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Abstract 11 

Solar-to-thermal conversion efficiency of the parabolic trough collector significantly degrades at high 12 

operating temperatures, which exerts seriously negative effects on the development of parabolic trough 13 

collectors. To solve this knotty problem, based on the theory of the negative thermal-flux region, a novel 14 

parabolic trough solar receiver with a radiation shield was proposed, manufactured, and tested. In this 15 

framework, the proposed solar receiver is employed in the concentrated solar power plants using solar salt as 16 

the heat transfer fluid to analyze its feasibility in real solar power plants. In this study, the mathematical models 17 

of heat collection and economic assessment are established, and the simulation results yield a good agreement 18 

with the experimental data. The techno-economic performances of the solar power plants installing the 19 

proposed solar receivers in three typical areas under different installed capacities and thermal storage 20 

capacities are comprehensively investigated. The results demonstrate that the proposed solar receiver has a 21 

great potential for significant enhancement of the techno-economic performance of the solar power plant. The 22 
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solar power plant with the proposed solar receivers located in Dunhuang can effectively improve the annual 23 

net electrical energy production by 9.77 %, reduce the levelized cost of energy by 8.67 %. 24 

Keywords: Parabolic trough collector (PTC); Solar receiver; Concentrated solar power (CSP); Techno-25 

economic; Efficiency 26 

Nomenclature  γ Coefficient 

a Ambient  θ Angle, ° 

c Specific heat capacity, J/(kg·K) τ Transmittance  

d Discount rate α Absorptance  

f fluid Abbreviation and subscripts 

g Glass envelope ANI Aperture normal irradiance, W/m2 

h 
Convection heat transfer coefficient, 

W/(K·m2) 
CSP Concentrated solar power 

m Mass flow rate, kg/s DNI Direct normal irradiance, W/m2 

s Absorber tube FH Fossil/heater expenditures 

A Area, m2 HL Heat loss 

C Friction coefficient HTF Heat transfer fluid 

D Diameter, mm kWe Kilowatt of electricity 

E Electricity kWt Kilowatt of thermal energy 

L Length, m kWhe Kilowatt-hour of electricity 

Q Net heat flux, W kWht Kilowatt-hour of thermal energy 

T Temperature, °C MWe Megawatt of electricity 

W Width, m LCOE Levelized cost of energy 

ap Aperture  NTR Negative thermal-flux region 
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conv Convection  OM operation and maintenance costs 

in Inlet PTC Parabolic trough collector 

out Outlet PTR Parabolic trough receiver 

Nu Nusselt number RMSD Root-mean-square deviation 

Re Reynold number RP Relative percentage, % 

Pr Prandtl number RS Radiation shield 

Greek Symbols PTCSP Parabolic trough CSP  

η Efficiency SCA Solar collector assembly 

φ Incidence angle, ° SSC Solar selective-absorbing coating 

1. Introduction 27 

With great development of industrialization all over the world, the demands for hotter and larger amount 28 

of high-temperature heat source grows quickly. To date, the generation of heat source mainly relies on the 29 

combustion of fossil fuel [1], however, the incurred environmental pollution by the combustion of fossil fuel 30 

and impending energy crisis promote the mankind to focus more on the renewable energy applications. 31 

Concentrated solar thermal technologies, after almost four decades of great progresses, achieve great successes 32 

in commercial application of concentrated solar power (CSP) [2-5]. Parabolic trough collector (PTC) is the 33 

most widely used system among the concentrated solar thermal technologies due to its technical maturity and 34 

performance stability [6-9]. According to the statistics by the end of 2019, the total installed capacity of global 35 

CSP reached 6.59 GWe, and the parabolic trough CSP (PTCSP) accounts for above 80 % [10]. 36 

As a such promising system, however, the PTC system faces a knotty problem of deteriorating solar-to-37 

thermal conversion efficiency at high operating temperature, which exerts seriously negative impacts on the 38 

further development and utilization of the PTC system. At present, the PTC system employed in CSP generally 39 
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uses therminol oil (VP-1) [11, 12] as the heat transfer fluid (HTF) in commercial utilization, the operating 40 

temperature of PTC system is approximately 400 °C while the efficiency of a steam turbine is only 36-38%. 41 

To improve the steam turbine efficiency and storage temperature in CSP, the HTF of solar binary salt is 42 

considered and applied to the PTC system so that the operating temperature is enhanced to 550 °C [13]. The 43 

corresponding turbine efficiency increases to approximately 40 %. At such high operating temperatures of 44 

400 °C even 550 °C, parabolic trough solar receiver (PTR), as the key component of PTC system where solar-45 

to-thermal conversion process occurs, generates massive heat loss [14], that results in the strong decrease of 46 

the solar-to-thermal conversion efficiency of PTC system. 47 

Conventional PTR is mainly composed of metal absorber tube deposited with solar selective-absorbing 48 

coating (SSC), glass envelope, metal-glass sealings [15, 16]. The annulus between the absorber tube and glass 49 

envelope is evacuated for the effective blockage of convection and conduction heat loss from the absorber 50 

tube, thereby the heat loss of PTR is basically equivalent to the radiation heat loss. According to the Stefan-51 

Boltzmann’s law [17], the radiation heat loss from the absorber tube considerably increases with the absorber 52 

temperature raised to the fourth power. In a Eurotrough collector [18] installing Schott's 2008 PTR70 parabolic 53 

trough receiver [14], for instance, in the case of normal solar irradiance of 600 W/m2 and absorber temperature 54 

of 400 °C, the radiation heat loss of the PTR accounts for almost 10.0 % of absorbed solar irradiance by the 55 

PTR [14], which exerts a seriously negative impact on the solar-to-thermal conversion efficiency of PTC 56 

system. Therefore, the effective reduction of radiation heat loss of PTR at high operating temperatures is vital 57 

for improving the solar-to-thermal conversion efficiency of the PTC system. Lowering the infrared emittance 58 

of SSC on the surface of the absorber tube is the most effective way to reduce the radiation heat loss of PTR 59 

[19, 20]. However, the solar irradiance absorptance of SSC would suffer much and thus leading to a large 60 

amount of solar irradiance loss due to a high concentration ratio (＞80) in the PTC system. Therefore, this 61 



 

5 

optimization method for SSC may instead cause a decrease in thermal efficiency of the PTC system. Besides 62 

of this method, Osorio et al. [21] proposed a new PTR with double glass envelopes, McEnaney et al. [22] used 63 

aerogels instead of vacuum gap of PTR, these methods can effectively reduce the radiation heat loss from the 64 

absorber tube, but they also caused the reductions in transmittance of solar irradiance to reach absorber tube 65 

surface, thereby the thermal efficiencies of the proposed PTRs were hardly enhanced in the PTC system with 66 

high concentration ratio.  67 

Unlike the optimization methods mentioned above, we proposed a novel PTR with a radiation shield 68 

placed in the vacuum gap based on the theory of the negative thermal-flux region (NTR) [23, 24]. As exhibited 69 

in Fig. 1, a standard commercial PTR in EuroTrough collector absorbs high concentrated solar irradiance (80×) 70 

at the lower part, but the nonconcentration part of PTR with the angle range of 290~360(0)~70° only absorbs 71 

no more than one solar irradiance (≤ 1×). In the case of solar irradiance of 600 W/m2, the maximum absorbed 72 

solar irradiance in nonconcentration part is about 0.56 kW/m2. According to the experimental results carried 73 

out by the NREL [14], the circumferential radiation heat loss from the absorber tube is calculated to be 3.05 74 

kW/m2 at the absorber temperature of 550 °C, which is approximately 5.4 times the absorbed solar irradiance 75 

by the absorber tube in noncencentration part. As shown in Fig. 1, larger radiation heat loss than the absorbed 76 

solar irradiance occurs on the absorber tube with the angle range of 275~360(0)~85°, resulting in the 77 

phenomenon of negative net heat gain and the formation of the negative thermal-flux region (NTR). 78 

Furthermore, it has been proven that the phenomenon of negative net heat gain in NTR will get worse at higher 79 

absorber temperature or lower solar irradiance [23]. The discovery of NTR has given rise to new optimization 80 

methods of PTR for the enhancement of thermal performance, i.e., structural optimization integrating 81 

functional materials for the NTR [25-28]. For instance, the SSC in the NTR was replaced with the polished 82 

metal layer which has extremely low emittance in the whole wavelength band [25]. The metal layer can greatly 83 
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reduce the radiation heat loss in the NTR but with losing nearly all of incident solar irradiance due to the low 84 

absorptance of metal layer, the results showed that the proposed PTR with double SSCs still possessed superior 85 

overall thermal performance at high operating temperature.  86 
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Fig. 1 Negative thermal-flux region (NTR) occurring in the upper part (angle range: 275~360(0)~85°) of PTR. In this part, the 88 

radiation heat loss from the absorber tube is obviously higher than the absorbed solar irradiance by the absorber tube at high 89 

absorber temperature or low solar irradiance, thereby forming the region with negative net heat gain. 90 

Introducing a metal radiation shield (RS) into the vacuum annulus in the NTR is another effective and 91 

proven way to reduce the radiation heat loss and improve the solar-to-thermal conversion performance of PTR. 92 

The schematic diagram of the PTR integrating a RS (PTR-RS) is exhibited in Fig. 2. RS was made of 93 

aluminum, the inner aluminum surface of RS was polished to achieve high reflectance for the maximum 94 

blockage of radiation heat loss from the absorber tube, and the outer surface of RS was deposited with the 95 

SSC to enhance the RS temperature to reduce the radiation heat transfer between the absorber tube and the 96 

RS. The addition of RS can effectively reduce the radiation heat loss with incurred acceptable solar irradiance 97 

loss. Unlike the other novel PTRs proposed in references [25-28], the novel PTR-RS was systematically 98 
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designed and experimentally validated in small-scale testing platforms [29]. As shown in Fig. 3(b) and (c), the 99 

conventional PTR and novel PTR-RS were manufactured and tested in the indoor and outdoor small-scale 100 

testing platforms. In comparisons with the conventional PTR, it has been proven that the PTR-RS can achieve 101 

good structure reliability and superior solar-to-thermal conversion performance at the high temperature 102 

(303 °C@DNI=800 W/m2) or low direct normal irradiance (DNI), but inferior performance at the lower 103 

temperature or higher DNI. In a real PTCSP plant system, however, not whole PTRs in a long solar field loop 104 

have high HTF temperature. The HTF temperature increases from the lower inlet temperature, which 105 

demonstrates the HTF temperature in the front part of the loop may be too low to achieve superior performance. 106 

Moreover, the values of DNI are variable in different regions and seasons. Therefore, the overall performance 107 

and feasibility of the proposed PTR-RS in a real PTCSP plant system need further verifications. 108 

 109 

Fig. 2 Schematic diagram of the proposed PTR-RS. 110 

In this study, 100 MWe PTCSP plant systems with the PTRs and PTR-RSs (Fig. 3(a)) are investigated. 111 

The PTCSP plants adopt solar binary salt [30] as the HTF, and the outlet HTF temperature of a single loop in 112 

the PTCSP plant is determined as 550 °C. In this framework, detailed mathematical models regarding the heat 113 

collection and economy of the PTCSP plants are established, thermal performances of PTCSP plant systems 114 

integrating the PTRs and PTR-RSs in the daytime and nighttime are evaluated. The impacts of different 115 
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regions, namely, Mojave Desert, Quarzazate, and Dunhuang, on the techno-economic performances of the 116 

PTCSP systems are also investigated to validate the feasibility of the PTR-RS in different regions. Furthermore, 117 

the technical and economic assessments and comparisons of the PTR-RS in the PTCSP with different installed 118 

capacities and thermal storage capacities are also carried out in detail. 119 

 120 

Fig. 3 PTCSP plant system using the solar binary salt as the HTF. (a) Schematic diagram of PTCSP system, (b) conventional 121 

PTR manufactured, and (c) novel PTR-RS manufactured. 122 

2. Characteristics of PTCSP system 123 

Due to the good thermo-physical characterization, low cost, and long life, solar binary salt is a promising 124 

HTF used in the CSP system. The binary salt is composed of 60 % NaNO3 and 40 % KNO3 (weight percent, %), 125 

the freezing temperature and the maximum operating temperature are approximately 238 °C and 593 °C, 126 

respectively [31]. The complete cycle of solar salt in the PTCSP system is exhibited in Fig. 3(a). The solar salt 127 

flows inside the solar receivers in the solar field to absorb the heat through a solar field loop. It then is pumped 128 

into the hot salt tank and exchanged by the heat exchanger for the steam used to drive the turbine. The heat-129 

releasing solar salt eventually flows to the cold salt tank and is pumped into the solar field loops to complete 130 

a cycle.  131 
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2.1 Solar field 132 

 133 

Fig. 4 Single solar field loop in the PTCSP system. The inlet and outlet temperatures of HTF are determined as 290 and 550 °C, 134 

respectively. 135 

In this study, the solar field loops use the EuroTrough collectors with an aperture of 5.76 m [32], each 136 

loop has 8 solar collector assemblies (SCAs) as shown in Fig. 4. A SCA is an individually tracking component 137 

of the solar field that includes trough mirrors, receivers, and a supporting structure. All SCAs employ the 138 

orientation of North-South (N-S) on the type of single axis tracking of East-West (E-W), the spacing of each 139 

two rows is 15 m for reducing the shading by the front row. The detailed specifications of single solar field 140 

loop are presented in Table 1. 141 

Table 1 The specifications of the single solar field loop [14, 29, 32] 142 

Parameter Specification Parameter Specification 

Single SCA length 100 m Row spacing 15 m 

SCA number in single loop 8 Loop optical efficiency (η0, PTR) 0.736 

Single loop length (Lloop) 800 m Loop optical efficiency (η0, PTR-RS) 0.724 

Aperture width (Wap) 5.76 m Length of solar receiver 4.06 m 

Single loop aperture area (Aap) 4360 m2 Diameter of absorber tube (Ds) 70 mm 

Receiver number in single loop 192 Diameter of glass envelope (Dg) 125 mm 

Loop inlet HTF temperature (Tin) 290 °C Diameter of RS in PTR-RS (DRS) 80 mm 
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Loop outlet HTF temperature (Tout) 550 °C Angle of RS arc in PTR-RS (θRS) 120° 

The loop inlet and outlet HTF temperatures are designed as 290 and 550 °C, respectively. The solar 143 

receiver in the solar field loop employs conventional PTR and PTR-RS manufactured by TRX Solar 144 

technology Co. Ltd [29], physical PTR and PTR-RS are exhibited in Fig. 3(b) and (c). It is noted that all 145 

specifications of the PTR manufactured are the same as these of the widely available commercially solar 146 

receivers. The RS arc angle in the PTR-RS is 120° to avoid the interception of the concentrating solar rays. 147 

The distance between the RS and absorber tube is 5 mm, given actual fabrication installation difficulties. The 148 

presence of the RS will cause the optical loss of solar irradiance projected onto the PTR in the NTR, thus the 149 

optical efficiency of the PTR-RS decreases to 0.724 from the 0.736 in the PTR. The detailed calculation 150 

process of the optical efficiency is explained in section 3.  151 

2.2 Thermal Storage and power cycle 152 

Besides of a good HTF in the solar field, the solar salt is also a widely popular working medium used to 153 

store the excessive thermal energy in the daytime. In this study, the temperatures of the hot salt tank and cold 154 

salt tank are 550 and 290 °C, respectively. Generally, larger thermal storage capacity in the CSP system means 155 

stronger continuous generating capacity in the nighttime, which is conducive to increasing annual power 156 

generating capacity but the initial investment to the CSP system will inevitably rise [33, 34].  157 

The HTF volumes with specified thermal storage capacity can be calculated to ensure that the storage 158 

system can supply energy to the power block at its design thermal input capacity for the number of hours 159 

specified by the full load thermal storage hours variable. In terms of thermal storage for 6, 8, and 10 hours, 160 

the available HTF volumes in the storage tanks are approximately 7390, 9853, and 12316 m3. According to 161 

the operational data in the empirical CSP plant, the cycle thermal efficiency of the steam turbine is set as 0.407. 162 

In this study, the installed capacity of PTCSP plant is designed as 100 MWe. 163 
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3. Models and experimental validation 164 

3.1 Heat collection model  165 

 166 

Fig. 5 The simulation of heat collection process by the finite volume method  167 

As shown in Fig. 5, the steady-state heat collection process of a single solar field loop is simulated by the 168 

finite volume method. A uniform temperature distribution around the absorber tube is assumed. The heat loss 169 

and thermal efficiency of each solar field loop are two important indicators to observe the solar thermal 170 

performance of the solar receivers and PTC system. The heat loss (HL) of PTR and PTR-RS has been achieved 171 

by the indoor heat loss experiments (Fig. 7(a)). In actual application conditions, different environmental 172 

parameters, namely, ambient temperature, wind speed, and sky temperature, exert little effects on the amount 173 

of heat loss of PTR [14], thus it can be assumed that the heat loss of PTR or PTR-RS under different 174 

environmental parameters is the same at a determined absorber temperature. This framework employs the 175 

experimental heat loss results in the total heat loss and the heat collection simulations in a single solar field 176 

loop. The detailed heat loss experiments are presented in section 3.3. The fitting curves of experimental heat 177 

loss results of the PTR and PTR-RS used in the models are expressed as Eq (16) and Eq (17). 178 

In the heat collection process, the single loop is divided into n finite volumes (n=800 in this study). In the 179 



 

12 

ith finite volume (i=1, 2, …, n), the HTF temperature, absorber temperature, and glass envelope temperature 180 

are indicated as Tf, i, Ts, i, and Tg, i, °C. The values of Tf, i and Ts, i can be determined by iterative computations 181 

based on the energy balance in the ith finite volume as expressed in Eq (1),  182 

0 , 0, , i ap i ap iconv s f iQ HL A ANI W L ANI − + = =g g ,                                                (1) 183 

where Aap,i is the aperture area of PTC corresponding to ith finite volume, m2; which is the product of aperture 184 

width (Wap) and length of PTC loop in the ith finite volume (Li). HLi represents the heat loss of PTT and PTR-185 

RS in the ith finite volume, W. ANI is the aperture normal irradiance, W/m2, which is calculated by [35]: 186 

cosANI DNI = g ,                                                                     (2) 187 

where φ is the incidence angle of the direct normal irradiance (DNI), rad. η0 in Eq (1) represents the optical 188 

efficiency of the PTC system in a single loop. The loop optical efficiency of the PTC system integrated with 189 

PTRs (η0, PTR) can be calculated by the expressions as follows:  190 

block tracking reflect dust other g s

0, PTR block tracking reflect dust other g s

ap loop

ap loop

ANI W L

ANI W L

      
       = =

g g

g
,                  (3) 191 

where γblock, γtracking, γreflect, γdust, and γother refer to the blockage coefficient (support structures, etc.), the tracking 192 

deviation coefficient, the reflectance of mirrors without dust, the influencing coefficient on the PTR and 193 

mirrors incurred by the dust, and the other coefficient, their values are determined as 0.971, 0.985, 0.925, 194 

0.955, and 0.945. τg and αs are the solar transmittance of glass envelope and solar absorptance of the SSC, 195 

respectively; their values are 0.960. Thus, the value of η0, PTR is calculated as 0.736. Based on the Eq (3), the 196 

optical efficiency of the PTC system integrated with PTR-RSs (η0, PTR-RS) can be obtained by: 197 

block tracking reflect dust other g s

0, PTR-RS 0, PTR

( )
(1 )

ap RS install loop RS install

ap loop ap

ANI W W L W

ANI W L W

        
 

−
= = −

g g

g
,              (4) 198 

where WRS represents the effective width of the RS blocking the direct solar radiation, m. It can be calculated 199 

by: 200 
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sin( )
2

RS
RS RSW D

q
= g ,                                                                   (5) 201 

where DRS and θRS are the diameter of RS and the angle of RS surrounding around the absorber tube, their 202 

values are presented in Table 1. It is noted that γinstall in Eq (4) represents the installing deviation coefficient of 203 

RS in practice, which is determined as 1.36 in this study.  204 

, ,conv s f iQ −  in Eq (1) refers to the heat transfer between the absorber tube and the HTF in the ith finite volume, 205 

i.e., the net heat gain, W, which can be expressed as follows [36], 206 

, , , , ,, , ( )conv s f i s i s i f iconv s f iQ h A T T−− = − ,                                                         (6) 207 

where ,s iA  represents the inner surface area of absorber tube in the ith finite volume, m2. , ,conv s f ih −  is the 208 

convection heat transfer coefficient, W/(K·m2), it is calculated by the expression as follows:  209 

, ,

, ,

f i f i

conv s f i

i

Nu k
h

L
− =

g
,                                                                   (7) 210 

where ,f ik  represents the HTF thermal conductivity in the ith finite volume, W/(m·K). ,f iNu  refers to the 211 

Nusselt number of the HTF in the ith finite volume. For the full developed transitional and turbulent flow in 212 

circular ducts, the Nusselt number can be determined by the correlation given by Gnielinski [37]: 213 

,

, 1/2 2/3

,

( / 2)(Re 1000)Pr

1 12.7 ( / 2) (Pr 1)

f i i i

f i

f i i

C
Nu

C

−
=

+ −g
 ,                                                  (8) 214 

where ,f iC , Rei , and Pri  represent the friction coefficient, Reynold number, Prandtl number of the HTF in 215 

the ith finite volume.  216 

In the heat collection calculations of the one-loop PTC system integrated with PTRs, the initial fluid inlet 217 

temperature (Tin) is determined as 290 °C and used as the average fluid temperature (Tf, 1) in the 1st finite 218 

volume. The iterative absorber temperature (Ts, 1) in 1st finite volume is continuously substituted into the Eq 219 

(6) and Eq (16), the net heat gain of the fluid and net heat loss from the absorber tube can be thus calculated. 220 

Once the calculated values satisfy the law of energy balance in the absorber tube, which can be judged by 221 
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inequation (9), the correct absorber temperature, net heat gain, and net heat loss can be eventually achieved. 222 

, , 0 , 0.1conv s f i i ap iQ HL A ANI− + − g .                                                      (9) 223 

Subsequently, the outlet fluid temperature in the 1st finite volume, i.e., the fluid inlet temperature in the 2ed  224 

finite volume (Tf, 2), can be calculated by Eq (10):  225 

1

conv,s- f,i i

f,i f,i

p

Q L
T T

mc
+ − = g ,                                                                  (10) 226 

where cp is the specific heat of the HTF, J/(kg·K). m
g

 represents the mass flow rate, kg/s. After the value of 227 

Tf, 2 is calculated, the same calculations repeat from the Eq (6) for the heat collection process in the 2ed, 3rd, …, 228 

800th finite volumes. The detailed computational flow chart is exhibited in Fig. 6. 229 

   After all heat collection processes in a single solar field loop, the total heat gain of the HTF through the 230 

solar field loop is achieved by accumulating all of the heat gains in involved finite volumes: 231 

, ,,
1

n

conv s f iconv s f
i

Q Q −−
=

= (n=800).                                                           (11) 232 

Similarly, the total heat loss of the solar receivers in a single loop can be calculated by: 233 

1

n

loop i
i

HL HL
=

= (n=800).                                                                (12)                                                          234 

Therefore, the thermal efficiency of the single loop can be calculated by the expression [38]:  235 

,

0

conv s f loop

ap ap

Q HL

ANI A ANI A
 

−
= = −

g g
.                                                           (13) 236 



 

15 

 237 

Fig. 6 Computational flow chart of heat collection models 238 

3.2 Economic assessment strategy 239 

To observe the economic performance of the PTCSP plant with the PTR-RS, an economic assessment 240 

strategy is constructed in this section. Generally, PTCSP system costs mainly consist of initial investment, 241 

operation, and maintenance costs. In this study, the levelized cost of energy (LCOE) is used to analyze and 242 

compare the economic performance of PTR and PTR-RS. 243 

3.2.1 Initial investment 244 

The initial investment mainly includes the ground field (site improvements), solar field, thermal storage, 245 
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HTF, power block, and fossil/heater backup [39]. Solar field cost and HTF cost refer to the cost per square 246 

meter of the solar field area to account for expenses related to installation of the solar field, and related to 247 

installation of the pumps and piping, respectively. Obviously, the costs of the solar field respectively 248 

employing the PTR and PTR-RS are different, the manufacturing cost of PTR-RS is approximately 10 % 249 

higher than that of the PTR according to the real manufacturing experience. 250 

Thermal storage cost means the cost per thermal kilowatt (kWt) of storage capacity to account for 251 

expenses related to the installation of the thermal storage system. The power block cost is the cost per electric 252 

kilowatt (kWe) of power block gross capacity to account for the installation of the power block. It is worth 253 

noting that all of the costs mentioned above include the labor and equipment costs. The fossil/heater backup 254 

is necessary equipment for the CSP plants to compensate for the heat losses of the HTF to avoid the lower 255 

temperature and even freezing in the nighttime and off-hours of the solar field. According to the empirical 256 

PTCSP plant, the detailed costs used to calculate the initial investment cost of the plant are presented in the 257 

Table 2. 258 

Table 2 Initial investment cost [40, 31] 259 

Initial investment category Unit cost 

Ground field 25 $/m2 (Land area) 

Solar field with the PTR/PTR-RS 150 / 152.5 $/m2 (Collector aperture area) 

HTF system 60 $/m2 

Thermal storage  62 $/kWt 

Power block  910 $/kWe 

Fossil/Heater backup 30 $/kWe 

3.2.2 Operation and maintenance costs 260 
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Operation and maintenance costs refer to the annual expenses on equipment and services occurring in the 261 

operation of the plant system. In this study, the average fixed operation and maintenance costs mainly consist 262 

of fixed cost by capacity, variable cost by generation, and insurance expense. The fixed cost by capacity and 263 

variable cost by generation can be determined as 66 $/kW-year and 4 $/MWh, respectively [41]. The insurance 264 

expense can be calculated by the expression as follows, 265 

Insurance expense in Year n=Total installed Costs ($)×insurance rate (%)×(1+inflation rate)n-1,       (14) 266 

where insurance rate and inflation rate are set as 0.5 and 2.5 %. Assumed that the analysis period of the PTCSP 267 

is 25 years in this study, annual operation and maintenance cost can be obtained. For a 100 MWe PTCSP plant 268 

with thermal storage for 6 hours, the average annual operation and maintenance cost is calculated as around 269 

14 million dollars. The detailed results are presented in section 4.2. 270 

3.2.3 Levelized cost of energy (LCOE) 271 

The levelized cost of energy (LCOE) is a useful metric for the economic comparison between the different 272 

PTCSP plants. Absolutely, lower value of LCOE means better economic performance achieved by the PTCSP 273 

plant. 274 

Assuming that the operating lifetime of the PTCSP plant is 25 years, the LCOE can be calculated by the 275 

Eq as follows [42]: 276 

0
1

1

( ) / (1 )

( ) / (1 )

j
i

i i i
i

j
i

i
i

I I OM FH d

LCOE

E d

=

=

+ + + +

=

+




 ,                                                 (15)  277 

where I0 refers to the initial investment, Ii, OMi, and FHi are the investment expenditures, operation and 278 

maintenance expenditures, and fossil/heater expenditures in the year i, respectively. Ei is the electricity 279 

generated by the PTCSP system in the year i. j is the lifetime of the system. d is the discount rate which refers 280 

to the interest rate used in discounted cash flow analysis to determine the present value of future cash flows 281 
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[43, 39]; its value is 6.4 % in this study. 282 

3.3 Experimental validation  283 

In the previous study [29], the indoor heat loss and outdoor thermal efficiency experiments (Fig. 7(a)(b)) 284 

were carried out, and the experimental results were analyzed in detail. The indoor heat losses in PTR and PTR-285 

RS under different absorber temperatures are presented in Fig. 8. The relational expressions of the curves 286 

fitting the discrete experimental data of the PTR and PTR-RS are: 287 

9 40.1598 6.23 10PTR s sHL T T−= + g  ,                                                          (16)  288 

9 40.1566 4.45 10PTR RS s sHL T T−

− = + g  .                                                        (17) 289 

Obviously, it can be observed from Fig. 8 that RS plays a significantly positive role in reducing solar receiver 290 

heat loss since the RS could effectively block the radiation heat loss from the absorber tube. The amount of 291 

heat loss blocked by RS in PTR-RS compared to PTR increases at higher absorber temperature. It is because, 292 

with the higher absorber temperature, the absorber tube will emit a larger amount of radiation heat loss, the 293 

RS will be accordingly more efficient for interception of radiation heat loss. When the absorber temperature 294 

is 550 °C, the total heat loss of PTR-RS and PTR are 493.3 and 658.0 W/m, respectively. The heat loss of the 295 

former is effectively reduced by 25.0% compared with that of the latter. 296 

  297 

Fig. 7 Indoor and outdoor experimental testing 298 

Indoor heat loss testing Outdoor thermal efficiency testing 

(a) (b) 
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Fig. 8 The experimental results in the indoor heat loss testing 300 

In the outdoor experiments, the PTC testing platform used the silicone oil as the HTF. The length and 301 

aperture width of the PTC testing platform are 12 and 5.76 m, respectively. The platform can rotate 302 

horizontally in a circular orbit, thus realizing double-axis tracking. Based on the heat loss data achieved by 303 

the Eq (10) and (11), the thermal efficiency of the PTC system is simulated according to the model in section 304 

3.1. The operating and environmental parameters used in the simulation model are the same as these in the 305 

outdoor experiments . In this study, the root-mean-square deviation (RMSD) is employed to evaluate the 306 

consistency between simulated results and experimental data, and it is expressed as [44]:  307 

2

, exp, exp,[( ) / ]sim i i i
RMSD

X X X

n

−
=


 ,                                                    (18) 308 

where the Xsim and Xexp refer to the simulated data and experimental data, respectively. n is the number of data. 309 

The simulated and experimental results are shown in Fig. 9. It is obviously observed that the simulated thermal 310 

efficiency curves of PTR and PTR-RS have good consistency with the fitting curves of the experimental results. 311 

It is calculated that the values of RMSD for the PTR and PTR-RS remain within 4.5 %, which demonstrates 312 

that the established model has satisfactory ability to predict the thermal performance of the PTR and PTR-RS 313 

in the PTCSP system with precision.  314 
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Fig. 9 The comparison between the experimental and modeled results 316 

4. Results and discussion 317 

4.1 Overall thermal performance of PTR-RS in the PTCSP plant 318 

To investigate the overall thermal performance of the proposed PTR-RS, the solar receivers of PTRs and 319 

PTR-RSs are respectively employed to the 100 MWe PTCSP plants with thermal storages for 6 hours. In a 320 

single loop, the HTF temperature flowing inside of solar receivers gradually increases from the low inlet 321 

temperature of 290 °C to the desired high outlet temperature of 550 °C through a solar field loop. The mass 322 

flow rate of the HTF is accurately adjusted to obtain the desired operating temperature at the outlet of the loop 323 

according to the value of DNI, thereby the HTF temperatures along with the single loop are almost identical 324 

for the PTR and PTR-RS under different values of DNI. 325 
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Fig. 10 HTF temperatures along with the single loop 327 

The HTF temperatures increasing gradually along with the single loop are exhibited in Fig. 10. The 328 

temperature difference of 260 °C between the inlet and out temperatures are divided into 13 temperature 329 

gradients on average with an interval of 20 °C, and the percentages of different temperature gradients 330 

accounting for the loop length are also presented in Fig. 10. It is observed that the HTF temperature increases 331 

fast in the lower temperature gradients, for example, the HTF temperature rising process from 290 to 310 °C 332 

is complemented in just 6.97% of total loop length, i.e., approximately 55.8 m. In the higher temperature 333 

gradients, however, the growth rate of HTF temperature becomes slow, the corresponding percentages of the 334 

higher temperature gradients in a single loop increase. For instance, the last temperature gradient from 530 to 335 

550 °C is achieved by 8.95% of the total loop length, about 71.6 m. All of the observations above demonstrate 336 

that the growth rate of HTF temperature along with the loop would be slower with the increasing temperature. 337 

This is because the thermal efficiency of the solar receiver at higher operating temperature decreases since the 338 

massive amount of heat loss of the solar receiver occurs at such temperature. This characteristic of HTF 339 

temperature along with the loop results in a higher average HTF temperature of 425.6 °C in a loop, which is 340 

conducive to use the proposed PTR-RS in the solar field to effectively reduce the total heat loss of the loop.  341 
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To more intuitively compare the overall thermal performance of the PTR and PTR-RS, the loop heat loss 342 

and loop thermal efficiency are investigated as shown in Fig. 11 and Fig. 12. In the daytime or service hours 343 

of the solar field, the heat loss of a single loop using the PTR-RSs as the solar receivers is effectively reduced 344 

by 23.6% compared with the PTRs. In the nighttime or off-hours of the solar field, the HTF temperature is 345 

heated by electricity or fossil to maintain above 270 °C for preventing the freezing of solar salt. Assuming that 346 

the average HTF temperature is about 280 °C in the nighttime, the PTR at such a high temperature in the 347 

nighttime still emit much heat loss to the environment. Compared with the PTR, the RS in the PTR-RS can 348 

continue to play an effective role in intercepting the radiation heat loss from the absorber tube. Different from 349 

daytime, moreover, the RS doesn’t block the incident solar irradiance because of no solar irradiance in the 350 

nighttime. Therefore, the RS would exert greatly positive impacts on the reduction of the heat loss of the PTR-351 

RS in the nighttime. As shown in Fig. 11, the nominal loop heat loss of the PTR-RSs is calculated to be reduced 352 

by 14.3% in comparison with the PTRs. These demonstrate that the PTR-RSs can play an effective role in the 353 

heat loss reduction of the solar field not only in the daytime but also in the nighttime, which contributes to the 354 

enhancement of the utilization value of the PTR-RS in the PTCSP plant.  355 
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Fig. 11 Loop heat losses of PTR and PTR-RS in the daytime and nighttime 357 
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The ANI, which depends on the DNI and incidence angle according to Eq (2), has a vital impact on the 358 

performance of PTR-RS. As shown in Fig. 12, the loop thermal efficiencies of the PTR-RS are apparently 359 

higher than these of the PTR under lower ANI, the maximum enhancement percentage of 5.8 % occurs at the 360 

ANI of 300 W/m2 where the loop thermal efficiencies of the PTR-RS and PTR are 60.3 and 57.0%, respectively. 361 

Correspondingly, the loop mass flow rate of the PTR-RS increases to 2.3 kg/s compared to 2.1 kg/s of the 362 

PTR. With the increasing ANI, the gaps in the thermal efficiency and mass flow rate between the PTR and 363 

PTR-RS gradually lower, their thermal efficiencies and mass flow rates are almost the same at the ANI of 1000 364 

W/m2. These phenomena appear because the presence of RS in the PTR-RS incurs limited solar irradiance 365 

loss which is much lower than the radiation heat loss blocked by the RS under lower DNI, thereby the PTR-366 

RS possesses superior thermal efficiency. However, the solar irradiance loss incurred by the RS increases and 367 

approaches the radiation heat loss blocked with the growing DNI, leading to less effectiveness of the RS and 368 

less performance enhancement of the PTR-RS.  369 
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Fig. 12 Loop thermal efficiencies and mass flow rates of PTR and PTR-RS 371 

The detailed metrics of the PTCSP plants with the PTRs and PTR-RSs are presented in Table 3. Assuming 372 

that the nominal ANI is 600 W/m2, the loop thermal efficiencies of the PTR and PTR-RS are 65.9 and 67.0 %, 373 
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respectively. Due to a superior thermal efficiency achieved by the PTR-RS, the thermal power output of single 374 

loop in the PTCSP plant with the PTR-RSs is larger than that with the PTRs. Accordingly, the needed number 375 

of loops for the PTCSP plant with the PTR-RSs is smaller than that with the PTRs, which is much conductive 376 

to save the investment cost of the plant. Besides, the lower heat loss of PTR-RS in the nighttime shows great 377 

potential to save the fossil or electricity used to prevent field freeze. 378 

Table 3 Metrics of solar fields in the PTCSP plants with the PTRs and PTR-RSs 379 

Metric PTCSP plant with the PTRs PTCSP plant with the PTR-RSs 

Thermal power of power cycle (MWt) 245.7 

Turbine efficiency of power cycle (%) 40.7 

Nominal ANI (W/m2) 600 

Loop thermal efficiency (%) 65.9 67.0 

Loop mass flow rate (kg/s)  4.9 5.0 

Loop thermal power (MWt) 1.72 1.75 

Number of loops 285 281 

Total aperture area of solar field (m2) 1242600 1225160 

Nominal field freeze protection (kWe)  19920 16830 

4.2 Techno-economic assessments on the PTCSP plants in different areas 380 

To verify the real performance of the PTCSP plants with different solar receivers, three typical areas, 381 

namely, Mojave desert, Quarzazate, and Dunhuang, are investigated in this section [45-47], the detailed 382 

weather data of three areas is presented in Table 4 [48, 49]. Mojave desert and Dunhuang have the best and 383 

worst DNI sources among three typical areas, the annual total DNIs of Mojave desert, Quarzazate, and 384 

Dunhuang are 2777.7, 2219.2, and 1982.0 kWh/(m2·y), respectively. The exact hourly values of DNI and ANI 385 
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on the aperture plane of SCAs in three areas are shown in Fig. 13. The average values of DNI in these three 386 

areas are calculated as 623.8, 500.4, and 445.1 W/m2. 387 

Table 4 Weather data of three typical areas 388 

Area Location 
Annual total DNI 

(kWh/(m2·y)) 

Average ambient 

temperature (°C) 

Average wind 

speed (m/s) 

Mojave Desert 
(106.78°W, 32.37°N), 

USA 
2777.7 16.7 2.7 

Quarzazate 
(6.90°W, 30.94°N),  

Morocco 
2219.2 20.1 2.4 

Dunhuang 
(94.68°E, 40.15°N), 

China 
1982.0 11.0 2.1 

0

200

400

600

800

1000

1200

ANI
DNI

Month

DecNovOctSepAugJulJunMayAprMarFeb

H
o
u

rl
y
 n

o
rm

a
l 

ir
ra

d
ia

n
ce

 (
W

/m
2
)

Jan

Mojave Desert(a)

 389 

0

200

400

600

800

1000

ANIDNI

Month

DecNovOctSepAugJulJunMayAprMarFeb

H
o

u
rl

y
 n

o
rm

a
l 

ir
ra

d
ia

n
ce

 (
W

/m
2
)

Jan

Quarzazate(b)

 390 



 

26 

0

200

400

600

800

1000

ANIDNI

Month

DecNovOctSepAugJulJunMayAprMarFeb

H
o
u

rl
y
 n

o
rm

a
l 

ir
ra

d
ia

n
ce

 (
W

/m
2
)

Jan

Dunhuang(c)

 391 

Fig. 13 Hourly DNI and ANI in three typical areas, namely, (a) Mojave desert, (b) Quarzazate, and (c) Dunhuang. 392 

The detailed techno-economic metrics of 100 MWe PTCSP plants (thermal storage for 6 hours) with the 393 

PTRs and PTR-RSs are presented in Table 5. It is observed that the PTCSP plants with the PTR-RSs in three 394 

areas exhibit great enhancements of electrical energy production compared with these with the PTRs, the 395 

relative percentages (RPs) of the enhancements of annual net electrical energy productions in these three areas 396 

are 5.61, 7.16, and 9.77 %, which proves again that the PTR-RS exerts a more effective role in the area with 397 

lower DNI. The freeze protections mainly consist of thermal storage freeze protection and solar field freeze 398 

protection. Due to long loops in the solar field, the heat loss escaping from the PTRs in the solar field is much 399 

more considerable than the storage tank with good insulation. Thus, the energy consumption used to protect 400 

the solar field freeze accounts, to an overwhelming extent, for most of the total freeze protections by the data 401 

comparisons in Table 5. As explained in Fig. 11, the RS could effectively reduce the heat loss in the PTR-RS 402 

without incurring solar irradiance loss at the nighttime. Promisingly, the utilization of the PTR-RSs in the 403 

PTCSP plant can greatly reduce the energy consumption for the field freeze protection by above 36.0 %. Due 404 

to the increases of material and manufacture costs of RS in the PTR-RS, the initial investment costs of the 405 

PTCSP plants with the PTR-RSs increase by 0.07% in three areas. Besides, the average annual operation and 406 

maintenance (OM) costs of the PTCSP plants with the PTR-RSs also grow by 0.82~1.01% in three areas. 407 
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Though the initial investment cost and OM costs increase in the PTCSP with the PTR-RSs, the enhanced 408 

annual electrical energy production can fully offset these additional costs, and the real LCOE values are 409 

significantly reduced in these three areas. The real LCOE of the PTCSP plant with the PTR-RSs in the 410 

Dunhuang is reduced by 8.67 % from 13.50 cent/kWh in the plant with the PTRs to 12.33 cent/kWh, the 411 

relative reduction percentages of the real LCOE in the Quarzazate and Mojave desert are 6.33 and 5.03 %, 412 

respectively. The assessments above show that the PTR-RS has great potentials to enhance the techno-413 

economic performance of the PTCSP plant in different areas of the world.414 
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Table 5 Metrics in the PTCSP plants with the PTRs and PTR-RSs (100 MWe, thermal storage for 6 hours) in three areas 415 

Metrics 

Mojave desert Quarzazate Dunhuang 

PTR PTR-RS 
RP 

(%) 
PTR PTR-RS 

RP 

(%) 
PTR PTR-RS 

RP 

(%) 

Annual net electrical energy production (MWhe)   387889.63 409632.64 +5.61 340652.16 365028.26 +7.16 265040.83 290945.73 +9.77 

Annual freeze protection (MWhe) 39100.01 24086.82 -38.40 39893.12 25365.73 -36.42 42261.10 27050.82 -35.99 

Annual field freeze protection (MWhe) 39067.86 24077.16 -38.37 39728.82 25295.62 -36.33 41538.5 26320.56 -36.64 

Initial investment cost ($1m) 529.98 530.34 +0.07 530.00 530.36 +0.07 530.05 530.40 +0.07 

Average annual operation and maintenance costs 

($1m) 
14.59 14.71 +0.82 14.33 14.47 +0.98 13.92 14.06 +1.01 

Real LCOE (￠/kWh) 9.34 8.87 -5.03 10.58 9.91 -6.33 13.50 12.33 -8.67 

416 
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4.3 Parametric analysis on the PTR-RS in the PTCSP plant 417 

4.3.1 Installed capacity of PTCSP plant 418 
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Fig. 14 Metrics of PTCSP plants (thermal storage for 6 hours) in the Mojave desert with different installed capacity 421 

Larger installed capacity of the PTCSP plant means a larger solar field to collect more solar energy, the 422 

techno-economic performance of the PTCSP would accordingly fluctuate. In this section, three PTCSP plants 423 

located in the Mojave desert with the installed capacities of 100, 200, and 300 MWe are investigated. The 424 

calculation results are exhibited in Fig. 14. With the increasing installed capacity, the annual net electrical 425 

energy productions (Fig. 14(a)) and the annual field freeze protection (Fig. 14(b)) of the PTCSP plants with 426 

the PTRs and PTR-RSs have significant increases. The enhancement percentages of the annual net electrical 427 

energy production of the former have smaller variations under different installed capacities compared with 428 
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that of the latter, maintaining around 5.60 %. Due to the enlarged solar field, the PTR-RSs play more dramatic 429 

roles in reducing the field freeze protection in the PTCSP with higher installed capacity. In the PTCSP plant 430 

with the installed capacity of 300 MWe, the reduction percentage of annual field freeze protection of the PTR-431 

RSs reaches 41.52 % compared with that of the PTRs. The real LCOE results in Fig. 14(c) show that the real 432 

LCOEs of PTCSP plants with PTRs and PTR-RSs decreases with higher installed capacity due to the reducing 433 

equipment and construction costs in a larger-scale plant, in addition, the PTCSP plant with the PTR-RSs under 434 

higher installed capacity possesses better economic performance. The real LCOE values of the PTCSP plants 435 

with the PTRs and PTR-RSs under the installed capacity of 300 MWe are 9.01 and 8.54 cents/kWhe, the 436 

reduction percentage of the latter reaches 5.26 % in comparison to the former. 437 

4.3.2 Thermal storage capacity 438 

The thermal storage capacity, i.e., full-load storage hours, is another important parameter in the PTCSP 439 

plant. A longer hour of thermal storage will increase the annual net electrical energy production and the 440 

construction cost, which can be proven in Fig. 15(a) and (b). Comparing the metrics of the PTCSP plant 441 

installing the PTR-RSs with these installing the PTRs, the enhancement percentages of annual net electrical 442 

energy production in the former plant increase slightly with the larger thermal storage capacity. Therefore, 443 

larger thermal storage capacity contributes to a more effective role in improving the electrical energy 444 

production of the plant exerted by the performance-enhanced PTR-RSs. Different from the energy production, 445 

the additional initial investment cost in the PTCSP plant with the PTR-RSs is relatively reduced from 0.07 to 446 

0.06 % compared to the plant with the PTR, this is because the account of the investment cost in the thermal 447 

storage for the total investment cost increases with larger thermal storage capacity, that results in the reduced 448 

account of the investment cost in the solar field for the total investment cost in the PTCSP plant.  449 

The real LCOE values of the PTCSP plants under different thermal storage hours are presented in Fig. 450 
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15(c). In a CSP plant, the LCOE mainly depends on CSP installed capacity, the investments of solar field and 451 

storage tanks, and the local solar irradiance source. Under the determined installed capacity of 100 MWe in 452 

this study, larger storage hour means more electricity production, which could bring more revenue; 453 

simultaneously, it also means a larger-scale solar field and storage tank required, which causes more initial 454 

investments of the solar field and storage tanks. It is observed that the LCOE values of the PTCSP plants go 455 

down and then up with the increasing thermal storage hours. The reason for this situation is that additional 456 

revenue of the enhanced electrical energy production of the PTCSP plant is over additional investment cost 457 

on the thermal storage and solar field when the thermal storage hours are raised from 6 to 8 hours, but the 458 

relationship will reverse when the storage hour is further raised to 10 hours. Therefore, the optimum storage 459 

hour could happen near 8 hours with a high possibility. Besides, the comparisons of the LCOE values between 460 

the plant with PTRs and that with PTR-RSs show that, the LCOE value in the latter is reduced more effectively 461 

at longer thermal storage hours, the reduction percentage reaches 5.15 % in the PTCSP plant with the thermal 462 

storage for 10 hours.  463 
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Fig. 15 Metrics of PTCSP plants (installed capacity of 100 MWe) in the Mojave desert with different thermal storage capacities 466 

5. Conclusions  467 

Based on the theory of the negative thermal-flux region, a novel parabolic trough receiver with a radiation 468 

shield (PTR-RS) was proposed to effectively reduce the heat loss and improve the solar-to-thermal conversion 469 

performance of the PTC system. To further verify the feasibility of the proposed PTR-RS in the PTCSP plant 470 

under the real environmental conditions, the overall techno-economic performance of the PTR-RSs in PTCSP 471 

plants using the solar binary salt as the HTF is investigated in this study. The mathematical model established 472 

is validated, and the simulation results exhibit satisfactory consistencies with the experimental data. The 473 

results demonstrate that the PTR-RS has great potential for the effective enhancements of the techno-economic 474 

performance of the power plant. The results are summarized as follows:  475 

(1) The PTR-RS plays an effective role in the heat loss reduction of the solar field not only in the daytime 476 

but also in the nighttime. Besides, the loop thermal efficiency of the PTR-RS in the solar field with nominal 477 

outlet fluid temperature of 550 ℃ is apparently higher than that of the PTR. The relative enhancement 478 

percentage of loop thermal efficiency reaches 5.8-0.1 % at the normal irradiance of 300-800 W/m2.  479 

(2) The PTCSP plant installing PTR-RSs has the best effect of the enhancements of techno-economic 480 

performance in Dunhuang with a lower DNI in comparison with these in Mojave desert and Quarzazate. The 481 
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PTCSP plant with the PTR-RSs located in Dunhuang can effectively improve the annual net electrical energy 482 

production by 9.77 %, reduce the annual field freeze protection and LCOE by 36.64 and 8.67 %, respectively. 483 

(3) Larger enhancements of the electrical energy production and more effective reductions of the LCOE 484 

are achieved by the PTCSP plant installing the PTR-RSs with the increasing installed capacity and thermal 485 

storage capacity. These demonstrate the great feasibility of the PTR-RS in the PTCSP plant. 486 
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