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Abstract  

The Solar Thermal Energy Research Group (STERG) at Stellenbosch University is currently performing 
research on combined Brayton/Rankine cycle (called SUNSPOT) and the hybrid pressurized air receiver 
forms part of this research. The receiver concept is based on the well-established tubular receiver and open 
volumetric receiver technologies. It aims to eliminate the use of pressurized quartz window, whilst achieving 
high efficiencies and outlet air temperatures. Various receiver types have been outlined from which the 
hybrid receiver was derived and receiver concepts with close resemblance have been reviewed. Also a first 
principle energy balance has been set up to show the effect of reducing the convection and radiation losses on 
the receiver efficiency.  

Keywords: CSP; hybrid pressurized air receiver; tubular receiver; open volumetric receiver; SUNSPOT; 
energy balance 

1. Introduction  

Central Receiver Systems (CRS) are large solar power plants where incoming solar irradiation is 
concentrated via multiple tracking mirrors, called heliostats. The concentrated solar rays are captured by the 
central receiver on top of a high tower. The receiver converts the concentrating solar irradiation to thermal 
energy. The thermal energy is absorbed by a heat transfer fluid and used in a conventional power cycle. 

Various power cycles exist of which the most common cycles include Rankine cycles, Brayton cycles or 
combined Rankine/Brayton cycles. In Rankine cycles cold water is converted to steam, passed through a 
steam turbine to generate electricity and cooled down via a steam condenser to water. The Brayton cycle 
makes use of air as working fluid. Air is passed through a compressor, gains thermal energy by a heat source 
and flows through a gas turbine at extremely high temperatures. A combined Rankine/Brayton cycle utilizes 
the thermal energy that remains in the gas turbine outlet air flow to generate steam. The steam is used in the 
Rankine cycle. Thus, the Rankine cycle and Brayton cycle is combined to obtain a higher overall efficiency.  

The efficiency of power cycles can be improved by increasing the temperature difference across the turbine. 
Since receivers form the primary heat source in solar power stations, high efficiency power cycles require 
receivers that are capable of providing high working fluid temperatures. The receivers as such also have to be 
efficient. 

The following sections provide background on different types of receivers, a description of the hybrid 
pressurized air receiver, a first principle energy balance calculation and final conclusions are presented. 

2. Background  

Typical receivers found in literature are tubular receivers and volumetric receivers. Others include the Dual 
receiver concept and the novel annular reticulate porous ceramic (RPC) pressurized air receiver. The section 
below addresses these receiver technologies. 
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2.1. Tubular Receivers  

Tubular receivers are the oldest and most mature receiver technology. They have been developed for 30 years 
and tested at numerous solar tower power plants worldwide. Tube receivers make use of steam as working 
fluid in first generation power plants. Second generation power plants utilize molten salts. Molten salt flows 
at atmospheric pressure inside the tubes. Therefore, the tube thickness can be less which enhances the heat 
transfer. Also, molten salts can accommodate higher solar fluxes, and therefore the entire receiver structure 
can be made smaller for the same output.  

Recent studies have also investigated the application of tube receivers in pressurized air cycles ( i.e. the 
SOLHYCO receiver development published by Uhlig et. al. [1]). This receiver was designed to produce an 
outlet fluid temperature of 800°C with a receiver efficiency of about 67.6% and metallic tube temperatures of 
up to 950°C [1]. Generally, tube receivers lack thermal efficiency and high receiver outlet temperatures. This 
is associated with the thermal conductivity of the tubes which restricts effective heat transfer to the working 
fluid. Also, material constraints of the receiver tubes due to high thermal stresses and non-uniform flux 
distribution around the tubes cause leakages and hot-spots are generated. However, they do not require a 
pressurized quartz window which would only increase the complexity and costs of the receiver.  

2.2 Volumetric Receivers  

Research and development has been performed on volumetric receivers over the last 20 years [2-5]. The 
operating principle for this receiver type is air forced through a porous medium. The medium is exposed to 
direct sunlight and thus gains thermal energy while absorbing the concentrated solar irradiation. Therefore, 
heat transfer occurs between the absorber medium and the air flow. 

 Volumetric receivers are more efficient than tubular receivers and obtain much higher temperatures (i.e. 
80% and 1200°C) [4]. Thermal energy can be directly absorbed and is not subject to thermal conductivity 
losses through the absorber material. Also, due to the fact that the frontal surface temperature of the absorber 
is lowered through cold air penetrating into the porous medium, called “volumetric effect”, less energy losses 
are obtained. Recent studies have shown that the volumetric effect is predominated by geometric properties 
such as mean cell sizes and porosity, and less due to thermal conductivity of the solid absorber material. Wu. 
et al. [3] showed that the surface temperature difference at the frontal absorber surface to a certain distance 
into the absorber, for 600K fluid outlet temperature and porosity variance from 0.7 to 0.9, was of 150K.  This 
is due to solar irradiation penetrating deeper into the absorber material at higher porosities. Also, the mean 
cell size influenced the absorber frontal surface temperature significantly. The mean cell sizes stretch out the 
thermal non-equilibrium region deeper into the material. Here, a temperature difference of 50K was observed 
for different cell sizes. Furthermore, since porous media provide a large surface area for heat absorption the 
efficiencies and high fluid temperatures of volumetric receivers are supreme. 

However, open volumetric receivers are only applicable to Rankine cycles. Studies and field experiences 
have also shown that open volumetric receivers can only sustain a certain amount of irradiation which is 
dependent on the pressure drop vs. depth through the porous medium [6]. It was found that the absorber 
surface would fail if not sufficient mass flow via pressure drop is ensured, especially at the centre of the 
receiver aperture where maximum solar flux is experienced. In comparison, much less pressure drop is 
required at the sides, close to the rims. This gives rise to a complicated control system problem where 
pressure drop versus irradiation needs to be regulated. Additionally, for higher temperatures the air density as 
well as heat capacity decrease and thus limiting the amount of heat absorption [6].  

A way to overcome this problem is to make use of pressurized air which would increase the density of the 
working fluid. However, in this case a pressurized quartz window is required. Pressurized quartz windows 
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pose several problems, including sensitivity to thermal shock loading, size limitation, thickness constraint in 
order to reduce radiation attenuation, accommodate high pressures and temperatures (quartz window only 
tolerates 800°C under pressurized conditions and thus requires active cooling [7]) and cleaning maintenance. 
Therefore, it would be beneficial to eliminate the use of a pressurized quartz window.   

2.3 Dual and RPC Pressurized Air Receiver  

The Dual receiver concept, proposed by Buck et al. [8], is an open volumetric air receiver with evaporator 
tubes placed in front of the receiver aperture [8]. Thus, steam is being generated not only by the hot air from 
the open volumetric receiver but also directly by the steam pipes. The steam pipes are primarily used to cool 
down the porous material at the frontal receiver aperture and thus reduce reradiation and convection losses. 
This concept showed an annual electricity production increase of 27%, compared to conventional open 
volumetric receivers [8].  

The only other receiver concept that deviates from the receiver types mentioned above is the RPC pressurized 
air receiver. Here, the reticulate ceramic absorber foam is bounded by two concentric cylinders. This concept 
is more robust and less complex, compared to a typical closed-loop volumetric air receiver. Also, the use of a 
quartz window has been eliminated in this design. The receiver reaches an outlet temperature of 1000°C at 10 
bars and an efficiency of 78% [7].   

3. Hybrid Pressurized Air Receiver Concept 

3.1 Concept Description  

The Hybrid Pressurized Air Receiver (HPAR) consists of three zones, the secondary concentrator, the cavity 
and the secondary heat exchanger. The secondary concentrator, called compound parabolic concentrator 
(CPC), is optional to the design. The cavity consists of a transparent window (i.e. louvers or glass panes) and 
an array of absorber tubes. The third zone consists of a secondary heat exchanger, which is a counter-flow 
heat exchanger. 

The receiver’s thermodynamic cycle can be separated into two different loops, i.e. pressurized air loop, and 
the unpressurized air loop. Within the pressurized air loop compressed air is being preheated by the 
unpressurized air loop and enters the receiver cavity. Here, it is further heated by indirectly-irradiated tube 
bundles to the final maximum outlet temperature. The unpressurized air loop is similar to the open 
volumetric receiver concept where ambient air is being sucked into the receiver and is heated up by the 
absorber material. The enthalpy gained by the volumetric air stream is being recovered by means of a 
secondary heat exchanger. This also ensures that the residual heat in the air stream does not cause damage to 
the suction fan. 
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Fig. 1. Schematic layout of a preliminary concept of the hybrid pressurized air receiver  

 

3.2 Advantages and Disadvantages  

Due to the fact that the tubes on the irradiated side of the receiver are cooled higher solar flux densities can 
be accommodated. Thus the size of the receiver can be reduced which will lower the costs. Also, the ambient 
air flow stream aids in a more equalized temperature distribution around the periphery of each tube. Hot air 
on the irradiated side of the tube is dragged around the tube to the shadowed side and thus heats up the 
shadowed side while the irradiated side is cooled. Thus, thermal stresses on the tube material are reduced and 
buckling of tubes is minimized. Also, local hot-spots are less likely to occur not only due to the cold air 
stream but also since the tube material is thicker, compared to wires and foams.  

Furthermore, the transparent window ensures that infra-red radiation emitted from the absorber tubes is 
recaptured. Therefore reradiation losses are minimized. The ambient air enters the receiver and cools down 
the transparent window whilst eliminating the use of active cooling mechanisms. Additionally, the air stream 
is preheated before striking the absorber tubes.  This effect has been investigated by Pitz-Paal et al. [9] where  
quartz glass structures were placed in front of an open volumetric receiver. It was found that the efficiency 
would increase by 10% compared to typical volumetric receivers. Furthermore, since the transparent window 
remains unpressurized, higher temperatures are permissible. That is, unpressurized quartz glass can tolerate 
1000°C, compared to 800°C for pressurized quartz glass windows.  

A major disadvantage is that, since the HPAR makes use of tubes instead of a porous absorber material, the 
thermal conductivity of the tube material restrains the heat transfer to the air. This is a typical drawback for 
any type of indirectly-irradiated receiver. Also, the effective surface area for heat absorption is considerably 
less in the HPAR concept compared to a porous absorber material. Thus it is less likely for the HPAR to 
achieve higher temperatures than volumetric receivers. Also, in order to obtain effective heat conduction 
through the tubes walls the HPAR needs to make use of conductive metal alloys. These super-alloys (e.g. 
Inconel) achieve lower maximum temperatures compared to SiC foam in volumetric absorbers.  

4. Energy Balance  

The following section develops a first principle energy balance model to approximately predict the 
performance of the HPAR compared to a generalised cavity receiver. The relevant equations and results are 
presented. 
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4.1 Analytical Model  

  

 

 

 

 

 

 

 

 

 

In order to obtain an indication of the various factors that influence the efficiency of a generalised cavity 
receiver a control volume around the entire receiver is placed. Then, the various energy terms have been 
identified, as shown in Figure 1, where the incident solar irradiation is given by equation 1. 

𝑄!"# =   𝐺!"# ∙ 𝑛!"## ∙ 𝐴!"##    (1) 

Here, the incident solar flux is denoted as Gsol, the number of mirrors used as nmirr and each mirror area as 
Aap. Then, the reflection losses are determined by multiplying the incoming solar irradiation with a 
configuration factor and the reflective loss coefficient, as shown in equation 2.  

𝑄!"#$ = 𝑄!"# ∙ 𝜌!"#$ ∙ 𝐹!→!      (2) 

A configuration factor of Fij ≈ 0.2 was calculated based on the assumption that the cavity depth is of the 
same size as the receiver aperture width and height. The reflective loss coefficient was typically defined as  
ρrefl = 0.05. Then, further energy losses occur due to convection given by equation 3.  

𝑄!"#$ = ℎ!" ∙ 𝐴!" ∙ (𝑇! − 𝑇!"#)        (3) 

Numerous studies have investigated the convection losses from cavities over the last few years [10-12]. 
These studies however differ significantly due to the variance in receiver sizes under consideration. Thus, for 
this analytical model the heat transfer convection coefficient was assumed to be 10W/m2.K. This value is 
typical for air at ambient pressure and elevated temperatures. Convection losses for the HPAR energy 
balance model were neglected. It was assumed that the suction effect would eliminate these losses. Then, the 
radiation losses out of the receiver aperture for a generalised cavity receiver are calculated by equation 4. 

𝑄!"# = 𝜀 ∙ 𝐴!" ∙ 𝜎 ∙ 𝐹!→! ∙ (𝑇!! − 𝑇!"#!)    (4) 

The radiation loss calculation for the HPAR energy balance model includes a transparent window. Therefore, 
equation 5 is used [13]. 

𝑄!"# =
𝜀 ∙ 𝐴!" ∙ 𝜎 ∙ 𝐹!→! ∙ (𝑇!! − 𝑇!"#!)
1
𝜀!
+ 1
𝜀!
− 1 + 1

𝜀!
+ 1
𝜀!
− 1

                                                                                                                (5) 

𝑄!"# 

𝑄!"#$ 

𝑄! 

𝑄!"#$ 

𝑄!"# Receiver 

Fig. 2. Schematic diagram of lumped receiver model including the various energy terms  
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The emissivity for the absorber material and glass were chosen as ε1 = ε2 = 0.9. It should be noted that the 
general radiation loss equation assumes that no reradiation occurs between the absorber material and the 
cavity walls, which is a highly conservative formulation. A better approach would be to split up the entire 
receiver into n- number of radiation zones and determine the energy balance for each zone independently. 
Nonetheless, despite the conservativeness, the general equation for radiation losses in this first principle 
analysis is sufficient. Similarly, a nodal surface temperature calculation would provide more accurate results, 
but the surface temperature was assumed to be equal to the fluid outlet temperature, Ts ≈ Tf2 instead. Here, 
Tf2 was ranged from 25°C to 1000°C and therefore the radiation and convection losses could be determined. 
Then, the energy balance was used to calculate the useful heat transferred to the working fluid, as shown in 
equation 6. 

𝑄! = 𝑄!"# − 𝑄!"#$ − 𝑄!"# − 𝑄!"#                                                              (6) 

It should be noted that the conduction resistance within the absorber material from the external absorber 
surface temperature to the internal absorber surface temperature was neglected. Also, the heat transfer 
between the internal absorber surface and the heat transfer fluid was assumed to be ideal at this stage. Finally, 
the efficiency at the specified temperatures is computed from equation 7. 

𝜂!! =
𝑄!
𝑄!"#

                                                                                                                                                                                                        (7) 

Table 1 is a list of the parameters that were used to plot the efficiency for the various receiver outlet 
temperatures. 

Parameter Value Unit 

nmirr 50 - 

Gsol 900 W/m2 

Amirr 1 m2 

Fij 0.2 - 

ρ 0.05 - 

ε 0.9 - 

Tamb 300 K 

L 1 m 

hconv 10 W/m2.K 

σ 5.678 x 10-8 W/m2.K4 

Aap 1 m2 

Table 1. List of parameters used to determine the efficiency variance with respect to outlet 
temperature for a lumped model of the HPAR and a generalised cavity receiver. 

A typical DNI value of 900W/m2 was chosen with 50 1m x 1m heliostats pointing at the receiver neglecting 
any field losses (e.g. shading, blocking and cosine losses). Also, ambient and fluid inlet temperatures were 
assumed to be at 300K. 

4.2 Discussion and Results 

 Fig. 3 illustrates a plot of the receiver efficiency versus fluid outlet temperature. It can be seen that for a 
generalised cavity receiver, where radiation and convection losses are considered, efficiencies range between 
60 and 40% for fluid outlet temperatures of 700 to 900˚C.  
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Fig. 3. Plot of the efficiency function versus radiation, reflection and convection losses for a generalised 
cavity receiver 

Furthermore, radiation losses increase to the 4th magnitude. Therefore, the reduction in radiation losses is a 
critical design consideration, especially at high temperatures.  

Equation 4 shows the factors that influence the radiation losses. These include the emissivity coefficient, the 
configuration factor, the size of the aperture and the surface temperature of the emitting body. The emissivity 
of the absorber material is more or less given. The frontal surface temperature can be reduced by means of 
the suction flow. The size of the aperture can be reduced by means of a CPC. The configuration factor can be 
changed by altering the geometric configurations of the emitting bodies.  

A sensitivity analysis has been performed to investigate the effect of changing the configuration factors. 
Figure 4 depicts the results. Note that the HPAR energy balance model neglects convection losses. Therefore, 
the receiver efficiency ranges from 30% to 80% with a configuration factors 0.1 < Fij < 0.3, at fluid outlet 
temperatures in the vicinity of 900˚C. The results are somewhat vague and thus a more sophisticated 
radiation model is required. However, it can be clearly seen that the efficiency drops drastically with high 
fluid outlet temperatures, especially at configuration factors greater than 0.2. Therefore, reradiation due to 
configuration of emitting bodies is a critical design factor.  

0	  

2	  

4	  

6	  

8	  

10	  

12	  

14	  

16	  

18	  

0	  

10	  

20	  

30	  

40	  

50	  

60	  

70	  

80	  

90	  

100	  

0	   200	   400	   600	   800	   1000	  

Po
w
er
	  [k
W
]	  

Re
ce
vi
er
	  E
ffi
ci
ec
ny
	  [%

]	  

Fluid	  Outlet	  Temp.	  [°C]	  

Efficiency	  

RadiaKon	  Losses	  

ConvecKon	  Losses	  

ReflecKon	  Losses	  



 
 

SASEC 2012 8 

0	  
10	  
20	  
30	  
40	  
50	  
60	  
70	  
80	  
90	  

100	  

0	   500	   1000	  

Re
ce
iv
er
	  E
ffi
ci
en

cy
	  [%

]	  

Fluid	  Outlet	  Temp.	  [°C]	  

HPAR	  excl.	  window	  

Typ	  Cavity	  Rec.	  

HPAR	  incl.	  Window	  
0	  

10	  
20	  
30	  
40	  
50	  
60	  
70	  
80	  
90	  
100	  

0	   200	   400	   600	   800	   1000	  

Re
ce
iv
er
	  E
ffi
ci
en

cy
	  [%

]	  

Fluid	  Outlet	  Temp.	  [°C]	  

HPAR	  F_ij	  =	  0.1	  

HPAR	  F_ij	  =	  0.2	  

HPAR	  F_ij	  =	  0.3	  

Fig. 4. Sensitivity analysis for radiation losses out of the HPAR with view factor configurations of  
Fij = 0.1, Fij = 0.2 and Fij = 0.3 ; Receiver efficiencies for a generalised cavity receiver, the HPAR 
including a transparent window and the HPAR excluding transparent window, plotted over the fluid 

outlet temperature range of 0 to 1000 °C. 

From earlier, reradiation can also be minimized by including a transparent window. The window transmits 
solar irradiation in the visible light spectrum. Then, once the light rays strike the absorber material heat is 
generated and wavelengths become shorter. The window is opaque to these shorter wavelengths and 
therefore reradiation is contained. Figure 4 illustrates the improvement and comparison for the HPAR 
including and excluding a transparent window with a typical cavity receiver. The results show that 
efficiencies of up to 80 % can be expected for the HPAR including a transparent window.  

5. Future Work  

Future work includes the development of a numerical simulation model that will investigate the flow patterns 
around the receiver in order to gain more insight on the natural convection losses, as well as the forced 
convection streams through the receiver tube bank. These results are to be coupled with a more sophisticated 
radiation heat transfer model. Also, experimental test are to be conducted on this concept for validation 
purposes 

 

6. Conclusion  

This paper presents a pressurized air receiver suitable for the SUNSPOT cycle, which is a cavity tubular 
receiver that makes use of the volumetric effect in order to minimize convection and radiation losses out of 
the receiver aperture. Various receiver types similar to this concept have been discussed and an energy 
balance approximation has been developed. 
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