T, can be calculated by Equation (1) according to the ambient
temperature (7ums) [47]. The respective diameters of the absorber tube and the glass envelope are
represented by Ds and Dg, m. The view factors, denoted as Fi.g, and Fis.¢, determine the proportion of
radiation heat flux emitted from the absorber tube that strikes the surfaces gu and gl, respectively.
These view factors are assigned a value of 0.5. Fgu-sty and Fgu-sky are the view factor from the gu to the

sky. Furthermore, the emittances of the SSC, aluminum coating, and glass envelope are represented by
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&s, €, and &g, respectively. The emittance values for the latter two are considered 0.03 and 0.89,
respectively. The value of & can be determined using Equation (2) based on experimental results
obtained from the National Renewable Energy Laboratory [25]. hams and hs-u7r are the convective heat
transfer coefficient to ambient, and convective heat transfer coefficient between the absorber tube and

HTF, W/(K-m?). Turr refers to the HTF temperature at the specific finite volume.

Ty, = 0.0552T;° (1)

£ =0.062+2x107T} )

By utilizing the expressions provided in Table 2, the heat loss of the PTR (HLprzr, W/m) can be

obtained by the expression:
HI—PTR = Qr,s—gl +Qr,s—gu (3)

Accordingly, the thermal efficiency of the PTC-PVHC system in volume i can be calculated by
Equation (4).

Qeonv,s- HL
nprc = SHTE (W, ¢G) =Moprcpvic — (W, #G) 4)

where G is available solar radiation achieved by the PTC-PVHC, which can be expressed as,
G=1coséd Q)

where [ is global solar irradiance, W; @ is the incident angle, rad. For the collector with East-West

tracking and South-North direction axis, the value of € can be calculated by the expression [43]:

cosé?=\/cos2 0, +cos’ 5sin’ w ©)
C0S, =Sin ¢sin ¢ +COS ¢ COS S COS @

where 0, ¢, 0., and w are the solar declination angle, latitude, zenith angle, and solar angle, respectively.
Due to the constraints of the study's length, the detailed expressions for calculating these parameters

are not provided, they can be referred to the references [48, 49].

After this calculation process, thermal energy obtained by the HTF (Qguin, i, W) in volume i and

total thermal energy in a single loop (Qguin, W) can be expressed in Equations (7) and (8) [40]:
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anin,i = n:]Cp,i (Tf,i _Tf ,i—l) (7

anin = i I‘i b anin,i (8)

where m and ¢, are the mass flow rate and specific heat of the HTF, respectively, kg/s, J/(kg-K). In this
study, the value of m is assumed to be 5.0 kg/s, and the specific property parameters of the molten salt,

including ¢y, can be sourced from relevant literature references [50].

Finally, the thermal efficiency of a single PTC-PVHC loop can be calculated by Equation (9).

— anin
T .p1c = (Aap °G) ©)

Besides the thermal performance of the PTC-PVHC system, the model regarding the photoelectric
performance of the PV panel is also developed. The available solar energy used by the PV panel is

expressed as,
Qsolar—PV = va Tpy Apy | cosé (10)

where tpy, opy and epy represent the solar transmittance of the tempered glass, solar absorptance, and
the thermal emittance of the PV layer. The respective values assigned to these parameters are 0.95,
0.97, and 0.97. Using the heat transfer fluxes listed in Table 2, the temperatures of the upper-half glass
surface (gu), lower-half glass surface (gl), and PV layer can be determined through the application of

the energy balance method.

Furthermore, the electrical efficiency of the PV cell (#pr) can be obtained by employing the

fundamental equation [51]:

Mov = et 1= Bret (Toy =T ) + 2109, G] (11)

In the aforementioned equation, 77 represents the electrical efficiency of the PV cell at the reference
temperature (7) and under a solar radiation of 1000 W/m?. The temperature coefficient (8, and solar
radiation coefficient (y) are two parameters that describe the material properties of the PV cell. For

crystalline silicon, typical values for f,.rand y are 0.0045 K and 0.12, respectively. The effective solar
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irradiance projected on the PV panel, denoted as G, is measured in W/m?. At the standard test condition,

G is typically set at 1 kW/m?.
3.2 Economic assessment model of the CSP plant

To evaluate the economic viability of the CSP plant incorporating the PTC-PVHC system, an
economic assessment model is formulated in this section. The costs associated with PTC-PVHC
systems typically encompass initial investment, operation, and maintenance expenses. In this study,
the Levelized Cost of Energy (LCOE) metric is employed to analyze and compare the economic

performance of the original PTC and the PTR-PVHC configuration.
(1) Initial investment

The initial investment of the PTC-PVHC plant primarily comprises various components,
including the ground field (site improvements), solar field, thermal storage, HTF, power block, and
fossil/heater backup [52, 53]. The solar field cost and HTF cost are calculated based on the cost per
square meter of the solar field area, which accounts for expenses associated with the installation of the
solar field and the pumps and piping, respectively. It is important to note that the costs of the solar
field differ depending on whether the PTC or PTC-PVHC configuration is employed. In particular, the
manufacturing cost of the PTC-PVHC is approximately 10 % higher than that of the PTC, as

determined from real manufacturing experience and data.

The thermal storage cost refers to the expense per thermal kilowatt (kWt) of storage capacity,
encompassing the installation costs of the thermal storage system. Similarly, the power block cost
represents the cost per electric kilowatt (kWe) of power block gross capacity, accounting for the
installation of the power block. It is important to note that all of the aforementioned costs include both
labor and equipment expenses. The inclusion of a fossil/heater backup system is an essential
component in Concentrated Solar Power (CSP) plants, serving the purpose of mitigating heat losses in
the Heat Transfer Fluid (HTF) during nighttime and off-hours. This backup system prevents a decline
in temperature and the potential occurrence of freezing within the solar field. In line with the empirical
parabolic trough CSP plant, Table 2 provides a breakdown of the specific costs considered for

calculating the initial investment cost of the plant.
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Table 3 Initial investment cost [54, 55]

Initial investment category Unit cost (USD)

Ground field 25 $/m? (Land area)

Solar field with the PTC/PTC-PVHC 150 / 155 $/m? (Collector aperture area)

HTF system 60 $/m?
Thermal storage 62 $/kWt
Power block 910 $/kWe
Fossil/Heater backup 30 $/kWe

(2) Operation and maintenance costs

Operation and maintenance costs encompass the recurring annual expenditures associated with
equipment and services necessary for the functioning of the plant system. In this study, the average
fixed operation and maintenance costs are primarily composed of three components: fixed cost by
capacity and variable cost by generation, along with the inclusion of insurance expenses. The fixed
cost by capacity is determined to be 66 $/kW-year, while the variable cost by generation is calculated
as 4 $/MWh, as referenced in [56]. The determination of insurance expenses can be achieved by

employing the following expression:

I Ei :| install * R

oL+ Riytaton) (12)

insurance

where /E; represents the insurance expense in year i, linsian 1S the total installed costs of parabolic trough
CSP plant, $. Rinsurance and Rinfrarion are the insurance rate and inflation rate which are determined as 0.5

and 2.5 %, respectively.
(3) Levelized cost of heat and energy (LCOH and LCOE)

The levelized cost of heat and energy (LCOH and LCOE) serve as valuable metrics for conducting
economic comparisons among various parabolic trough CSP plants. It is important to note that lower
LCOH and LCOE signifie superior economic performance achieved by a parabolic trough CSP plant

in terms of heat energy and electricity energy. Given an assumed operating lifetime of 25 years for the
14



parabolic trough CSP plant, the LCOH and LCOE can be calculated using the following equations, as
referenced in [57-59]:

LCOH — OCC-CRF+OM (13)
H
i .
I0 +(Z Ii +OMi + FH|)/(1+ Rdiscount)I
LCOE = Ll , (14)

(i Ei ) / (1+ Rdiscount)i

where OCC, CRF and H are the overnight capital cost, capital recovery factor and heat energy
produced, respectively. /o is the initial investment, I;, OM,, and FH; are the investment expenditures,
operation and maintenance expenditures, and fossil/heater expenditures in the year i, respectively. E;
represents the electricity generated by the CSP system in year i. The variable j denotes the lifetime of
the system. Furthermore, Raiscouns represents the discount rate utilized in discounted cash flow analysis,
which is the interest rate used to determine the present value of future cash flows. For this particular

study, the value of Ruiscoun: 18 set at 6.4% [60, 52].

4. Test rig and expermental validaiton

4.1 Test rig, experiments and methodology

15
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Fig. 4 Schematic of the PTC-PV experimental system

In this study, a test rig of the PTC-PVHC system was established in the indoor solar simulator
laboratory at Hong Kong Polytechnic University to validate the predictive capability of the
mathematical model. The simplified test rig is illustrated in Fig. 4. The solar simulator employed in
the laboratory is capable of generating a solar spectrum similar to that emitted by the outdoor Sun [61-
63]. The customized PTC-PVHC device was positioned on a lifting platform, allowing for adjustable
heights to achieve desired solar irradiances. It is noteworthy that the parabolic trough reflector is
omitted in the customized PTC-PVHC system. This experimental configuration was proposed
considering technical effects and operational ease. Technically, the reflector primarily concentrates
solar rays onto the lower half part of the PTR, which does not affect the functionality of the special
components incorporated in the PTC-PVHC system, namely the PV panel and the high-reflective

coating situated on the upper half part of the PTR. From an experimental perspective, this simplified
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configuration facilitates easier and more efficient experimental operations. Thus, the adoption of such
a simplified experimental configuration for the PTC-PVHC system is deemed reasonable and

acceptable.

To examine the influence of glass temperature on the thermal performance of the PTR and PV
panel’s performance, an electrical heating rod was inserted into the PTR, serving as the inner absorber
tube. By adjusting the voltage, the glass temperature could be precisely controlled. A total of 6
thermocouples were affixed to the glass envelope and the rear side of the PV panel to monitor the
temperatures of the glass and PV panel. Throughout the operation, various environmental parameters
including solar irradiance, ambient temperature, and wind speed were measured using a pyranometer
and a portable weather station. The PV performance was assessed using an I-V checker. All monitored
data were subsequently transmitted and recorded by a Data Logger for further analysis. Throughout
the experimental process, the temperature of the glass envelope was increased from the ambient
temperature to approximately 150 °C, enabling the testing and calculation of relevant performance
metrics. The power output of the PV panel (Ppy) was determined by multiplying the monitored current

and voltage values, thereby allowing the calculation of PV efficiency (nrr) [64, 24].

Pov = IV (15)

P
ey = PV%APV (16)

where Ppy, » represents the maximum power output, W; 4py refers to the area of the PV panel, m?.

In this study, two different modes of the PTC-PVHC system were manufactured and tested to
assess their overall performance and validate the predictive capability of the mathematical models
developed in Section 3. The modes are illustrated in Fig. 5 and their distinctions are presented in Table
4. Mode A involves the addition of a PV panel above the PTR, without the inclusion of an aluminum
coating. Mode B, on the other hand, incorporates the aluminum coating, which is deposited on the rear

side of the PV panel. Experimental rigs corresponding to these modes are depicted in Fig. 6.
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Fig. 5 Schematic diagrams of the PTC prototype system and two modes of the hybrid PTC-PV systems

Table 4 Distinctions of different modes (x and Y mean non-included and included, respectively)

Prototype Mode A Mode B Current Mode

Type
PV panel X N N N
Aluminum coating (the rear of the PV panel) X X \ V
X X X N

Aluminum coating (glass envelope)

Following the completion of experiments involving the PTC prototype, experimental tests were
conducted on PTC-PVHC systems in Modes A and B. The obtained experimental data was utilized to

validate the simulation results. Subsequently, the overall performance of the PTC-PVHC system in the

current mode (as depicted in Fig. 1) will be investigated numerically.
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Fig. 6 Built test rigs in the indoor solar simulator laboratory at The Hong Kong Polytechnic University. (a) Solar
simulators; (b) Panorama of the test rig; (c) Experiments of PV panel integrated PTR on the lifting platform; (d) Aerial

view of the PV panel integrated PTR; (¢) Monocrystalline PV panel with the rear surface coated by aluminum film
4.2 Simulated results and experimental validation

The customized PV panel underwent testing under standard conditions, where the solar radiation
was approximately 1000 W/m?. The resulting I-V curve is presented in Fig. 7. Notably, the PV
temperature during the test was 35.9 °C. The short-circuit current (/) and open-circuit voltage (V)
were measured as 3.84 A and 3.78 V, respectively. The PV panel achieved a maximum power output
(Ppy, m) of 10.45 W, yielding an electrical efficiency of approximately 16.5%. The detailed metrics of

the PV panel are shown in Table 5.
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Fig. 7 Tested I-V curve of the PV panel

Table 5 Key performance parameters of the monocrystalline PV panel used in the test

Parameter Iy Voe Py m Mpv

Value 3.84 A 3.78V 10.45 W 16.45 %

The experimental data and simulated results are depicted in Fig. 8. Upon comparing the outcomes
for Modes A and B, notable observations can be made. Mode B, incorporating the aluminum coating
configuration, exhibits a substantial reduction in PV temperature at elevated glass temperatures.
Additionally, it demonstrates a significant enhancement in PV efficiency. These findings highlight the
remarkable impact of the aluminum coating in Mode B, effectively impeding thermal emission from

the PTR. As aresult, the serving temperature of the PV panel is reduced, leading to improved efficiency.

Moreover, Fig. 8 (a) and (b) illustrate the close correspondence between the simulated results and
experimental data regarding PV temperature and PV efficiency as the glass temperature increases. And,
Fig. 8 (c) demonstrates a satisfactory alignment between the simulated heat loss of the PTR and the
corresponding experimental data obtained from NREL [25]. This agreement further strengthens the
validity of the simulation model. To evaluate the deviation of the simulated results, the root-mean-

square deviation (RMSD) is used in this study [65],

RMSD = \/Z[(Y“mvi _YeXp,i) /Yexp,i] a7

X
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where Yiim and Yeyp are the simulated and experimental data, respectively, x is the number of data. The
calculated values of RMSD for the simulation results, encompassing PV temperatures and PV
efficiencies in Modes A and B, as well as PTR heat loss, all fall within 5%. This indicates that the

mathematical model employed in this study exhibits exceptional predictive capability.
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Fig. 8 Simulation results verified by experiments carried out in the indoor solar simulator laboratory.
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5. Results and discussions

5.1 PTR’s and PV’s performance in the proposed hybrid PTC-PVHC system

Table 6 PV’s performance and comparisons of three kinds of modes

Relative improvement ratio

Mode A Mode B Current Mode
T, (Ppy and npy)
Tpy Ppy nev Tpy Ppy npy Tpy Ppy ney goﬂn;ﬁzzej COZIODZZeZ o

25 67.7 591 14.12 71.5 5.49 13.18 70.0 5.67 13.53 -4.1 3.3
40 68.6 5.78 13.83 71.6 5.47 13.13 70.1 5.65 13.48 2.2 3.3
55 69.8 5.65 13.54 71.6 5.45 13.08 70.2 5.63 13.44 -0.4 3.3
70 71.3 5.53 13.25 71.8 5.43 13.04 70.3 5.62 13.39 1.6 3.5
85 73.0 5.40 12.96 72.1 5.41 12.99 70.5 5.60 13.35 3.7 3.5
100 75.1 5.28 12.67 72.5 5.39 12.94 70.7 5.58 13.30 5.7 3.5
115 77.3 5.15 12.38 73.1 5.36 12.89 71.0 5.56 13.26 8.0 3.7
130 79.9 5.02 12.09 73.8 5.34 12.84 71.4 5.54 13.21 10.4 3.7
145 82.7 4.90 11.80 74.7 5.32 12.80 71.7 5.53 13.17 12.9 3.9

Based on the experimental validations of the PTC-PVHC system in Modes A and B, as discussed in Section 4.2, the mathematical model
established in this study has demonstrated excellent predictive ability. Building upon this foundation, a numerical investigation was conducted on
the hybrid PTC-PVHC system in its current mode, as illustrated in Fig. 1. The findings of this investigation are summarized in Table 6 and Table

7. It should be noted that 7Tpy is the average value of three temperature points measured on the PV panel which are shown in Fig. 4.
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Table 6 reveals that the current mode and Mode B exhibit higher PV temperatures compared to
those in Mode A when the glass temperature approximately remains below 70 °C. However, as the
glass temperature surpasses 70 °C, the PV temperatures in the current mode and Mode B change to be
lower than those in Mode A. The reason for this phenomenon is the double-sided functionality of the
aluminum coating on the rear back of the PV panel at different serving temperatures. On one hand,
when the operating temperature of the glass envelope remains below 70 °C, the low thermal emittance
of the aluminum coating impedes the dissipation of thermal radiation from the PV panel to the
environment. As a result, both the current mode and Mode B exhibit higher PV temperatures compared
to Mode A. On the other hand, when the glass envelope temperature exceeds 70 °C, the glass envelope
emits a greater amount of radiation onto the rear surface of the PV panel. In this scenario, the aluminum
coating plays a crucial role in reflecting the incoming thermal radiation from the glass envelope.
Consequently, the PV panel temperatures in Mode B and the current mode start to decrease below that
of Mode A. Furthermore, in the current mode, with the aid of the aluminum coating on the glass
envelope, the glass emits significantly less thermal radiation than in Mode B. Consequently, the PV
temperature in the current mode experiences further reduction compared to Mode B. Through the data
of last two columns of Table 6, it can be observed that, with the growing operating temperature of the
glass envelope, the PV power output (Ppy) and PV efficiency (7pr) in the current mode have an
increasing improvement rate and a relatively stable improvement rate compared to Modes A and B,
respectively. Specifically, when the glass temperature reaches approximately 145 °C, the relative
improvement rates of PV output and efficiency, compared to Modes A and B, are 12.9% and 3.9%,
respectively. These results indicate that the proposed PTC-PVHC system in the current mode exhibits
superior photoelectrical performance at higher operating temperatures of the glass envelope, in contrast
to Modes A and B. Furthermore, these results demonstrate the effectiveness of the aluminum coatings
deposited on the rear surface of the PV panel and glass envelope in minimizing the projection of

thermal radiation onto the PV panels.

Besides the photoelectrical performance, the thermal performance of the PTR inside the PTC-

PVHC in the current mode is also investigated. The detailed heat loss of the PTRs in three kinds of
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PTC-PVHC systems is presented in Table 7. Compared to the prototype PTC system, the PTRs of the
PTC-PVHC system in Modes A and B have slight reductions in heat loss due to the existence of the
PV panel which can intercept a portion of the thermal dissipation from the PTR. In contrast, the PTR
in current mode achieves a remarkable decrease in heat loss. This reduction is attributed to the presence
of an aluminum coating on the upper part of the glass envelope, which acts as a barrier, effectively
blocking the thermal emission from the absorber tube inside PTR. Overall, the PTC-PVHC system in
the current mode exhibits exceptional thermal performance compared to the prototype and Modes A
and B. With increasing absorber temperatures from 200 to 600 °C, the PTC-PVHC system in the

current mode is capable of reducing heat loss by an impressive 30% to 45%.

Table 7 Heat loss of the PTRs in different modes

HLprr Relative reduction ratio
Ts Current Compared to  Compared to  Compared
Prototype Mode A Mode B
Mode Prototype Mode A to Mode B
200 24.4 24.2 22.4 15.4 36.9 36.4 31.3
300 81.5 81.3 75.2 49.1 39.8 39.6 34.7
400  221.6 220.9 201.5 128.8 41.9 41.7 36.1
500  521.5 519.0 491.1 295.7 433 43.0 39.8
600 1097.4 1090.6 1035.2 612.7 44.2 43.8 40.8

5.2 Photoelectrical and thermal performance of the PTC-PVHC system in real applications

Based on section 5.1, the PTC-PVHC system is further assumed to be applied to a real collector
loop explained in Fig. 1 and Table 1 to evaluate the photoelectrical and thermal performance metrics
of such a novel configuration. The collector loop in this study is equipped with an East-West tracking

mechanism.

In practical applications of the PTC-PVHC system, the PV panel is designed to rotate along with
the PTC system, utilizing a one-axis solar tracking mechanism. This configuration allows the PV panel
to continuously adjust its orientation throughout the day, effectively reducing the cosine loss associated

with the incident solar radiation. As a result, the PV panel can maintain higher photoelectrical
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performance levels, optimizing energy capture and conversion throughout the entire day. In this section,
typical meteorological days, i.e., summer solstice and autumnal equinox, are selected as the study cases.
The results of the daily average cosine of the PV panels mounted on the PTC-PVHC and ground are
depicted in Fig. 9(a). It can be observed that the cosine values of the PV panel in the PTC-PVHC in
both summer solstice and autumnal equinox reach 0.993 and 0.949, which are effectively improved by
37.5 and 20.7% compared to that in the PV panel fixed on the ground, respectively. Those prove the
advancement of such a hybrid PTC-PVHC system in reducing cosine loss. Furthermore, the PV
efficiency varied with different solar irradiances are explored and shown in Fig. 9(b). With the increase
of the solar irradiance from 300 to 1000 W/m?, both PV panels mounted on the PTC-PVHC system
and ground harvest increased efficiencies. And the former has an increasingly higher PV efficiency
compared to the latter because of its much higher cosine value. The efficiency of the PV panel in the
PTC-PVHC reaches 13.63 % at the solar irradiance of 1000 W/m?, which is relatively enhanced by

14.7 % compared to that on the ground.
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Fig. 9 Photoelectrical performance of the PV panels on the ground without solar tracking and proposed PTC-PVHC

system with one-axis solar tracking. (a) Daily average cosine value; (b) PV efficiency.

To further evaluate the thermal metrics of such a hybrid system in different time buckets and solar
irradiance, its loop heat loss of the PTRs and thermal efficiency are calculated and exhibited in Fig. 10

(a) and (b). During the daytime, the collector loop generally operates at high operating temperatures,
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the configurations of the PTC-PVHC system, i.e., aluminum coating and PV panel, contribute
significantly to a substantial reduction in heat loss by 42.9 % compared to the prototype PTC system.
During the nighttime, the PTR needs to maintain above 220 °C to prevent the High-Temperature Fluid
(HTF) of molten salt from freezing. In this scenario, the hybrid PTC-PVHC system can thereby
continue to play an effective role in reducing the heat loss of the PTR by 39.9 %. Furthermore, it can
be seen from Fig. 10 (b) that the thermal efficiencies of both hybrid PTC-PVHC and prototype PTC
systems increase with the growth of solar irradiance. However, the former has a decreasing efficiency
improvement compared to the latter, that is because the increasing solar irradiance causes a larger solar
absorption loss for the PTC-PVHC system due to the interception of the PV panel, thereby leading to
a reduced thermal efficiency improvement compared to the prototype PTC system. In the scenario of
low solar irradiance of 300 W/m?, the hybrid PTC-PVHC system can effectively improve thermal

efficiency by 9.6 % compared to the prototype PTC system.
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Fig. 10 PTRs’ heat loss and thermal efficiency of the prototype PTC system and hybrid PTC-PVHC system. (a)

Loop heat loss in daytime and nighttime; (b) Loop thermal efficiency

5.3 Configuration and overall performance of the PTC-PVHC system-based 50 MWe CSP plant

The comprehensive analysis of the PTC-PVHC system’s performance discussed above has led to

the design and study of a CSP plant integrated with the PTC-PVHC system. The CSP plant is
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specifically configured with a power capacity of 50 MWe. To evaluate the performance of the PTC-
PVHC system-based CSP plant, calculations have been conducted considering a nominal normal
irradiance of 600 W/m2. The preliminary results of these calculations, including the system
configurations and performance metrics, are presented in Table 8. For the PTC-PVHC system-based
CSP plant, the power capacity of 50 MWe is composed of a solar-thermal power capacity of 48.2 MWe
and a PV power capacity of 1.8 MWe after calculations. Since the PTC-PVHC system-based CSP plant
has a higher thermal efficiency (as explained in Fig. 10(b)) and lower solar-thermal power capacity,
the loop number needed in the novel CSP plant is lower than that in the conventional CSP plant. And

the electrical consumption for nominal field freeze protection in the former is accordingly reduced to

5252.8 kWe from 9323.6 kWe in the latter.

Table 8 Configurations and performance of the CSP plants with prototype PTC and hybrid PTC-PVHC systems

Prototype PTC system- Hybrid PTC-PVHC system-based
based CSP plant CSP plant

Item/Metric

Total power capacity

(MWe)

50

Turbine efficiency of power 40.7
cycle (%)
Nominal normal irradiance 600
(W/m?)
PV efficiency (Standard \ 16.5
condition)

Solar-thermal power 50 48.2
capacity (MWe)

Photovoltaic power 0 1.8
capacity (MWe)

Thermal power of power 122.9 118.4
cycle (MWt)

Loop thermal efficiency (%) 65.9 67.9
Number of loops 143 134
Loop thermal power (MWt) 172 1.91

Loop mass flow rate (kg/s) 4.95 5.07

27



Total aperture area of solar

5 623480 584240
field (m~)
Nominal field freeze
) 9323.6 5252.8
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Fig. 11 (a) Annual direct normal irradiance of Phoenix, (b) Solar-thermal power output of the CSP plant with the
PTC prototype system, (c) Solar-thermal power output of the CSP plant with the PTC-PVHC system, and (d) Power

output of the PV arrays in the PTC-PVHC system.

Based on the above configuration, the techno-economic performance of the two kinds of CSP
plants is studied and analyzed. The CSP plants are set in an area with abundant solar energy resources,
Phoenix in the USA, in which the annual direct normal irradiance (DNI) reaches 7.34 kWh. The annual

DNI is depicted in Fig. 11(a). Subsequently, the annual solar-thermal power outputs of the CSP plants
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integrated with the prototype PTC system and hybrid PTC-PVHC system are calculated and shown in
Fig. 11(b) and (c), respectively. It can be observed that the prototype CSP plant harvests lower solar-
thermal power output (Table 9) and causes much larger electricity consumption for freezing protection
during the off-operation period than the novel hybrid CSP plant. Besides, the PV power output in the
novel CSP plant is presented in Fig. 11(d). Though the PV panel is relatively narrow, the total area of
PV arrays is pretty considerable due to the long length of the total loops. As a result, the PV arrays
generate a substantial power output, contributing to the overall electricity generation of the hybrid CSP

plant.

The detailed annual performance metrics are presented in Table 9. The solar-thermal power output
of the hybrid CSP plant is higher by 8.0 % than that of the prototype CSP plant. Taking the PV power
output into account, the total annual alternating current (AC) power output of the former reaches
245956 MWhe, which is effectively improved by 10.1 % compared to 223435 MWhe in the latter.
Furthermore, the hybrid CSP plant exhibits a noteworthy reduction of 87.0% in electricity consumption
for annual freeze protection. This significant decrease is primarily attributed to the optimized system
design, resulting in a reduced number of loops and a highly effective reduction in heat loss. In the
economic aspect, the capital cost of the solar-thermal power system in the hybrid CSP plant is reduced
by 4.8% because of its smaller loop number. Considering the additional capital cost of the PV power
system, the total net capital cost of the hybrid CSP plant increases to $ 325.5 million but is still lower
by 4.0 % than that of the prototype CSP plant, demonstrating the cost advantages of the hybrid CSP
plant. As a result, the LCOH and LCOE are calculated. The results demonstrate a noteworthy reduction
rate of 14.7% in the LCOH of the solar field within the hybrid CSP plant, which amounts to 1.92¢/kWht
compared to the 2.25¢/kWhe observed in the prototype CSP plant. This reduction can be attributed to
the enhanced thermal efficiency of the PVHC system and reduced loops, resulting in a higher thermal
energy output and reduced operational and maintenance costs. The values of the LCOE of the prototype
and hybrid CSP plants are 9.23 and 8.59 ¢/kWhe, respectively, the latter is effectively reduced by 6.9%
in comparison to the former. This reduction further emphasizes the economic benefits of the hybrid

CSP plant, making it a more cost-effective energy generation option.
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Table 9 Annual performance metric of the CSP plants located in Phoenix, with prototype PTC system and hybrid

PTC-PVHC system

Hybrid PTC- Relative improvement/
Prototype PTC
PV system- reduction ratio of the
Item/Metric system-based
based CSP latter over the former
CSP plant
plant
Annual AC power output 223435 245956 +10.1 %
(MWhe)
Solar-thermal power output 223435 241339 +8.0 %
(MWhe)
Photovoltaic power output 0 4617 \
(MWhe)
Annual freeze protection 26794 3486 ~87.0 %
(MWhe)
Net capital cost ($1M) 339.0 325.5 —4.0 %
Capital cost of the solar- 339.0 3226 _4.8%
thermal power system ($1M)
Capital cost of the PV power 0 2.9 \
system ($1M)
LCOH (¢/kWht) 2.25 1.92 -14.7%
Real LCOE (¢/kWhe) 9.23 8.59 —6.9 %
Real LCOE of the solar-
thermal power system (€ 9.23 8.68 —6.0 %
/kWhe)
Real LCOE of the PV power 0 3.98 \
system (€ /kWhe)

5.4 Configuration and overall performance of the PTC-PVHC system-based 50 MWe CSP plant

Furthermore, to evaluate the techno-economic performance of the hybrid PTC-PVHC system in
different weather, three typical areas, namely, Phoenix in the USA, Almeria in Spain and Delingha in
China, are selected as the locations of the CSP plants. The Phoenix has the best solar irradiance of 7.34

kWh/(m?-d), and then Almeria, Delingha has the worst solar irradiance of 4.23 kWh/(m?-d). The

detailed weather data is presented in Table 10.

Table 10 Weather data of three typical areas
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Average

Average
Annual DNI ambient
Area Location wind speed
(KWh/(m?-d)) temperature
(m/s)
O
‘ (111.98°W, 33.45°N),
Phoenix 7.34 21.9 1.8
USA
(2.35°W, 36.85°N),
Almeria ' 5.44 19.0 4.1
Spain
‘ (9.37°E, 37.37°N),
Delingha 4.23 4.4 2.1

China

The calculated results of the annual power outputs and electricity consumption for freeze
protection are shown in Fig. 12 and Fig. 13, respectively. It can be seen that the highest annual AC
power outputs are observed in Phoenix, while the lowest outputs are observed in Delingha. This
correlation confirms that higher solar irradiance directly contributes to increased power generation in
CSP plants. However, it is noteworthy that in Delingha, the hybrid CSP plant has the largest
improvement ratio of 26.9% from 113493 MWhe in the prototype CSP plant to 144032 MWhe, which
is because PTC-PVHC has better thermal efficiency in a scenario of low solar irradiance than that in
high solar irradiance (explained in Fig. 10 (b)). In addition, the electricity consumption for freeze
protection in the hybrid CSP plant in all three areas is remarkably reduced compared to the prototype
CSP plant. Especially in Phoenix, the electricity consumption in the hybrid CSP plant decreased by

87.0 %, demonstrating the superior thermal performance of the PTC-PVHC system.
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Moreover, the real LCOEs of the prototype and hybrid CSP plants are also calculated and depicted
in Fig. 14. Both prototype and hybrid CSP plants in Phoenix have the lowest values of LOCE among
three areas, i.e., 9.23 and 8.59 ¢/kWhe, respectively. The latter is effectively reduced by 6.9 %

compared to the former. Conversely, the prototype and hybrid CSP plants in Delingha have the highest
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LCOE values, with the prototype plant reaching 15.31 ¢/kWh and the hybrid plant at 13.95 ¢/kWh.
However, in terms of reduction ratio, the prototype CSP plant in Delingha achieves the largest value
of 8.9% compared to the hybrid CSP plant in the same area. All results show that the hybrid CSP plant

exhibits pretty superior economic performance than the prototype CSP plant.
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Fig. 14 Real LCOEs of prototype and hybrid CSP plants in different regions
6. Conclusions

In this study, three kinds of configurations of the proposed PTC system integrated with PV panels
and aluminum coating (PTC-PVHC) are proposed and tested in the indoor laboratory. The
experimental data validates simulation results based on the established mathematical model. The value
of RMSD well remains within 5 %, demonstrating good prediction ability of the model. Relying on the
simulations, the thermal and photoelectrical performance of the PTC-PVHC system is
comprehensively evaluated. In addition, the techno-economic metrics of the novel CSP plant with

proposed PTC-PVHC are also investigated and analyzed. The main results are summarized as follows.

(1) The aluminum coating exerts effective roles in reducing radiation heat loss of the PTR and
lowering the PV temperature. The proposed PTC-PVHC system in this study exhibits superior

thermal and photoelectrical performance at higher operating temperatures. The PTC-PVHC
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system in the current mode can reduce heat loss by an impressive 45% at the absorber
temperature of 600 °C.

(2) The configuration of the PV panel designed in the hybrid PTC-PVHC system has a great
advancement in reducing cosine loss, and its efficiency is effectively enhanced by 14.7 %
compared to that on the ground. In virtue of the aluminum coating, the hybrid PTC-PVHC
system can also effectively improve thermal efficiency by 9.6 % compared to the prototype
PTC system in the scenario of low solar irradiance of 300 W/m?.

(3) The CSP plant integrated with the hybrid PTC-PVHC has superior techno-economic
performance than that in the CSP plant with the prototype PTC system. The total annual power
output of the former is effectively improved by 10.1 % compared to the latter. Furthermore,
the former exhibits a noteworthy reduction of 87.0% in electricity consumption for annual
freeze protection. And the LCOH and LCOE of the former are significantly reduced by 14.7
and 6.9 % from the 2.25 ¢/kWht and 9.23 ¢/kWhe in the latter to 1.92¢/kWht and 8.59 ¢/kWhe,
respectively.

(4) The hybrid CSP plant has the best techno-economic performance in Delingha, which has the
lowest solar irradiance among the three typical areas. In Delingha, the hybrid CSP plant has
the largest improvement ratio of 26.9% in annual power output and the most significant

reduction ratio of 8.9% in LCOE.
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