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HIGHLIGHTS

o Solar receiver concept for simultaneous generation of high-temperature air and steam.
o Experimental demonstration of solar cavity receiver with 70 kW, nominal power.

e Proposed receiver could continuously produce hot steam (811 °C) and hot air (863 °C).
e Numerical model developed was validated with a relative error of less than 10 %.

e Great coupling potential for solar receivers and high-temperature electrolysis.
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Cavity receivers with absorber tubes inside the solar tower systems are the most studied and suitable concept for
supplying such hot steam and air due to its design flexibility and efficiency. However, a receiver concept of
simultaneously generating high-temperature steam and air has not been experimentally studied on scales beyond
laboratory scale. Therefore, our study focused on the experimental demonstration for such receiver concept and
the validation of the developed numerical model. Experimental results demonstrated that the proposed receiver
concept (i.e. a cavity receiver with cylindrical and conical helical tubes) with 70 kWy, nominal power can
simultaneously produce high-temperature steam (811 °C) and air (863 °C) with standard deviations of less than
3 °C (outlet temperature), 3 kPa (outlet pressure), and 0.2 kg/h (mass flow rate). Comparison of experiments and
simulations proved to be in very good agreement, with errors of less than 10 %. The results presented here
provide a basis for future scale-up and demonstrate the high potential of combining concentrating solar thermal
technology with high-temperature electrolysis for the mass production of green hydrogen.

Examples of fuel production (focusing on hydrogen) in solar tower
systems include: (1) hybrid sulfur cycles [2,3], (2) high-temperature

1. Introduction

Concentrated solar thermal (CST) technology can provide high-
temperature heat that can be used for a variety of applications, such
as industrial process heat, power generation, and fuel production (e.g.,
hydrogen, methanol, and diesel). Among these applications, heat used
for fuel production requires a temperature above 600 °C, which can be
generated by point-focussing solar concentrators, especially solar tower
systems in large-scale plant operations [1].

electrolysis (HTE) [4,5], and (3) redox-pair oxide systems [6,7].
Among these approaches, the solar hydrogen production via HTE is
attractive since it does not use highly toxic chemicals (only steam and
air), can operate at relatively low temperatures compared to the other
options cited, and is relatively energy efficient for hydrogen production
compared to the other approaches [8]. Furthermore, HTE can reduce
electricity consumption in comparison with other electrolysis processes

Abbreviation: AT, absorber tube; CSP, concentrated solar power; CST, concentrated solar thermal; EW, evaporating water; FEMRAY, finite element mesh ray
tracing; FMAS, flux mapping acquisition system; HA, heating air; HTE, high-temperature electrolysis; SS, superheating steam; TES, thermal energy storage.

* Corresponding author.
E-mail address: Yasuki.Kadohiro@dlr.de (Y. Kadohiro).

https://doi.org/10.1016/j.apenergy.2024.125042

Received 29 August 2024; Received in revised form 28 October 2024; Accepted 27 November 2024

Available online 2 December 2024

0306-2619/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:Yasuki.Kadohiro@dlr.de
www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2024.125042
https://doi.org/10.1016/j.apenergy.2024.125042
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Y. Kadohiro et al.

by supplying heat at high temperatures (700-1000 °C), and can achieve
much higher electrical efficiency than alkaline electrolysis at low tem-
peratures (below 100 °C) [9]. However, the scale-up of equipment re-
mains an important research issue, as there are several difficulties in
achieving multi-MW scale HTE, including very few experimental data at
higher kW levels and few operating strategies for multi-MW scale HTE
plants [10,11].

Solar tower systems consist primarily of a large number of heliostats
(i.e., mirrors that track the sun), a receiver that converts the light
collected from the heliostats into thermal energy, a tower that is
necessary to place the receivers at the proper height, and optionally a
thermal energy storage (TES) that is necessary to store excess heat and
enable the nighttime as well as continuous operation during cloud
shading periods [12,13]. The receiver is one of the key components of
the system and can be classified into two types: (1) cavity type and (2)
external type. The cavity type mounts the absorber inside a cavity with
an opening, while the external type mounts the absorber outside [14].
Although the cavity type is implemented less frequently (around 30 %),
it is gaining more attention than the external type because of its
significantly lower radiation loss [15,16] and a higher annual optical
efficiency of 10 % or more compared to external receivers [17].
Furthermore, cavity receivers can also reduce convective losses in
contrast to external types, especially in the presence of strong winds
(forced convection) [16].

Detailed studies of such cavity receivers are ongoing, and various
designs are being investigated for optimization [18,19] and different
purposes [20]. For the high-temperature steam and air generations,
cavity receivers with absorber tubes (ATs) are the most studied designs
since they offer greater design flexibility and are more efficient than
other designs [14]. Such tubular cavity receivers are mainly applied to
concentrating solar power (CSP) plants for power generation [13,21],
and more recently to solar tower systems combined with HTE [9,22].

Quero et al. [23] have experimentally demonstrated the tubular
cavity receiver concept for high-temperature air production. They
deployed 170 fine nickel-based alloy straight tubes inside the cavity and
showed that the designed receiver concept can produce pressurized air
(1 MPa, absolute) at 800 °C with Abengoa’s solar tower systems. Qiu
et al. [24] also experimentally studied the cavity receiver employing a
15-turn helical coil tube (with cylindrical shape) for high-temperature
air production. Their study demonstrated the concept of supplying
heated air up to 662 °C with five 7 kW, Xe-arc lamps. Chu et al. [25]
experimentally demonstrated the tubular receiver concept deploying
double helical tubes (with conical shape) for heated air generation. A
solar furnace system was used as the light source, proving that the
proposed concept can obtain high-temperature pressurized (0.6 MPa,
absolute) air at 900 °C.

Houaijia et al. [22] have experimentally studied the cavity receiver
consisting of multiple straight ATs for superheating steam. Their study
proved that the constructed receiver can produce superheated steam at
700 °C with a solar simulator input of about 4 kW,,q4. Schiller et al. [9]
experimentally demonstrated the concept coupling solar steam gener-
ator with the HTE. They designed the cavity receiver with a helical AT
(with conical shape) to evaporate water and superheat steam at once.
Their study has shown that the designed tubular cavity receiver can
produce high-temperature steam up to 700 °C with two 7 kW, Xe-arc
lamps. Lin et al. [26] also experimentally investigated the cavity
receiver concept employing a helical AT (with cylindrical shape). The
cutting edge of their receiver design was the incorporation of HTE into
the cavity. Their experimental study used up to six 2.5 kW, Xe-arc lamps
to demonstrate the generation of hot air (sweep gas) and steam at
800 °C.

Various tubular cavity receiver designs for high-temperature steam
and air production have been experimentally studied to validate the
numerical model developed and to provide a practical proof of concept.
However, research on the concept of tubular cavity receivers capable of
simultaneously generating high-temperature steam and air is scarce as
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shown above and there are currently no experimental studies on this
concept on scales beyond a few kW.

Our study focuses on the experimental demonstration of an upscaled
tubular solar cavity receiver for simultaneous generation of superheated
steam and hot air. The receiver concept with 70 kW, nominal power has
been developed and tested for several days in quasi-steady state condi-
tions using a solar simulator. Furthermore, this study focuses on the
validation of the coupled 1D—3D numerical models developed in our
previous studies [27,28]. The simulation results were compared with the
obtained experimental data and relative errors were calculated. A
parameter study was also conducted by varying several boundary con-
ditions to investigate their impact on the receiver’s performance.
Furthermore, the receiver efficiency was compared with existing liter-
ature to demonstrate the effectiveness of the proposed solar cavity
receiver concept.

2. Experimental setup
2.1. Process flow diagram

Fig. 1 shows the process flow diagram of the experiment. Note that
the pressure shown in the figure is absolute pressure (a).

It can be seen from the figure that there are mainly three compo-
nents: (1) solar cavity receiver, (2) packed bed TES, and (3) steam
accumulator. Since the paper focuses on the solar cavity receiver, the
details of TES, including the processes involved in it, are not presented.
However, those details can be seen from the work done by Roeder et al.
[29] and their future work on the experimental and numerical evalua-
tions of the packed bed TES. The solar cavity receiver was used to pro-
duce three different fluids: (i) middle temperature steam (< 400 °C,
Evaporating water (EW) section), (ii) high-temperature steam (<
820 °C, Superheating steam (SS) section), and (iii) high-temperature air
(< 850 °C, Heating air (HA) section). Therefore, three different helical
ATs are incorporated inside the receiver. The detailed structure is
explained in Section 2.3. The heat flux was supplied by the solar simu-
lator “Synlight” to heat the fluid in the receiver. The solar simulator
consists of 148 Xenon short-arc lamps and can provide maximum
300-400 kW thermal load [30]. The detailed thermal load and heat flux
distribution provided from the solar simulator are shown in Section 3.
The TES was used to store the heat provided from the solar cavity
receiver. The steam accumulator was used for temporary storage of
saturated steam. Separating the water evaporation process from the
steam superheating process allows for safer, more economical, and
easier system operation [31].

Temperature sensors (TR) using type N thermocouples and gauge
pressure sensors (PR) were installed at the inlet and outlet of the receiver
and TES, in order to measure fluid temperature and pressure. Two mass
flow controllers (FRC) were placed at the inlet of the water evaporation
section and the heating air section to measure and adjust the mass flow
rate of water and air. One mass flow meter was installed at the inlet of
the superheating steam section to measure the mass flow rate of middle
temperature steam. Check valves (CV) were incorporated into the pro-
cess to avoid the fluid backflow. A back pressure regulator (BPR) was
installed after the water mass flow controller to avoid fluctuations in
water mass flow rate and pressure. A solenoid valve (SV), a ball valve
with actuator (BVA), and needle valves with actuators (NVA) were
incorporated to remotely control the fluid flow in the process. During
the startup phase, the solenoid valve (SV) was opened and the ball valve
with actuator (BVA) was closed to allow air flow into the SS section
because to avoid overheating as there was no steam stored in the steam
accumulator, yet. When there was sufficient steam in the steam accu-
mulator, the solenoid valve (SV) and ball valve with actuator (BVA)
were switched. The first and second needle valves with actuator (NVA-1
and NVA-2) were turned on when only the solar cavity receiver was
tested, while the first and third needle valves with actuator (NVA-1 and
NVA-3) were turned on when the charging of TES was tested. A needle
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Abbreviation

TR: Temperature sensor

PR: Pressure sensor

FR/FRC: Flow meter/controller
BPR: Back pressure regulator
SV: Solenoid valve

CV: Check valve

BVA: Ball valve with actuator
NVA: Needle valve with actuator
TES: Thermal energy storage
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Fig. 1. Process flow diagram of the experiment.

valve and a safety valve were installed near the steam accumulator to
discharge the water remaining in the vessel after the experiment and to
discharge the steam if the internal pressure becomes higher than 300
kPa (a), respectively. A compressor was used for the air flow to pres-
surized the air up to 300 kPa (a).

The main objective of the experiment shown in Fig. 1 was to generate
high-temperature air and steam (> 800 °C) from the solar cavity receiver
continuously in a steady-state condition. The produced high-
temperature fluids were cooled down and then sent to the environ-
ment. However, in a practical case, it is assumed that those high-
temperature fluids are used directly on both the anode and cathode
sides of HTE to produce green hydrogen and sweep the gas, respectively.

Front view
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The role of the TES in this case is to allow continuous operation or hot
standby of the HTE during the hours when the sun is not shining or
blocked by clouds. The inlet conditions of water and air flow shown in
Fig. 1 were decided based on our numerical studies [28] and practical
considerations.

Fig. 2 shows a photograph of the actual experimental setup. The
three main components, (1) solar cavity receiver, (2) TES, (3) steam
accumulator, and the solar simulator “Synlight” are shown. In addition,
a radiation shield was added to cover the entire setup except for the
cavity receiver’s aperture to avoid damage from the concentrated irra-
diation of the lamps. The measurement and control equipments (e.g.,
mass flow meter, mass flow controller) were covered with aluminum foil

Rear view

.
=%

Synlight
Solar simulator)

Deutsches Zentrum
DLR fiir Luft- und Raumfahrt |

German Aerospace Center

Fig. 2. Photograph of the actual experimental setup.



Y. Kadohiro et al.

to reflect scattered light and avoid any impact (such as changes in
measurement values) on the devices.

2.2. “Synlight” lamps and receiver position

Fig. 3 shows the actual lamps’ location and receiver position used in
the experiment. The diagram on the left shows the 148 xenon short-arc
lamps in the Synlight facility, while the diagram on the right shows the
position of the receiver in the facility.

As shown in the figure, 29 lamps were used in the experiment to
provide enough power to the cavity receiver. The right side lamps (lamp
numbers 7 through 12) were primarily used since the receiver was
located in the right side of “Synlight” solar simulator. The distance be-
tween the solar simulator and receiver’s aperture center, the vertical
distance between the center line of solar simulator and receiver’s
aperture center, and the horizontal distance between the center line of
solar simulator and receiver’s aperture center were 6.13 m, 0.55 m, and
4.62 m, respectively. The cavity receiver was tilted horizontally at 25° to
capture the light efficiently.

The focal points of all 29 lamps were within the range of the re-
ceiver’s aperture, but they were not at the same point. A muilt-point
aiming strategy was adopted in the experiment to make the heat flux
distribution in the cavity more uniform and avoid overheating the ma-
terials. This approach has recently attracted attention in solar tower
systems since it can avoid the extremely high solar heat flux from he-
liostat fields [32].
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2.3. Experimental design of solar cavity receiver

Fig. 4 shows the photograph of a solar cavity receiver built and
tested.

The solar cavity receiver consists of five components: (i) Stainless
steel housing, (ii) insulation, (iii) AT for EW section, (iv) AT for SS
section, and (v) AT for HA section. The stainless steel housing is made of
stainless steel 1.4301, and it is used to cover and fix the insulation
materials. Moreover, it is used to prevent the insulation material’s
abrasion. The insulation is made of polycrystalline high-alumina wool,
and it is used to cover three ATs and suppress heat losses from the cavity
inner side. The stainless steel housing is divided into four parts and the
insulation into five parts to facilitate installation. The details are
described in Appendix A. Three helical ATs are incorporated inside the
cavity receiver to allow three different processes as described in Section
2.1. The helical shape was adopted since it can highly resist against the
thermal expansion [33] and transfer the heat effectively [34]. As shown
in Fig. 4, the AT for HA section is placed in the back side of the cavity.
This AT has a conical shape to absorb light more efficiently [35] and
transfer the excess energy to the other ATs through the re-radiation
phenomenon. The conical helical AT receives the most energy, and the
HA section was assigned here because the mass flow rate of air is four
times that of water and requires more energy. The other two ATs have a
cylindrical shape, used primarily in many studies [18], and the AT for
EW section is installed near the receiver aperture since it has the lowest
operating temperature. The exact arrangement of each AT and the inlet
conditions for each section can also be seen in Fig. 1. All ATs are made of
high-temperature stainless steel 1.4841 and covered with black paint to

Top view

Solar simulator “Synlight”

%

Solar simulator “Synlight”

Solar cavity receiver
6.13 m
e
Bio5m Center line

Ground

Center line

Side view

Fig. 3. “Synlight” lamps’ location and receiver position.



Y. Kadohiro et al.

Stainless steel housing

Applied Energy 380 (2025) 125042

AT — SS section [

Fig. 4. Experimental design of solar cavity receiver.

efficiently absorb the irradiation of the lamps.

Table 1 shows the specifications of developed solar cavity receiver.
The final design of cavity receiver and the parameters shown here were
determined based on our numerical study and practical perspectives.
The meaning of each parameter shown in Table 1 can also be confirmed
from our previous paper [28]. Compared to the previous receiver design
in the numerical study, the tube length for EW and SS sections and HA

Table 1
Specifications of developed solar cavity receiver.
Specifications Values
AT for EW section Inner diameter 0.019 m
Outer diameter 0.025 m
Length 5.51m
PIiOJeFted diameter for 0.50 m
winding
Winding number 3.5
Pitch 0.028 m
AT for SS section Inner diameter 0.014 m
Outer diameter 0.020 m
Length 5.49m
PI:O_]eFted diameter for 0.495 m
winding
Winding number 3.5
Pitch 0.023 m
AT for HA section Inner diameter 0.019 m
Outer diameter 0.025 m
Length 791 m
Projected diameter for 0.20-0.50
winding m
Winding number 7.0
Pitch 0.030 m
Taper angle 40°
Cavity insulation, side APerture § inner 0.545 m
diameter
Aperture‘s outer 0.745 m
diameter
Length 0.574 m
Cavity insulation, back Diameter 0.745 m
Thickness 0.050 m
AT, surface emissivity 0.95
Cavity insulation, solar reflectivity 0.87
Cavity insulation, emissivity in near
. . 0.26
infrared region
Receiver horizontal angle 25°

section were increased around 25 % and 5 %, respectively. This change
was made to avoid any hot spots during the experiment. Furthermore,
the larger increase rate in tube length in the EW and SS sections is in
order to cover more surface area in the cavity by AT.

The surface emissivity value of the black paint on AT is provided
from Helling GmbH [36]. The cavity insulation’s solar reflectivity and
emissivity in near infrared region were measured at ambient tempera-
ture by “Lambda 950 UV/Vis/NIR spectrophotometer”. Although these
values may vary at high temperatures, they were used in our numerical
analysis because our previous studies have demonstrated that these
factors do not significantly affect receiver performance. The receiver
horizontal angle indicates how horizontally the receiver is tilted with
respect to the solar simulator as shown in Fig. 3. In other words, 0° of
receiver horizontal angle indicates that the receiver faces the solar
simulator.

2.4. Thermocouples’ location on the cavity receiver

Multiple type N thermocouples were attached inside and outside of
the cavity receiver to investigate the temperature behavior. Fig. 5 de-
scribes the thermocouples’ location on the cavity receiver.

As shown in the figure, 14 thermocouples (TR 1-14) and 6 thermo-
couples (TR 15-20) were used inside and outside of the cavity receiver,
respectively. TR 1-4 were placed on the cavity side wall near the
receiver opening. TR 5-8 (inside) and TR 15-18 (outside) were installed
on the middle area of cavity side wall. TR 9-12 were mounted in the rear
area of the cavity side wall. TR 13-14 (inside) and TR 19-20 (outside)
were placed on the cavity back wall. The detailed location of each
thermocouple can be seen in the figure.

2.5. Uncertainty analysis

The uncertainty analysis was conducted as with our previous study
[27] with the following assumptions.

e Random error is the predominant error of the experimental devices.
e The errors follow a normal distribution.

The uncertainties in temperature, pressure, mass flow, solar flux
measurements and other data acquisition devices were calculated.
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Side view 1
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Side view 2
(cross-sectional)

Back view

Fig. 5. Thermocouple’s location on the cavity receiver.

Furthermore, the uncertainty of solar cavity receiver’s energy efficiency
was calculated based on those uncertainties. The experimental devices’
accuracy and ranges are shown in Table 2.

3. Heat flux measurement and simulation

This section first represents the measured and simulated 2D heat flux
map of solar simulator “Synlight” at the receiver aperture, followed by
the simulated 3D heat flux map inside the cavity receiver. The mea-
surement of the 2D heat flux map was conducted by using the optical
measurement system FMAS (Flux Mapping Acquisition System) [37].
The simulation of 2D and 3D heat flux maps was performed with
FEMRAY (Finite Element Mesh Ray Tracing) approach. This approach is
explained in more detail in our previous study [28]. The position of the
lamps in the simulation was manually adjusted to the solar simulator’s
recorded position to account for possible uncertainties.

Table 2
Experimental devices’ accuracy and ranges. Where |t|, (a), Rd, and FS indicate
the actual temperature in °C, absolute value, reading and full scale, respectively.

Experimental devices Accuracy Range
Pressure transmitter +0.40 % FS 0-400 kPa (a)
Thermocouple (type N) +0.004]t| 0-1100 °C
Mass flow controller (EW section) +0.20 % Rd 0-30 kg/h
0
Mass flow meter (SS section) Ri‘(i).75—0,80 % 0-25 kg/h
Mass flow controller (HA section) +1.80 % FS 0-85 kg/h
AD converter / Pressure transmitter 10.76 % Rd
module

AD converter / Thermocouple module +2.33°C

2.5-2.7 kWyaq

Solar simulator (one lamp) +3.0 % Rd [37]

[38,39]

3.1. 2D heat flux map at the receiver aperture

Fig. 6 shows the measured and simulated 2D heat flux distribution at
the receiver aperture. The total radiation power applied to the receiver
aperture was 71.0 kW,q with 29 lamps and intercept factor of 0.94. In
other words, the total radiation power from the lamps were around 75.5
kWrag.

In general, simulation and measurement show a similar shape of the
flux density distribution and have the same average flux density. It can
be observed from both maps that most of the lights from the lamps are
concentrated in the center of the lower part of the aperture area (at a
position of [—0.05 m, —0.1 m]). However, the simulation shows locally
a higher flux density value than the measurement. The maximum flux
density values for the simulation and measurement are 723.5 kW;,q/m?
and 603.9 kW,,4/m?, respectively. In addition, the range of low heat flux
densities (below 200 kWrad/mz) in the measurement is greater than in
the simulation. In other words, the low heat flux is more widely
distributed in the measurement results than in the simulation results.
Finally, the locations of the hot spots differ between the measurement
results and the simulation results. For example, two small circular hot-
spots can be observed in the simulation results (at positions of [-0.15 m,
0.0 m] and [—0.03 m, —0.1 m]), while only one large triangular hotspot
can be observed in the measurement results (at a position of [—0.05 m,
—0.1 m]).

The main reason for the difference in heat flux density values can be
explained by the different outputs of the lamps used and the non-ideal
flux map (i.e. no gaussian distribution). It can be considered that the
performance of the lamps used in the experiment had deteriorated over
time, and not all of the lamps used had the same performance. Moreover,
the difference in the flux map of a single lamp is also thought to have
caused the difference. It is expected that the actual lamp used had a
lower peak heat flux and a wider range of low heat flux density than the
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Simulation
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Fig. 6. Measured and simulated 2D heat flux map at the receiver aperture.

simulated or ideal heat flux. The main reason for the difference in the
location of the hotspot can be explained by the positioning uncertainties
of the lamps. Since the position of the lamps in the simulation was
manually adjusted, there were some errors and differences from the
experiment, and this may have led to differences in the position of the
hot spot.

3.2. 3D heat flux map inside the cavity receiver

Fig. 7 shows the simulated 3D heat flux distribution inside the cavity
receiver.

As shown in the figure, the heat flux provided from solar simulator is
most concentrated on the ATs, especially on the AT for HA section. This
is because air required much more energy than water or steam in the
other sections (the mass flow rate of air was set to four times that of
water or steam). There are some parts that AT has comparativly low flux
(e.g., the HA inlet part and EW and SS sections at the left, and due to the
insulation and cavity design the outside of the tubes). Although the
lamps were adjusted to provide a relatively uniform heat flux distribu-
tion in the AT, it was difficult due to the position of the lamps and
receiver. As explained in Section 2.2, the cavity receiver was installed at
the end of the solar simulator “Synlight” facility, so it was difficult to
concentrate light on every part of the AT (especially the left side of the
cavity receiver). However, it was relatively easier to avoid the concen-
tration of light on the cavity inner wall as shown in the figure. Based on

AT

Unit: W/m?

. 4.9729e5 Max

4.4204e5

= 3.8678e5

mm 3.3153e5
2.7627e5
2.2102e5
1.6576e5
1.1051e5
55255
0 Min

the shown heat flux distribution, the receiver’s performance such as
fluid temperature at EW, SS, and HA sections, cavity inner wall tem-
perature, and cavity outer wall temperature were calculated using the
coupled 1D—3D numerical model built in our previous study [27,28].

4. Results and discussions

This section first presents the overall experimental results, including
experiments at nominal and low power, followed by the validation re-
sults by using the quasi steady-state data, the parameter studies, and
finally the efficiency comparison with existing literature.

4.1. Experiment with nominal power

The proposed receiver concept with 70 kWy, nominal power was
built and tested for 4 days (around 20 h in total) by using the DLR solar
simulator “Synlight” [30,39]. During consecutive test periods, the solar
cavity receiver operated without failure, except for the absorptive
coating on the AT. Some of the coating peeled off after several tests.
Nevertheless, the proposed receiver concept was able to produce hot
steam and air at the target temperature on all test days.

4.1.1. Fluid behavior inside AT
Fig. 8 shows the experimental results of fluid behavior in each AT
section. Outlet temperature, outlet pressure, mass flow rate of air and

Cavity

Unit: W/m?

32339 Max
28745
25152

= 21559

‘ 17966
14373
10780
7186.4
35933
0.086458 Min

Fig. 7. Simulated 3D heat flux map inside the cavity receiver.
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Fig. 8. Experimental results of fluid behavior in each AT section — Nominal power.

steam coming out from each AT section are depicted. Moreover, the
radiation power of solar simulator “Synlight” is shown in one separate
figure to represent the applied power over time. The steam inlet tem-
perature, as varied over time by the steam accumulator, is also shown in
the temperature graph. Finally, the standard deviation (), slope (S), and
correlation coefficient (R) of the outlet temperature, outlet pressure, and
mass flow rate of the heated steam and air in the SS and HA sections are
added to the figures. These values were taken for experimental durations
ranging from 3 to 4.8 h (quasi steady-state), as shown in the light orange
background. The units for standard deviation and slope are the units of
the y-axis and the units of the y-axis/min in each figure, respectively.
The purpose of calculating the standard deviation, slope, and correlation
coefficient is to clarify how stably the solar cavity receiver can generate
hot steam and air in a quasi-steady state.

At the start of the experiment, the total lamp power is successfully
increased in steps by adding lamps until all 29 lamps (75 kW,,q) are lit.
The mass flow rate in the EW section is also increased in steps according
to the lamp power in order to continuously generate steam and store it in
the steam accumulator. The mass flow rate in the SS section follows a

similar trend (stepwise increase) as in the EW section, while the mass
flow rate in the HA section is kept constant. The outlet pressure is
adjusted by the valves according to the mass flow rate (or velocity) of the
fluid, not to exceed 400 kPa (a) in the EW section, 200 kPa (a) in the SS
section, and 300 kPa (a) in the HA section. Here, note that the air is
supplied for the first 0.25 h of the SS section. The mass flow rate (6 kg/
h), inlet temperature (20 °C), and outlet pressure (130 kPa (a)) shown
during this time is the value for the air flow. The system enters a quasi
stationary phase approximately 1 h after initiation, and the experiment
continues in this phase for about 4 h. At the end of the experiment, all
lamps are turned off at once and the mass flow rate in the EW and HA
sections are lowered to slowly cool down the system. The generated
steam stored in the steam accumulator is discharged until there is no
more steam from the vessel, as shown in the decrease in mass flow rate in
the SS section of the figure. The drop in outlet pressure shown in the
figure is due to the valve being fully opened.

In the quasi stationary phase, the mass flow rate is nearly constant in
the EW (20 kg/h) and HA (85 kg/h) sections, but not in the SS section
(15-16 kg/h). The outlet pressure in the EW, SS, and HA sections are
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adjusted to 400 kPa (a), 200 kPa (a), and 300 kPa (a), respectively. After
2.2 hin the SS section, some peaks can be observed in the mass flow rate
and the outlet pressure. The outlet temperature in the EW, SS, and HA
sections stabilizes at around 385 °C, 811 °C, and 863 °C, respectively.
The inlet steam temperature in the SS section becomes stable three hours
after the start of the test.

The mass flow rates in the EW and HA sections were constant since
the flows were controlled by mass flow controllers. On the other hand,
the mass flow rate in the SS section was fluctuating due to the flow
coming from the steam accumulator. Since the mass flow rate was
controlled by adjusting the stream pressure (including the pressure in-
side the steam accumulator) with a valve, larger fluctuations in the mass
flow rate were observed in the SS section compared to the other sections.
The outlet pressure in the SS section became lower than the EW section
due to the pressure drop inside the steam accumulator. The peaks seen in
the mass flow rate and outlet pressure in the SS section are due to
changes in operating mode. ON and OFF of the needle valves (NVA-2
and NVA-3 in Fig. 1) were switched 2.2 h after the start of the test, and
the high-temperature steam started flowing into the TES. This switch-
over resulted in a rapid decrease in steam pressure and a rapid increase
in mass flow rate. However, these peaks were observed only in a short
period. The slow rise in the inlet steam temperature is due to the slow
response of the steam accumulator. In other words, the steam accumu-
lator took longer to reach a steady state. The solar simulator lamps were
turned on in stages at the beginning to avoid rapid heating, which could
cause thermal shock to ATs [40].

The designed solar cavity receiver could simultaneously produce
high-temperature steam (811 °C) and air (863 °C). These results were
reproducable in two other experiments (Appendix B). The air and steam
temperatures obtained and the relatively low standard deviations and
slope values shown in Fig. 8 imply that the combination of CST and HTE
is promising as heat can be supplied continuously and steadily.

4.1.2. Cavity temperature

Fig. 9 shows the experimental results of cavity inner and outer
temperature. The location of TR 1-20 can be seen in Section 2.4. Here,
the average temperatures at each section (TR 1-4: cavity inner side wall
near to receiver aperture, TR 5-8: cavity inner side wall on the middle
area, TR 9-12: cavity inner side wall in the rear area, and TR 13-14:
cavity inner back wall) are shown in Fig. 9 (a). Furthermore, in Fig. 9 (a),
the graph has been expanded in the range of 0 to 0.5 h (x-axis) and 0 to
650 °C (y-axis) in order to more clearly observe the temperature change.
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The other two experimental results of cavity temperature are shown in
Appendix B.

In general, the temperatures of the inner cavity have a similar profile
as the AT’s temperatures. The cavity inner temperature reacts quickly at
the start and end of the experiment in accordance with the lamp’s output
(as shown in Fig. 8 (d)). At the start of the experiment (after 0.25 h), the
temperature inside the cavity drops momentarily. However, the tem-
perature continues to rise, and it stabilizes when all 29 lamps light up
(after 0.8 h). The cavity outer temperature has much slower response
compared to the cavity inner temperature. After about 4.5 h, the tem-
perature reaches a quasi-steady state. The thermocouples close to the
receiver aperture (TR 1-4) tend to have lower temperatures, while the
thermocouples located on the middle or in the rear of the cavity inner
side wall (TR 5-12) have higher temperatures. Furthermore, thermo-
couples mounted on the inside of the cavity back wall (TR 13-14) show
almost the same temperature behavior as thermocouples mounted on
the rear of the cavity inner side wall (TR 9-12). It can be observed that
the thermocouples mounted on the upper part of the cavity outer wall
(TR 15 and TR 16) have higher temperatures.

The cavity outer temperature had much slower response due to the
insulation of the cavity wall. The cavity inner temperature had a quick
response since the cavity inner surface was initially heated or cooled. In
other words, the thermocouples inside the cavity promptly detected a
rise in temperature when the lamp was turned on, and a fall in tem-
perature when the lamp was turned off (at this moment, the fluid was
flowing in each tube). The instantaneous drop in the temperature of
inner cavity after 0.25 h was due to the change in the fluid in the SS
section from air to saturated steam. As a result of the above change, the
AT temperature in the SS section has decreased (due to the latent heat of
water evaporation), and the cavity inner temperature has decreased. The
thermocouples TR 1-4 had lower temperatures than the other locations
due to the greater influence of natural convection and radiation caused
by the opening aperture. Furthermore, the low AT temperature in the
EW section due to water evaporation was another reason for the lower
temperatures of thermocouples TR 1-4. The thermocouples TR 13-14
and TR 9-12 showed a similar temperature behavior since they were
placed in close proximity and the heat loss rate in the rear region of the
cavity inner wall was very low. The thermocouples TR 15 and TR 16 had
higher temperatures compared to the other thermocouples (TR 17-20)
due to the natural convection effect. It is considered that the upper part
of cavity inner wall was heated more by the hot air rising due to natural
convection, and more heat was transferred to the upper part of cavity
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Fig. 9. Experimental results of cavity temperature.
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outer wall through thermal conduction.

As the results show, cavity insulation contributed to efficient heat
transfer to the working fluid by reducing thermal conduction losses from
the receiver and keeping the temperature inside the cavity high.

4.2. Experiment with low power

The proposed receiver concept with 70 kW, nominal power was also
tested with low power. In other words, the receiver concept was tested
with less fluid mass flow rate and less radiation power. Fig. 10 shows the
experimental results of fluid behavior in each AT section. As with Fig. 8,
outlet temperature, outlet pressure, and mass flow rate of air and steam
coming out from each AT section, steam inlet temperature, and radiation
power of solar simulator are depicted.

The radiation power starts from 20.8 kWy,q4. After 0.5 h, one lamp is
turned on and the total lamp power is set to 23.4 kWy,q. The total power
is kept at this value until 2.0 h, after which three additional lamps are
turned on in stages up to 31.2 kWy,q until 2.6 h. These additional lamps
mostly irradiated the HA section. After 2.6 h, four lamps are turned on
for the EW and SS sections, and the total power becomes 41.6 kW,g4.
After 2.8 h, one additional lamp is tunred on for the SS section, while the
other lamp is turned off after 2.9 h. After 3.3 h, one lamp for HA section
is turned on to further heat the air. After 3.6 h, all lamps are turned off
and the experiment is terminated.

In the EW section, the water mass flow rate is set to 5 kg/h at the
start. The outlet temperature remains at boiling temperature of water
until 0.5 h. In other words, the water is not completely evaporated at this
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point. After 0.5 h, the EW section begins to produce superheated steam
due to increased radiation power. This section is providing the super-
heated steam at approximately 300 °C until 2.0 h. After 2.0 h, the outlet
temperature of the EW section gradually increases with increasing ra-
diation power (less than 400 °C). This power increase was mainly for the
HA section, but the EW section was also affected. The mass flow rate is
increased to 10 kg/h after 2.6 h, and this value is maintained until the
end of the experiment. The outlet temperature increases even with
increasing mass flow rate due to increased radiation power in the EW
and SS sections. The outlet pressure in the EW section increases after 2.0
h by partly closing the valve in the SS section (NVA-2 in Fig. 1). A
decrease in outlet temperature and pressure can be observed after all
lamps are turned off. During the experimental period, the outlet tem-
perature varies widely.

In the SS section, the air is supplied for the first 0.5 h. The mass flow
rate (6 kg/h), inlet temperature (23 °C), and outlet pressure (160 kPa
(a)) shown during this time is the value for the air flow. After 0.5 h, the
valves (SV and BVA) switch and steam stored in the steam accumulator
begins to flow into the SS section. This change can be observed in a
decrease in outlet temperature, outlet pressure, and mass flow rate and
an increase in inlet temperature. Until 2.0 h, the saturated steam at
100 °C and ambient pressure is provided to this section from the steam
accumulator. The mass flow rate and the outlet temperature are fluc-
tuating in the range of 5-6 kg/h and 400-500 °C, respectively. After 2.0
h, the outlet pressure increases and the mass flow rate decreases by
closing the valve (NVA-2). The outlet temperature begins to gradually
increase with increasing irradiation power (most of the irradiation
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Fig. 10. Experimental results of fluid behavior in each AT section — Low power.
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power was concentrated in the HA section, but some was also irradiated
in the SS section). After 2.5 h, the outlet pressure decreases and the mass
flow rate increases by partly opening the valve (NVA-2). Although there
are fluctuations, the outlet temperature also rises to around 600 °C due
to increased radiation power in the EW and SS sections. The mass flow
rate fluctuates after 2.6 h due to pressure fluctuations, but stabilizes at
about 8 kg/h at the outlet pressure of 260 kPa (a) at the end of the
experiment. After 3.6 h, the mass flow rate suddenly increases and then
drops. A decrease in outlet temperature and pressure can be observed
after all lamps are turned off.

In the HA section, the starting air mass flow rate is set at 85 kg/h and
lowered in steps to 21 kg/h until 1.2 h. The outlet pressure is fluctuating,
but is adjusted to near 300 kPa (a). The outlet temperature is rising to
500 °C. For 1.2 to 1.6 h, the mass flow rate, outlet temperature, and
outlet pressure are stable at 21 kg/h, 500 °C, and 300 kPa (a). After 1.6
h, the mass flow rate increases to 43 kg/h and remains fixed until the end
of the experiment. The outlet pressure is adjusted by the valve (NVA-1)
to maintain the value less than 300 kPa (a). The outlet temperature
increases with increasing radiation power, reaching 700 °C. A decrease
in outlet temperature and pressure can be observed after all lamps are
turned off.

One lamp was turned on after 0.5 h to produce the superheated steam
in the EW section. The air was flowing in the SS section for the first 0.5 h
because there was not enough steam in the steam accumulator. The air
mass flow rate in the HA section was gradually decreased until 1.2 h
from the start to avoid overheating of the AT. During this period, the
outlet pressure fluctuated due to changes in the mass flow rate. The air
mass flow rate was increased after 1.6 h to further heat the air without
any overheating. The water mass flow rate in the EW section was
increased to 10 kg/h after 2.6 h to avoid heating the exiting steam above
400 °C. Temperatures in the EW section were kept lower than that
because temperatures above 400 °C could melt the sealing of the piping.
This increase in mass flow rate in the EW section also caused an increase
in mass flow rate in the SS section. One lamp was turned on after 2.8 h,
but turned off immediately after 2.9 h for the same reason as the increase
in mass flow rate in the EW section. The outlet temperature in the SS
section from 2.7 to 3.1 h were variable because the lamps were on and
off. The sudden increase in the mass flow rate in the SS section after 3.6 h
was due to the valve being fully opened (NVA-2). The steam stored in the
steam accumulator was discharged at once, resulting in a rapid increase
in mass flow rate. The outlet pressure in all sections decreased after all
lamps were turned off since the valves (NVA-1 and NVA-2) were fully
opened.

In summary, the solar receiver with low power could not produce
high-temperature air and steam hotter than 800 °C. One of the main
reasons is that the SS section had a much lower inlet temperature. In
other words, the mass flow rate of the steam was so low that the steam
accumulator could not reach steady state and provide superheated
steam during this experimental time. This steam accumulator behavior
also caused erratic operation in the EW and SS sections. Similar behavior
of steam accumulators at low steam mass flow rates (5 kg/h) was also
observed in Schiller’s study [9]. A lower inlet steam temperature
resulted in a lower outlet steam temperature in the SS section. In addi-
tion, due to larger temperature gradient and re-radiation phenomena,
more heat was transferred from the HA section to the SS section,
resulting in lower outlet air temperatures. The extra lamps for air
heating were not added to account for reduced heat transfer coefficient
and overheating of the tubes. In other words, the additional lamps were
not lit for air heating so that the temperature of the tube wall would not
exceed 1050 °C (maximum operating temperature of high-temperature
stainless steel 1.4841 [41]). Because the solar receiver and steam
accumulator were designed on a larger scale, the designed system could
not produce hot fluid at the target temperature with a low power.
However, the system was able to supply hot steam at 600 °C and hot air
at 700 °C.
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4.3. Validation

This section shows the comparison results between the experiment
and simulation. Firstly, the outlet temperature of air and steam coming
out from each AT section is shown, followed by the outlet pressure, and
finally the lamp-to-thermal efficiency. The quasi steady-state data of the
experiment are used as inlet conditions for the numerical simulation and
are shown in Table 3. And those data for other two experiments
(including the validation results) are shown in Appendix C. The average
ambient temperature during the test was 27.8 °C.

Fig. 11 shows the comparison results of the outlet fluid temperatures.
The experimental results are shown in the left bar with black dots, while
the numerical results are shown in the right bar with diagonal lines. The
orange line is an error bar indicating the uncertainty due to the
measurement.

The errors between experiment and simulation for EW, SS, and HA
sections are 8.97 %, 0.60 %, and 0.78 %, respectively. The errors for EW
section became larger than the other sections due to the effects of
complex boiling flow phenomena [42]. It can be considered that the
numerical model used for single phase flow is suitable, while the 1D—3D
numerical model used for two-phase flow needs further improvement,
which may have made a difference in the results. However, the error is
less than 10 %, a relatively good prediction given the simpler model
used in this study.

Fig. 12 shows the comparison results of the outlet fluid pressures.

The experimental results agree well with the simulation results in EW
(4.26 % error) and HA (4.20 % error) sections. There is a fairly large
error in the SS section (20.10 % error), but it is smaller on the other two
experimental dates (6.71 % and 7.37 % error), as shown in Appendix C.
This leads to the consideration that some error occurred during the test
(e.g., an offset in the valve position), resulting in a larger error only on
this experimental day. The numerical model underestimates the pres-
sure losses in EW and SS sections, while it overestimates the pressure
losses in HA section. The underestimation in the EW and SS sections may
be due to the roughening of the tube surface by oxidation. Since the
numerical model considers smooth surface for the pressure loss calcu-
lation, and the hot water or steam is more corrosive against the stainless
steel compared to the dry air [43,44], a fast oxidation may have
occurred in the inner tube surface and resulted in the underestimation.
The overestimation in the HA section may be due to the difference in the
heat flux distribution on the AT between the experiment and the simu-
lation. In other words, in the simulation, the air was heated over a
shorter distance than in the experiment, and the hotter (or lower den-
sity) air flowed through the tube over a longer distance, resulting in a
greater pressure drop. However, it can be concluded that the errors
shown are relatively small (less than 10 %).

Fig. 13 shows the comparison results of lamp-to-thermal efficiency. It
is the efficiency of energy transferred from the lamp as light to the inside
of the cavity receiver as heat. Note that the electricity consumption of
the lamps is not considered in this efficiency. Further explanation and
the equations can be seen in our previous study [28].

As the figure shows, the numerical results are within the uncertainty
range of the experimental results. The difference between experiment
and simulation is 0.28 %. Similar results were obtained in the other two
experimental days as shown in the Appendix C.

In this section, it was demonstrated that the developed numerical
model can predict the solar cavity receiver’s behavior (outlet fluid

Table 3
Quasi steady-state data (experimental durations ranging from 3 to 4.8 h) of
experiment used as inlet conditions for the numerical simulation.

AT section Inlet temperature Inlet pressure Mass flow rate
EW 27.2°C 398.2 kPa (a) 20.0 kg/h
SS 282.7 °C 216.3 kPa (a) 15.8 kg/h
HA 20.2°C 307.3 kPa (a) 85.3 kg/h
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Fig. 12. Comparison results of outlet fluid pressure (absolute).

temperature, outlet fluid pressure, and lamp-to-thermal efficiency)
fairly well (less than 10 % error between experiment and simulation).
The next section presents a parameter study of the numerical model to
further examine the impact of uncertain parameters on the system.

4.4. Parameter study

This section shows the parameter study of the numerical model. Four
different parameters, (a) power of individual lamps, (b) convective heat
transfer coefficient inside the cavity, (c) receiver horizontal angle, and
(d) absorptivity of ATs, were investigated. These four parameters were
chosen because they were considered to have the highest impact on the
receiver performances. Table 4 shows the range of parameter
investigated.

Fig. 14 shows the parameter study results of power of individual
lamps. The outlet fluid temperature is used as a result, as it is greatly
affected by each parameter. The result range of the parameter variations
is indicated by a green error bar. The numerical results (right bar with
diagonal lines) are compared with the experimental results (left bar with
black dots) to show the effect of each parameter on real data.
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Table 4
Parameter range.
Parameter Range Unit
Power of individual lamps 2.5-2.7 kWiag
Convective heat transfer coefficient inside the cavity 7.57-15 W/m? K
Receiver horizontal angle 20-30 °
Absorptivity of ATs 0.56-0.95
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Fig. 14. Parameter study results (outlet fluid temperature) - Power of indi-
vidual lamps.

Three different individual lamp powers, (1) 2.5 kWiyq, (2) 2.6 kW,q,
and (3) 2.7 kW;.4, were selected, and the numerical simulation was
performed based on these three values to investigate their effects. The
power of 2.6 kWy,q is the base case and the values shown in the figure
(simulation side) are the results of using this base case power. Note here
that only the total power applied to the receiver changes, while the heat
flux distribution in the cavity remains the same. The range of the indi-
vidual lamp powers was chosen based on the accuracy of the lamps [37]
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and the previous studies [38,39]. The lower limit of the green error bar
(EW: 305.4 °C, SS: 786.2 °C, HA: 848.3 °C) shows the results when the
individual lamp powers of 2.5 kWy,q is used. On the other hand, the
upper limit of the green error bar (EW: 397.0 °C, SS: 824.9 °C, HA:
889.1 °C) shows the results when the individual lamp powers of 2.7
kWiqq is used. It can be observed that the individual lamp powers have
great effect on the outlet fluid temperatures. Since the experimental
values are within the range of the green error bars, it is indicated that the
individual lamp powers of the solar simulator are in this range and
uncertainty in the lamp power could be one reason for the deviations.

Fig. 15 shows the parameter study results of convective heat transfer
coefficient inside the cavity.

Three different convective heat transfer coefficients, (1) 7.57 W/m?
K, (2) 10 W/m? K, and (3) 15 W/m? K, were selected, and the numerical
simulation was performed based on these three values to investigate
their effects. The heat transfer coefficient value of 7.57 W/m? K is the
base case and it was calculated based on an empirical equation (which is
explained in our previous study [27]). The values shown in the figure
(simulation side) are the results of using this base case heat transfer
coefficient. Higher heat transfer coefficient values were considered since
the ventilation system was operated during the experiment. The lower
limit of the green error bar (EW: 254.3 °C, SS: 725.2 °C, HA: 781.2 °C)
shows the results when the convective heat transfer coefficient of 15 W/
m? K is used, while the upper limit of the green error bar shows the base
case results. It can be seen from the figure that higher heat transfer
coefficient values have a negative impact on the outlet fluid tempera-
ture. Since higher values of heat transfer coefficient result in a larger
error compared to the experimental value, it can be considered that the
ventilation system had a low effect during the experiment. This
consideration is supported by the fact of large experimental room (floor
area: 25.47 m?, height: 5 m, performance of the ventilation system:
21444 m®/h) and opening window that is connected to the lamp hall (air
enters the experimental room through the opening window). Therefore,
it is sufficient to consider only the effect of natural convection, and it can
be concluded that the empirical equation used predicts that effect fairly
well.

Fig. 16 shows the parameter study results of receiver horizontal
angle.

Three different angles, (1) 20°, (2) 25°, and (3) 30°, were selected,
and the numerical simulation was performed based on these three values
to investigate their effects. The angle of 25° is the base case and the
values shown in the figure (simulation side) are the results of using this
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Fig. 15. Parameter study results (outlet fluid temperature) - Convective heat
transfer coefficient inside the cavity.
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Fig. 16. Parameter study results (outlet fluid temperature) - Receiver hori-
zontal angle.

base case angle. An angular error of 5° was considered in this study since
a simple and manual measurement was conducted. The lower limit of
the green error bar in EW (339.9 °C) and SS (799.3 °C) sections and the
upper limit of the green error bar in HA section (879.4 °C) show the
results when the angles of 20° is used. On the other hand, the upper limit
in EW (374.8 °C) and SS (806.1 °C) sections and lower limit in HA
section (856.5 °C) show the results when angles of 30° is used. The re-
sults in the figure indicate that the receiver horizontal angle has a small
impact on the outlet fluid temperature. The reason for the different
outlet temperature is due to the different heat flux distribution applied
with the different receiver horizontal angle.

Fig. 17 shows the parameter study results of absorptivity of ATs.

Three different absorptivities, (1) 0.56, (2) 0.76, and (3) 0.95, were
selected, and the numerical simulation was performed based on these
three values to investigate their effects. The absorptivity of 0.95 is the
base case as explained in Section 2.2, and values shown in the figure
(simulation side) are the results of using this base case absorptivity. The
absorptivity of 0.56 is the minimum value for high-temperature stainless
steel 1.4845, which is rolled [45]. The absorptivity of 0.76 is the average

4 Experiment [ZZ1 Simulation
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Fig. 17. Parameter study results (outlet fluid temperature) - Absorptivity
of ATs.
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value between 0.56 and 0.95. A lower absorptivity was considered
because some of the black paint peeled off after several tests. The lower
limit of the green error bar (EW: 143.4 °C, SS: 791.6 °C, HA: 824.7 °C)
shows the results when the absorptivity of 0.56 is used, while the upper
limit of the green error bar shows the base case results. It can be
observed from the figure that the lower absorptivity have negative
impact on the outlet fluid temperature. The results for the EW section
are significantly influenced by absorptivity than for the other sections.
This is because less irradiation energy is absorbed by the tube in the EW
section and less energy is re-radiated to the EW section from the SS and
HA tube sections that have much higher temperature. In the SS and HA
sections, the irradiation energy absorbed by the tubes becomes lower
with lower absorptivity, but the outlet fluid temperatures are not
significantly affected due to the lower re-radiation. Since lower values of
AT’s absorptivity result in a larger error compared to the experimental
value, it can be considered that the peeling of some black paint did not
greatly affected the AT’s absorptivity.

This section has demonstrated that the individual lamp powers,
convective heat transfer coefficient, and AT’s absorptivity have great
effect on the outlet fluid temperatures at each AT section, while the
receiver horizontal angle does not have much effect on that. In addition,
from all results, it is observed that the impact of parameter variation is
usually greatest in the EW section. This may be one of the reasons for the
largest deviations between experimental and numerical results in the
EW section of the base case. The overall results in this section also
demonstrated that it is reasonable to use base case values for each
parameter, despite the uncertainty in the parameters.

4.5. Efficiency comparison with existing literature

This section provides information on the efficiency of our receiver, as
well as information on other receivers that have been developed and
experimentally tested in previous studies. The receivers in the previous
studies were selected based on four criteria: (1) uses cavity type, (2) uses
absorber tubes, (3) produces high-temperature air or steam, and (4) has
been experimentally tested. The receiver efficiency was redefined in all
studies to fairly compared the values with each other. The definition of
receiver efficiency is the ratio of the absorbed energy by the heat transfer
fluid to the radiative power intercepted in the receiver aperture. The
difference from our efficiency is that the spillage loss from the light
source to the receiver aperture is not included in the input energy.
Table 5 shows the comparative results of receiver efficiency. The radi-
ative power intercepted in the receiver aperture and the achieved fluid
temperature (including the type of fluid) are also shown in the table to
indicate the scale and the product of receiver, respectively.

From the table, it is clear that the solar receiver concepts that have
been tested most often are those on the scale of a few kWy, (laboratory

Table 5
Receiver efficiency comparison (asterisk mark indicates the efficiency calculated
based on the data shown in the literature).

Achieved fluid
temperature (°C)

Receiver
efficiency (%)

Radiative power
intercepted (kW)

Our study 811 (steam)

71.0 863 (air) 64.3
Amsbeck et al. [46] 272.8 803 (air) 44.0
Qiu et al. [24] 1.8 570 (air) 53.6
Wang et al. [47] 20-25 550 (air) 60.0
Zhu et al. [48] 26.5 430 (air) 80.0
Chu et al. [25] 7.4 787 (air) 53.2
Houaijia et al. [22] 4.0 700 (steam) 40.0
Schiller et al. [9] or .
Kadohiro et al. [27] 40 634 (steam) 642
Swanepoel et al.
[49] 1.7 343 (steam) 50.0

i . [2

Lin et al. [26] 091 700 (steam) 32.0

700 (nitrogen)
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scale), and that there are only one receiver (except our study) that can
produce both high-temperature steam and air. The comparative results
indicate that the receiver efficiency of our study (64.3 %) is relatively
higher than the efficiency of most of the past studies. This implies that
our solar cavity receiver is a promising new concept that can provide
both hot steam and air (more than 800 °C) compared to existing receiver
concepts.

5. Conclusion

A solar cavity receiver employing helical absorber tubes was exper-
imentally investigated, and the obtained experimental results were
compared with the numerical results. The 1D single and two-phase fluid
flow model coupling with the 3D cavity heat transfer model, that was
developed in our previous study, was used to numerically investigate the
recever performances such as outlet fluid temperature, outlet fluid
pressure, and lamp-to-thermal efficiency. The parameter studies were
conducted to examine the impact of uncertain parameters on the
receiver performances. Furthermore, the receiver efficiency of our study
was compared with the existing literatures to investigate the effective-
ness of the proposed solar cavity receiver concept. The key findings are:

Experimental results at designed power have proven that the
developed solar cavity receiver could successfully produce both the
high-temperature steam (811 °C) and air (863 °C) with standard
deviations of less than 3 °C (outlet temperature), 3 kPa (outlet
pressure), and 0.2 kg/h (mass flow rate).

e Experimental results at partial load have demonstrated that the
established solar cavity receiver was unable to produce hot steam
and air at the target temperature and that the fluid flow was unstable
due to the erratic operation of the steam accumulator. However, the
system was able to supply hot steam at 600 °C and hot air at 700 °C.
The control in partial load needs to be further investigated.
Comparative study between the experiment and simulation have
shown that the relative errors were less than 10 %, a relatively good
prediction given the simpler model used in this study.

e Parameter studies have demonstrated that the individual lamp
powers, convective heat transfer coefficient, and AT’s absorptivity
have great effect on the receiver performances. Furthermore, the
effect of parameter variation was found to be greatest in the EW
section compared to the other sections.

Comparative results of receiver efficiency have indicated that our
receiver concept is more efficient than most of the concepts of pre-
vious research. In other words, our solar cavity receiver is a prom-
ising new concept compared to existing receiver concepts.

The experimental study has demonstrated that the developed solar
cavity receiver with 70 kWy, nominal power can produce high-
temperature air and steam simultaneously. Furthermore, the validated
model can be used for the design of larger scale receivers. The stable and
efficient generation of high-temperature steam and air, proven by our
study, shows great potential for coupling solar cavity receivers with HTE
for large-scale green hydrogen production.

Future research should include experimental and numerical studies
of the developed solar cavity receiver on a demonstration plant scale
(300-500 kW) as well as part-load operation. The design of the scaled-
up solar cavity receiver must be improved for further performance
enhancement (with a particular focus on reducing convective losses).
Furthermore, long-term demonstration experiments and thermal stress
analysis of the receiver would be necessary in future research in order to
demonstrate the structural stability of the system.
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Appendix A. Structure of the stainless steel housing and cavity insulation

Figs. A.1. and A.2. show the structure of stainless steel housing and cavity insulation.

Lower section

Upper section

Ring

Fig. Al. Stainless steel housing structure.

,/ﬁ\Back section

Side section

Fig. A.2. Cavity insulation structure.

From Fig. A.1, it can be seen that the stainless steel housing consists of upper section, lower section, and two rings. Two rings are used to fix the
upper and lower section. Bolts and nuts are used for holes drilled to connect parts together. In Fig. A.2., it is shown that the cavity insulation consists of
a side and back section. In addition, the side section is divided into four different parts to facilitate the construction. The z-joint shown in the side and
back section is made to prevent the solar irradiation leakage from the insulation cavity and to fix each other firmly.

Appendix B. Experimental results at nominal power on other two experimental days

Figs. B.1 and B.2 show the experimental results of fluid behavior in each AT section on other two experimental days (i) and (ii). The standard
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deviation (), slope (S), and correlation coefficient (R) of the outlet temperature, outlet pressure, and mass flow rate of the heated steam and air in the
SS and HA sections are added to the figures.
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S 800 | —— = 450 7
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= EW, outlet === SS, outlet = E\W, outlet === SS outlet === HA, outlet
— SS inlet m— HA outlet
(a) Temperature (b) Pressure (absolute)
90 Quasi-stationary 100
= 817 0 =0.178, S=-4.9¢-6, R=-5.56-4 90
5 12 S
= 63 4 E | e mmm———— i
[} e 70 - '
5 547 o} J 1
- 45 2| = 60 - | |
3 2 50
3 36 - = I I
w27 s 40+ 1
8 18 1 £ 20 :
= IS I |
9 o =0.165, S=-0.003, R=-O,77h o 20 4™ I
0 — T 1T T T T T T T 1 10 I
0.0051.01520253.035404550 0 —————
Time [h] 0.005101520253.0354.0455.0
= E\W, outlet =SS, outlet = HA, outlet Time [h]
(c) Mass flow rate (d) Radiation power

Fig. B.1. Experimental results of fluid behavior in each AT section — (i).
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Fig. B.2. Experimental results of fluid behavior in each AT section — (ii).

Figs. B.3 and B.4 show the experimental results of cavity temperature on other two experimental days (i) and (ii).
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Fig. B.3. Experimental results of cavity temperature — (i).
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Fig. B.4. Experimental results of cavity temperature — (ii).

Appendix C. Validation results on other two experimental days

Tables C.1 and C.2 show the quasi steady-state data of experiment used as inlet conditions for the numerical simulation on other two experimental
days (i) and (ii). The average ambient temperature during the test on experimental dates (i) and (ii) were 28.0 °C and 28.5 °C, respectively.

Table C.1
Quasi steady-state data (experimental durations ranging from 3 to 5 h) of experiment used as inlet conditions
for the numerical simulation — (i).

AT section Inlet temperature Inlet pressure Mass flow rate

EW 28.1°C 400.9 kPa (a) 20.0 kg/h

SS 279.7 °C 231.5 kPa (a) 14.9 kg/h

HA 20.7 °C 306.1 kPa (a) 85.3 kg/h
Table C.2

Quasi steady-state data (experimental durations ranging from 3 to 4 h) of experiment used as inlet conditions
for the numerical simulation — (ii).

AT section Inlet temperature Inlet pressure Mass flow rate
EW 28.3°C 401.4 kPa (a) 20.0 kg/h
SS 260.2 °C 231.6 kPa (a) 15.1 kg/h
HA 21.1°C 308.0 kPa (a) 85.3 kg/h

Figs. C.1 and C.2 show the comparison results of outlet fluid temperature on the other experimental days (i) and (ii). The experimental results are
shown in the left bar with black dots, while the numerical results are shown in the right bar with diagonal lines. The orange line is an error bar
indicating the uncertainty due to the measurement.
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Fig. C.1. Comparison results of outlet fluid temperature — (i).
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Fig. C.2. Comparison results of outlet fluid temperature — (ii).

As shown in the figures, there is a great agreement between the experimental and numerical results. In Fig. C.1, the errors between experiment and
simulation for EW, SS, and HA sections are 7.35 %, 0.064 %, and 1.45 %, respectively. On the other hand, in Fig. C.2, the errors between experiment

and simulation for EW, SS, and HA sections are 3.61 %, 0.28 %, and 1.46 %, respectively.

Figs. C.3 and C.4 show the comparison results of outlet fluid pressure on the other experimental days (ii) and (iii).
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Fig. C.3. Comparison results of outlet fluid pressure (absolute) — (i).
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Fig. C.4. Comparison results of outlet fluid pressure (absolute) - (ii).
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As shown in the figures, there is a great agreement between the experimental and numerical results. In Fig. C.3, the errors between experiment and
simulation for EW, SS, and HA sections are 3.52 %, 6.71 %, and 3.52 %, respectively. On the other hand, in Fig. C.4, the errors between experiment and
simulation for EW, SS, and HA sections are 3.23 %, 7.37 %, and 4.21 %, respectively.

Figs. C.5 and C.6 show the comparison results of lamp-to-thermal efficiency on the other experimental days (i) and (ii).
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Fig. C.5. Comparison results of lamp-to-thermal efficiency — (i).
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Fig. C.6. Comparison results of lamp-to-thermal efficiency — (ii).

As the figure shows, there is a great agreement between the experimental and numerical results. The errors between the experiment and simulation
in Fig. C.5 and C.6 are 0.33 % and 0.98 %, respectively.

Data availability

Data will be made available on request.
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