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a b s t r a c t

Solar thermal air-Brayton cycle system stands out among distributed power systems with high reliability,
compactness, low cost and little water consumption, but its operation is affected by the availability and
stability of solar energy. Thermal energy storage (TES) is necessary for dispatchable power generation
and stable operation of solar thermal air-Brayton systems, but there are insufficient studies on the in-
tegrated TES-solar air-Brayton cycle system. In this paper, a honeycomb ceramic TES was designed for a
10 kW-scale solar air-Brayton cycle system based on the steady state off-design cycle analysis. The TES
presented high efficiencies in the charging and discharging experimental tests, which were 79.6% and
76.5%, respectively. The air leakage between the ceramic modules was founded to affect the outlet air
temperature and module temperature. Besides, a one-dimensional transient TES model was developed
and validated. A feasible stand-alone operation strategy for the system was finally simulated based on
the transient system model, which showed that constant output electric power (~12 kW) and extended
power generation duration of 3 h could be realized by integrating the TES. This work contributes to the
design and modeling of TES for solar air-Brayton cycle systems as well as the system operation strategy
analysis.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Solar thermal open Brayton cycle is an advanced power system
because of its high reliability, stable operation, little water con-
sumption and low cost [1e3]. Since the last decade, a number of
projects on solar air-Brayton cycle systemwere implemented. From
2010 to 2014, CSIRO and Mitsubishi Heavy Industries (MHI)
established a 200 kWe solar-tower air-Brayton cycle system with a
600 kWth tubular air receiver achieving an outlet temperature at
1123 K [4]. Dickey et al. also tested a solar air-Brayton cycle power
system with an output electric power of 25 kW and a system effi-
ciency of 13.8% on the Weizmann Institute solar tower in 2011 [5].
The EU-funded OMSoP (Optimised Microturbine Solar Power sys-
tem) project in 2013e2017 further demonstrated a solar dish-micro
turbine power system, which had a nominal output electric power
of 5e10 kWe and a volumetric receiver with the thermal efficiency
of 82% at 1073 K [6,7].

Thermal energy storage (TES) is vital for the dispatchability of
iao).
these solar thermal air-Brayton cycle systems, because TES can
extend power generation duration by transferring excessive solar
energy to the period without solar radiation, thus ensuring its
continuous operation and improving the utilization efficiency of
solar energy. Besides, the integration of TES can alleviate the in-
fluence of unstable solar radiation on the fluctuation of turbine
temperature [8,9] and shorten the warm-up period [10]. To
enhance the heat transfer process with a large heat transfer area
and a compact structure, a TES in packed-bed configuration of solid
storagematerials is usually adopted. Honeycomb ceramic storage is
a promising option because it has a large specific surface, small
pressure drops of straight channels and a good thermal shock
resistance [11e13].

In 2009, DLR investigated a honeycomb ceramic storage system
with four parallel chambers filled with honeycomb ceramic mod-
ules [14]. The system had a storage capacity of 9 MWh and a total
volume of 120 m3 and showed an excellent performance in the
charging-discharging cycling tests between 393 K and 953 K. In
2013, DLR further investigated the packed-bed sensible heat stor-
age systems with three kinds of materials in the HOTSPOT project,
including a broken basalt, a ceramic sphere and a ceramic honey-
comb, among which the honeycomb ceramic stands out in thermal
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Nomenclature

A area (m2)
Cp specific heat capacity at constant pressure

(J$kg�1$K�1)
Cv specific heat capacity at constant volume

(J$m�3$K�1)
DNI direct normal irradiance (W$m�2)
f fanning friction factor
h heat transfer coefficient (W$m�2)
L flow channel length (m)
_m mass flow rate (kg$s�1)
Mst total mass of storage medium (kg)
N rotation speed (krpm)
p pressure (kPa)
_Pe output electric power (kW)
_q thermal power (W or kW)
Q thermal energy (MJ)
Re Reynolds number
SM surge margin
T temperature (K)

Greek symbols
a leakage ratio
h efficiency
g adiabatic exponent of air
r density (kg$m�3)
m dynamic viscosity (Pa$s)
p pressure/expansion ratio

ε effectiveness of recuperator
l thermal conductivity (W$m�1$K�1)
s porosity of the module
Dp pressure drop (kPa)

Subscripts
a ambient
c compressor; cold flow channel of recuperator
ch charging process
d design point
dis discharging process
e electricity
f/g fluid
h hot flow channel of recuperator
o stagnation state
rec receiver
s isentropic process; solid
t turbine

Abbreviations
CSIRO Commonwealth Scientific and Industrial Research

Organisation
DLR Deutsches Zentrum für Luft-und Raumfahrt
OMSoP Optimised Microturbine Solar Power system
SolGATS Concentrated Solar Power micro gas turbine with

thermal energy storage
TES thermal energy storage
TOT turbine outlet temperature
TIT turbine inlet temperature
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utilization efficiency [15]. In their tests, the maximum charging
temperature reached 1103 K and the nominal discharged heat rate
was about 11 MWth. They also proposed designs of the packed-bed
TES to uniform the inlet flow distribution and reduce the pressure
loss and the thermal-mechanical force. Wang et al. [12] experi-
mentally investigated the charging-discharging performance of a
packed-bed TES filled with 4000 pieces of ceramic honeycombs
between 303 K and 923 K with atmospheric air as the heat transfer
medium. They found the charging/discharging rate was related to
temperature difference and air flow rate. Mahmood et al. [9,16]
tested the thermal performance of a cylindrical TES tank stacked
with 5 pieces of ceramic honeycombs under 723 K and the pressure
drop was around 1.1% with respect to inlet air pressure. Luo et al.
[17] tested a small honeycomb ceramic TES consisting of 4 pieces of
cubic module. Their results showed the TES had a charging-
discharging cyclic efficiency of 66%. These laboratory/pilot scale
tests have proved the feasibility of the honeycomb ceramic as high-
temperature storage materials.

Mathematical model of honeycomb ceramic TES is useful for
analyzing its thermal performance in the charging-discharging
process. Schmidt et al. [18] presented a transient model of a solid
thermal storage unit with rectangular cross-sectional channels
based on the one-dimensional energy conservation equation of
fluid and the two-dimensional heat conduction equation of solid,
where heat conduction in both the axial and the radial directions
were considered. Andreozzi et al. [19] solved three-dimensional
differential governing equations of mass, momentum and energy
for the heat transfer process in a high-temperature cordierite-
based honeycomb TES with air as the working fluid. To simplify the
TES simulation, one-dimensional models formed by volume-
averaged energy conservation equations were studied by Luo
2

et al. [17] and Li et al. [20], where the solid heat conduction in
transverse direction was neglected with thin wall assumption.
Mahmood et al. [16] considered all the channels of honeycomb
ceramic TES in their one-dimensional model based on the energy
conservation equations. These models were validated by experi-
mental results of small thermal storage devicewith atmospheric air
as the heat transfer fluid.

For solar thermal Brayton cycle power systemwith solar energy
as the only heat source, its operation stability and duration would
be greatly affected by solar radiation condition. However, there has
been rare studies about the integration of thermal energy storage
into pure-solar thermal Brayton cycle power systems, which calls
for research on the design and experimental tests of low-cost TES
specifically for those systems. Besides, it's necessary to conduct
performance analysis of the system integrated with TES for the
development of the operation and control strategies. Compared
with two- and three-dimensional modeling methods, one-
dimensional modeling of TES is more suitable for system simula-
tion because of its simplicity and less computational effort. Existing
one-dimensional numerical studies on honeycomb ceramic TES
consider ideal flow conditions inside the device, which is not
applicable for a large TES tank with many stacked modules, and the
TES model should be specially modified based on experimental
results. In this study, design, test and modeling of a honeycomb
ceramics packed-bed thermal storage tank for a solar air-Brayton
cycle power system are conducted to achieve a required thermal
energy storage capacity for the continuous operation of the system
when there is no solar radiation. The design for TES with high-
temperature pressurized air as the heat transfer fluid is experi-
mentally studied and a one-dimensional transient model of the
designed large thermal storage tank is developed by taking the air
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leakage into consideration. Lastly, a transient system model during
a typical day is established to verify its feasibility. All the mathe-
matical models are developed in the MATLAB environment.
2. System configuration

As shown in Fig. 1a, the system studied in this paper consists of a
micro gas turbine (including a centrifugal compressor, a radial
turbine and a generator connected in one spool), a recuperator, an
air receiver and a thermal storage tank. A small heliostat field
provides concentrated solar power for the system.

The system has three operation modes, i.e., the receiver-only
mode, the storage-charging mode and the storage-discharging
mode. In the receiver-only mode, the compressed air will be
heated by the receiver (with the on/off valve in off-state) and the
thermal storage doesn't work (with the control valve open). In the
storage-charging mode, partial high-temperature air after the
receiver will flow through the storage tank by adjusting the control
valve. When there is no solar energy input, the systemwill work in
the storage-discharging mode and the storage tank will release
heat to the air for power generation (with the control valve closed
and the on/off valve in on-state).
2.1. Design parameters

Themain design parameters are specified in Table 1. Component
efficiencies and pressure drop coefficients are assumed at the initial
design process based on the existing research. Maximum turbine
inlet temperature is 1073 K and maximum turbine outlet temper-
ature is 923 K, which are limited by the material properties of
turbine and recuperator, respectively.

When operating at the storage-charging mode, the system input
energy is the incident radiation power at the receiver aperture _qsolar
and the power generation efficiency he can be defined as shown in
Eq. (1).
Fig. 1. (a) System configuration and (b) Flow chart of research method.
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he ¼
Pe
_qsolar

(1)

When operating at the storage-discharging mode, the thermal
power absorbed by air flowing through the storage tank is denoted
as _qf , and the power generation efficiency he can be defines shown
in Eq. (2).

he ¼
Pe
_qf

(2)

The design requirements for the thermal energy storage in this
system include: (a) average output electric power Pe > 5 kW during
the operation period; (b) thermal storage capacity for 3-h system
operation during its discharging period. Therefore, the total
amount of discharged thermal energy during the discharging
period is initially estimated as shown in Eq. (3), where the average
output electric power Pe and the power generation efficiency he are
initially assumed to be 5 kW and 15%, respectively. Besides, due to
the heat loss of the storage tank, its thermal efficiency hstorage is
assumed to be 70% according to literature [17,25].

Qstorage ¼ Pe,t
hehstorage

¼ 5kW � 3h� 3:6
0:15� 0:7

¼ 514:3MJ (3)
2.2. Analysis flowchart

The analysis process for the design of the TES is illustrated in
Fig. 1b. Firstly, steady state off-design calculation of the system is
performed to determine the temperature drop of storage medium
during the discharging period, based on which the total mass of
storage medium can be determined. Then the experimental tests of
the TES are carried out and related mathematical models will be
developed. Lastly, the transient system models, including the sub-
models of the centrifugal compressor, the radial turbine, the
recuperator and the air receiver are developed to simulate the
system performance during a typical day. In this way, the feasibility
of the TES can be verified.
3. Off-design analysis of system

The total mass of storage medium Mst is determined by the
discharged thermal energy Qstorage and the temperature drop of the
storage medium during the discharging period as shown in Eq. (4).

Qstorage ¼Mst

ðTo

Tdf

cpdT (4)

Here To and Tdf are the initial and the final temperatures of the
storage medium in the discharging process, respectively. To de-
pends on the charging process and the maximum value is 1073 K
when the storage is fully charged.

In the dischargingmode, with heat transferring from the storage
tank to the air, the output electric power gradually decreases with
the decline of the storage outlet temperature. As there is no net
output power when turbine inlet temperature TIT is below the
minimumvalue TITmin, the lowest outlet temperature of the storage
tank at the end of discharging period is considered to be TITmin,
which is also the final temperature of the storage medium Tdf . In
this paper, the storage tank is assumed to be fully discharged and
the system will stop running when the output electric power



Table 1
Design parameters of the system.

Design parameter Value Unit

rotation speed Nd 120 krpm
mass flow rate _m 0.16 kg/s
Compressor pressure ratio pc 3 e

adiabatic efficiency hc[21] 75 %
Turbine expansion ratio pt 2.8 e

adiabatic efficiency ht [22] 80 %
Recuperator effectiveness ε[23] 0.85 e

pressure drop coefficient Dp=pin 2 %
Air receiver thermal efficiency hrec[24] 65 %

pressure drop coefficient Dprec=p2 2 %
absorbed thermal power _qu 47.48 kW
incident solar power _qsolar 73.05 kW

Storage tank pressure drop coefficient Dpstorage=p2 1.5 %
mechanical efficiency hmec 0.95 e

generator efficiency hg 0.9 e

output electric power Pe 10.974 kW
power generation efficiency he 15.02 %
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is< 0.5 kW. Therefore, off-design calculation of the system (without
TES) is performed to determine the final temperature of storage
medium during the discharging period for the TES.

The input thermal power for the system is assumed to be pro-
portional toDNI with a constant efficiency of the heliostat field and
an intercept factor of receiver. Fig. 2a shows the calculation flow
chart of working points with constant TIT operation for the system,
which is based on the balance principles of mass, pressure and
rotation speed of the Brayton cycle.

Working points of the compressor at the constant TIT are pre-
sented in Fig. 2b. For each rotation speed, a higher TIT means a
working point closer to the surge line, especially at the low rotation
speed (84 krpme96 krpm). Therefore, it's necessary to ensure that
the compressor surge margin is above 10% when the system runs at
a low speed [26,27]. As can be seen in Fig. 2c, when TIT is equal to
Fig. 2. Off-design analysis at constant TIT operation: (a) flow chart of the cycle calculation,
power of the system.

4

653 K, the output electric power is< 0.5 kWwith the rotation speed
within 85.8krpme93.6krpm. Therefore, Tdf is determined to be
653 K, which is also the final temperature of the storage tank at the
end of discharging period.
4. TES for the system

4.1. TES design

A mullite-based honeycomb ceramic was used as the unit TES
module as shown in Fig. B.1 (Appendix B). The physical properties
of the mullite-based ceramic are shown in Table 2. The thermal
conductivity and the specific heat capacity are derived from the
study of Guan et al. [28].

Given the initial temperature To (1073 K) and final temperature
(b) compressor working points shown on its performance map, and (c) output electric



Table 2
Properties of the mullite-based ceramic.

Property Value Temperature range

True density (kg$m�3) rs ¼ 1920 e

Thermal conductivity (W$m�1$K�1) ls ¼ � 1:21156,10�9T3 þ 5:89207,10�6T2 � 0:00922T þ 8:75599 300e1420 K
Specific heat capacity (J$mol�1$K�1) Cs ¼ � 111:52,105T�2 þ 0:06253T þ 365:96 298e1100 K
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Tdf (653 K) of the storage modules during the discharging period,
the total mass of ceramic modules Mst can be calculated as shown
in Eq. (5).

Mst ¼ QstorageðTo
Tdf

cpdT

z1291:3kg (5)

It is assumed that the flow inside the stacked modules is the
laminar flow in parallel straight channels [17,20], so that the
structure size of the stacked modules can be calculated by Eqs. (6)
and (7).

Ag ¼
_m

rg,um
¼ s,Asf ¼ s,L2sf (6)

L¼ Mst

rs,Asf ,ð1� sÞ (7)

Here um is the air velocity inside the stacked modules, Ag is the
total flow cross section area, Asf is the total cross section area, Lsf is
the side length of cross section, s is porosity of the module, and L is
the total length of the stacked modules. According to the design
condition, the mass flow rate _m inside the storage tank is 0.16 kg/s
and the air density rg is approximately equal to that at the storage
inlet. The pressure drops of stacked modules Dp are estimated by
Eq. (8) e (10).

Dp¼
�
4fL
dh

þ
X

K
�
,
rg,um

2

2
(8)

f ¼16
Re

(9)

Re¼ rg,um,dh
m

(10)

Here f is the fanning friction factor for laminar flow, Re is the
Reynolds number, dh is the hydraulic diameter of flow channels,
and

P
K is the sum of local flow resistance coefficients. The design

of the stacked modules is developed in MathCAD by iterating Eqs.
(5)e(10) with the air velocity ranging from 0.3 to 5 m/s [29,30].
Considering the space limitation of the test site, main constraints of
the design are Dp=pin � 1:5% and L � 1:6m.

The final layout of the stacked modules contains 16 layers with
49 blocks in each layer as presented in Fig. 3a. The total mass is
reduced to 835 kg due to the space limitation of the storage tank. As
further illustrated in Fig. 3b and c, with the compressed air as the
heat transfer fluid, the storage tank was designed in cylinder shape
with a total outer diameter of 1.53 m for pressure-bearing. To
prevent the air from flowing out of the stacked modules, the space
between the square-section stacked modules and the cylinder shell
is filled with alumina-silicate fiber felt. However, there still exists
some space that couldn't be completely filled. The tank was well
insulated by insulation castables (inner layer) and the alumina-
silicate fiber felt (outer layer), and the modules were supported
5

by the refractory castables from the bottom of the tank. Due to the
large difference between the cross-sectional area of the connecting
pipe and the tank, several metal deflector plates were arranged at
the front of the stacked modules to distribute the air flow evenly on
the cross section of the modules. Therewere also deflector plates to
collect the air flow at the back of the stacked modules. The whole
storage tank was horizontally placed, where a main hole was open
at the middle of the storage tank for the placement of modules.
Three thermocouples are arranged at the left, middle and right
positions on each module layer to measure the module tempera-
ture as shown in Fig. 3 (d) and (e)., where T0 and T16 are the inlet air
temperature and outlet air temperature of the stacked modules.
The thermocouple probes are in contact with the module surface.
4.2. Experimental tests

The test rig of the storage tank is presented in Fig. 4. During the
charging process, compressed air was provided by the screw
compressor and heated by the air receiver before entering and
heating the storage tank. Residual heat of the air was recovered in
the recuperator for preheat purposes. During the discharging pro-
cess, the compressed air went through the same route and absor-
bed heat from the storage tank. Measurement parameters include
T0~T16, air pressures at the inlet/outlet of the TES and air flow rate.
Table 3 shows the measurement instruments used in the tests.

Two tests were conducted based on the test rig, of which the
temperature changes with the operating time are shown in Fig. 5.
The first test started from 11:10 to 19:56 on a sunny day, during
which the charging and discharging periods were from 11:10 to
17:00 (0e21,000 s) and 17:00 to 19:56 (21,000e31,560 s), respec-
tively. As shown in Fig. 5a, mass flow rate during the first test was
kept around 0.077 kg/s with small fluctuation and the pressure
drop was almost between 4.3 kPa and 4.8 kPa. The second test was
conducted on the second day, where the charging and discharging
period lasted for 23,000 s and 6300 s, respectively. As seen in
Fig. 5c, the storage tank was charged with different mass flow rate
during the second test and the pressure drop changed obviously
with the mass flow rate.

As shown in Fig. 5b, the maximum inlet temperature of the
stacked modules T0 reached 1076 K within 7000 s and then fluc-
tuated, while the outlet air temperature T16 continuously rose in
the whole charging period and reached 807 K at 21,000 s. In the
discharging period, T0 declined rapidly from 944 K to 610 K within
1 h (21,000e24,600 s), while a slight increase of T16 from 807 K to
816 K was observed before slowly decreasing to 704 K at the end of
the test. The temperature evolutions on different module layers are
further presented in Fig. 5b. The temperature of front layers (3rd
and 6th) showed a similar variation trend with the inlet air tem-
perature, while no fluctuationwas observed in the latter layers (9th
and 13th). The peak temperature of the 3rd layer reached 1066K at
8568s, while the temperature of the 13th layer was continuously
growing in the charging period and only reached 851 K at the end of
charging (21,000 s). In the discharging period, the temperature of
front layers decreased quickly, while the latter layers showed an
increase for a period before their gradual decline. This was mainly
because the heat stored in the front layers was transferred to the



Fig. 3. Schematic of the (a) stacked modules, (b) cross section of the storage tank, (c) vertical section of the storage tank, (d) layout of thermocouples in cross section and (e) vertical
section.

Fig. 4. Schematic of the storage tank test rig.
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Table 3
Measurement instruments.

Measured parameters Devices Measuring range Accuracy

Temperature K-type thermocouples 0e1100 �C ±0.75%t/�C
Inlet/outlet pressure MIK-P300 Gage pressure transducer 0e0.6 MPa ±0.5% FS
Air flow rate LUGB vortex flowmeter 0-600 Nm3/h ±1.5% FS

Fig. 5. Temperature changes with the operating time: (a) the temperatures of receiver and TES in the first test, (b) the temperatures at different layers in the first test, (c) the
temperatures of receiver and TES in the second test, and (d) the temperatures at different layers in the second test.
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latter layers by the flowing air. It should be noted that the quickly
increase of the outlet air temperature T16 might be attributed to the
air leakage from the gaps of the front modules, that is, a small
amount of hot air leaked from the front layers and mixed with the
cold air at the outlet of the modules. And the lower peak temper-
ature of the 9th layer compared with the 13th layer could be
attributed to the heat loss near the main hole due to the insufficient
thermal insulation.

As shown in Fig. 5d, temperature profiles of the modules were
very similar with that in the first test. All the module layers were
firstly cooled down since the inlet air temperature T0 was lower
than the temperature of the modules. Overall, the temperatures of
the front layers showed more rapid and dramatic changes than
those of the latter layers. This was probably caused by the decrease
of air flow rate in the latter layers due to the leakage problem,
which led to the less heat amount transferred between the air and
the modules. Due to the short discharging period, the temperature
of 13th layer didn't show a drop.
7

4.3. Model development

The transient TES model is a one-dimensional discretized
lumped-volume model [28]. As illustrated in Fig. 6a, both the fluid
zone and the solid zone are discretized into M cells in the flow
direction and each cell is considered as a lumped-volume. The
thermal energy conservation differential equations of all the cells
are solved for every moment. For model simplification, the tem-
perature distribution on each module layer is considered to be
uniform, i.e., the heat conduction perpendicular to flow direction
can be neglected. The flow distribution on the cross section of
storage tank is also assumed to be uniform with the deflector ar-
ranged at the inlet and the outer insulation layer is adiabatic.

Considering the leaking effects on the TES performance. The
model is further modified by adding a leakage ratio a to calculate
the mass flow rate of air through each module layer as defined in
Eq. (11).

ai ¼
_mi
_m

(11)



Fig. 6. (a)1D transient TES model, and schematic of air leakage in (b) the first test and (c) the second test.

Table 5
Properties of the insulation layers.

Properties castables alumina-silicate fiber felt

Density (kg$m�3) rb ¼ 1200 rc ¼ 150
Thermal conductivity (W$m�1$K�1) lb ¼ 0.3 lc ¼ 0.156
Specific heat capacity (J$kg�1$K�1) cpb ¼ 1000 cpc ¼ 1000
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Here the subscript i represents the layer position (1e16), _mi is
the air mass flow rate through the corresponding layer, and _m is the
total air mass flow rate into the stacked modules.

As illustrated in Fig. 6b and c, the leakage ratios are 80% (a1~a7)
and 55% (a8~a16) in the first test, and decreased to 75% (a1~a7) and
50% (a8~a16) in the second test. At the outlet of the stacked mod-
ules, all the leaked air mixes againwith the rest of the air that flows
through the modules. As no heat transfer is assumed between the
modules and the leaked air, the specific enthalpy of the mixed air at
the outlet hout is equal to the mass-weighted average of the specific
enthalpy of each part of the air hi as shown in Eq. (12).

hout ¼
X
i

aihi (12)

Main structure parameters in the TES model and the physical
properties of the insulation layers are listed in Table 4 and Table 5,
respectively.

The flow state is basically laminar and the Nusselt number in-
side the module channels is calculated by Eq. (13) [17,20].

Nu¼3:66þ 0:0668Re,Pr,ðdh=LÞ
1þ 0:04ðdh=L,Re,PrÞ2=3

(13)

The pressure drop was calculated by fitting test data as a func-
tion of mass flow ratewithout considering the influence of the inlet
pressure and temperature as shown in Eq. (14).
Table 4
Main structure parameters of TES model.

Parameters Value

Total mass of modules Mst 835 kg
Total cross-sectional area Asf 0.49 m2

Total length Lh 1.6 m
Hydraulic diameter of flow channel dh 4 mm
Heat transfer area between air and modules Ah 350.54 m2

Module cross-sectional area As 0.27 m2

Flow cross-sectional area Ag 0.22 m2

Outer diameter of inner insulation layer db 1.18 m
Cross-sectional area of inner insulation layer Asb 0.31 m2

Outer diameter of outer insulation layer dc 1.53 m
Cross-sectional area of outer insulation layer Asc 0.73 m2
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Dp¼6:38499 _m0:13152 (14)

The thermal energy conservation differential equations for the
fluid layer, the module layer, the inner insulation layer and the
outer insulation layer in the unit length are calculated as shown in
Eq. (15) e (18).

v
�
rgAgCvgTg

�
vt

¼ v
�
_mhg

�
vx

� h
Ah

Lh

�
Tg � Ts

�
(15)

v
�
rsAsCpsTs

�
vt

¼ lsAs
v2Ts
vx2

þh
Ah

Lh

�
Tg � Ts

�� 2plb
lnðdb=dsÞ

ðTs� TbÞ

(16)

v
�
rbAsbCpbTb

�
vt

¼ lbAsb
v2Tb
vx2

þ 2plb
lnðdb=dsÞ

ðTs� TbÞ

� 2plc
lnðdc=dbÞ

ðTb � TcÞ (17)

v
�
rcAscCpcTc

�
vt

¼ lcAsc
v2Tc
vx2

þ 2plc
lnðdc=dbÞ

ðTb � TcÞ (18)

Here Tg、Ts、Tb、Tc are the temperatures of air, module, inner
insulation layer and outer insulation layer, respectively. The un-
steady term vT

vt is discretized by the forward difference scheme. The

diffusion term v2T
vx2 is discretized by the implicit central difference

scheme in the flow direction. The calculation time step Dt is 2s
according to the data sampling frequency in the test. There are 16
module layers so the cell number M is 16 in the model.



Fig. 7. Model validation by comparing the test results with simulation results: (a) the module temperature in the first test, (b) the outlet air temperature in the first test, (c) the
module temperature in the second test, (d) the outlet air temperature in the second test, (e) the thermal energy and the thermal efficiency in the first test, (f) the outlet pressure in
the second test.
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The average thermal efficiency of the storage for the charging
and discharging processes are defined as shown in Eqs. (19) and
(20).

hch ¼
Qs

Qg
¼

ðLh
0
MsCsðTst � Ts0Þdxðt

0
_mCp

�
Tgin � Tgout

�
dt

(19)
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hdis ¼
Qg

Qs
¼

ðt
0

_mCp
�
Tgout � Tgin

�
dt

ðLh
0
MsCsðTs0 � TstÞdx

(20)

Here the subscripts ch and dis represent charging process and
the discharging process and t is the charging/discharging duration.
Ts0, Tst , Tgin, and Tgout are the initial, the final, the inlet and the outlet
temperatures, respectively. Qs and Qg are the total thermal energy
stored/released by the modules and the air.



Fig. 8. Flow chart of the operation strategy.

Fig. 9. System operation diagrams in (a)storage-charging mode, (b)storage-discharging mode.
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For model validation, the calculation results and the test results
of the module temperature, the outlet air temperature, the outlet
pressure, the thermal energy and the thermal efficiency were
compared as shown in Fig. 7. The relative rootmean square errors of
themodule temperature and the outlet air temperaturewere below
4.76% and 2.82% for the first test, and 2.81% and 3.02% for the
second test. The outlet pressures were also compared between the
test and simulation results, where the relative root mean square
error was below 0.2%. The relative errors of thermal energy (Qs, Qg)
and thermal efficiency (hch, hdis) are all within 5.5% for the first test.
5. Operation performance prediction of system

To verify the feasibility of the thermal storage tank, a transient
system model is established to simulate the system operation
during a typical day. The thermodynamic equilibrium state pa-
rameters of each component at different moments were calculated
with a time step of 30 s. Other component models, including per-
formance maps of the compressor and the turbine, the transient
recuperator model and the transient receiver model, are developed
and used in the system model.

Fig. 8 shows an operation strategy of constant output electric
power (~12 kW) with constant rotation speed (120 krpm) and
constant TIT (1028 K). In operation, the maximum receiver outlet
temperature is controlled at 1123 K by adjusting the number of
heliostats Nh (<85) to avoid overheating and the heliostat field
efficiency is assumed to be constant. The receiver outlet tempera-
ture Tr and the DNI are the key criteria in switching the system
modes among the receiver-only mode, the storage-charging mode,
and the storage-discharging mode. With low DNI at the beginning
of the operation, the system works in the receiver-only mode until
Tr reaches 1028 K and the output power Pe reaches 12 kW, after
which the TES is charged and the opening of the control valve is
adjusted to keep Pe around 12 kW (TIT around 1028 K) in the
storage-charging mode. Finally, the storage-discharging mode be-
gins when the DNI declines below the threshold (460 W/m2) with
10
Nh larger than 85. The receiver is bypassed to reduce the pressure
drop and heat loss of the system in this mode. The system stops the
operation when Pe is less than 0.5 kW. Fig. 9 illustrates both the
system operation diagrams in storage-charging mode and storage-
discharging mode.

As shown in Fig. 10a, a practical measured DNI during a day
(7:30e16:00) was used in the calculation. The initial module tem-
perature in the TES was assumed to be 653 K while the receiver and
the recuperator were heated from ambient temperature (303 K). 60
heliostats were used in the receiver-only operation mode from
7:30e8:30, where the rotation speed reached the design value
120 krpm at 7:45 and the output electric power continuously
increased to 11.88 kW with the outlet temperature of the receiver
reaching 1028 K (Fig. 10bed). The system began to generate electric
power at 705 K of the TIT at 7:50 (Fig. 10d). The storage-charging
operation lasted from 8:30 to 16:00. With the outlet temperature
of the TES rising, the mass flow rate through the TES gradually
increased by reducing the opening of control valve in order to keep
the constant output power (Fig. 10cee). With the DNI approaching
its peak (780 W/m2), the number of heliostats was reduced to the
minimum 50 to avoid overheating of the receiver, after which it
started to increase to make up the decrease of DNI and maintain a
high receiver outlet temperature of 1123 K (Fig. 10a and c). At the
end of charging period, all the modules in the TES reached above
940 K (Fig. 10f). The calculated amount of thermal energy stored in
the TES was about 338.9 MJ with an average thermal efficiency of
75.43%. Main operation results of this solar thermal power system
without the TES were also simulated as shown in Fig. 10c and d. The
heliostat number was 48 in order to keep the maximum receiver
outlet temperature at around 1123 K. Both the TIT and output
electric power changed with DNI for the systemwithout a TES. The
system generated more output power than 12 kW during
9:36e15:06 with DNI higher than 620 W/m2 and the TIT above
1208 K. By integrating the TES, TIT could be lower down by charging
the TES with partial high-temperature air, that is, excessive heat
absorbed by air was stored in the TES, which could extend the
power generation duration for the system.

In the discharging period, the system switched to the storage-
discharging mode with a constant rotation speed (114 krpm, 95%
of the design value) to ensure a >12% surge margin at different
operating points and a 3-h discharging period as shown in Fig. 10e
and d. At the beginning of the discharging process, there was an
obvious increase in power generation efficiency of the system
without utilizing the receiver who had a comparatively low ther-
mal efficiency. With the decrease of TIT, the output electric power
also decreased (Fig. 10d) with the working point of the compressor
moving away from the surge condition (Fig. 10e). At the end of the
discharging period (19:08), the outlet temperature of the storage



Fig. 10. Main results of the system operation.
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tank decreases to 697 K (Fig. 10f) and the average thermal efficiency
of the TES in discharging process was 90.97%. The discharging
period lasted for 3 h, during which the average output power and
efficiency were increased to 5.42 kW and 14.96%, respectively. In
general, the TES designed in this paper could meet the re-
quirements for the system operation during the discharging
process.
6. Conclusion

A thermal energy storage (TES) tank was designed in this paper
feasible for the application in solar thermal air-Brayton cycles. Both
experimental tests and mathematical simulations were conducted
for the performance analysis. An operation strategy of the system
was further proposed and simulated using a transient model.
11
Air leakage was found to affect the temperature responses of
module layers in the TES, where the front module layers were
found to presented similar trends with the temperature change of
inlet air, while the later layers showed relative steady changes. The
thermal efficiency of the TES in charging process and discharging
process could reach 79% and 76% during the tests. One-dimensional
transient TES model was further built with the consideration of air
leakage effects, where high accuracies were obtained in the pre-
dictions of module temperature (relative root mean square error of
4.76%), the outlet air temperature (relative root mean square error
of 3.02%), the outlet pressures (relative root mean square error of
0.2%), and thermal energy/efficiency (relative error of 5.5%).

Overall, the simulation results of system operating process
during a day showed that the integrated TES-solar air-Brayton cycle
system could realize constant output electric power (~12 kW)
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during its storage-charging operation period. Besides, the designed
TES could extend the power generation duration for 3 h with an
average output electric power of 5.42 kW without solar radiation.

The small-scale solar thermal air-Brayton cycle power system, as
a competitive distributed power system, is a promising solution to
provide electricity access in some remote rural areas with abundant
solar energy resource but scarce water supplies, such as sub-
Saharan Africa [34,35]. With low-cost thermal energy storage,
stable electricity output and extended power supply duration could
be expected. Besides, this system achieves zero carbon emissions,
which has a great potential for development under the background
of global emission reduction.

Further improvements will focus on performance optimization
of solar air receiver for high energy conversion efficiency of the
system. What's more, thermochemical energy storage device with
higher energy density, good chemical stability and good heat
transfer performance will also be studied.
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Appendix A. Component models and validation

A.1 Compressor and turbine

A centrifugal compressor and a radial turbine are detailed
designed according to the system design condition. As is shown in
Fig. A.1 and Fig. A.2, performance maps of the centrifugal
compressor and the radial turbine are used as their models in this
paper, which are obtained by numerical simulation using ANSYS-
CFX solver.
ressure ratio, (b) corrected mass flow rate vs adiabatic compression efficiency.

mass flow rate, (b) expansion ratio vs adiabatic expansion efficiency.
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For the compressor, total-to-total pressure ratio pc is defined by
Eq. (A.1).

pc ¼ po1=po0 (A.1)

Here po1 and po0 are total pressure at compressor outlet and
inlet, respectively.

The total-to-total compression efficiency is the ratio of ideal
input power in isentropic compression process _Wcs and actual
input power _Wc as shown in Eq. (A.2).

hc ¼
_Wcs
_Wc

¼ ho1s � ho0

ho1 � ho0
(A.2)

Here ho1 and ho1s are stagnation specific enthalpy at compressor
outlet in actual compression process and isentropic compression
process, respectively. ho0 is the stagnation specific enthalpy at
compressor inlet.

For one given rotation speed and mass flow rate, the pressure
ratio and compression efficiency can be obtained from the map.
Since fluid velocity at the compressor outlet is small, the outlet
static temperature is calculated by Eq. (A.3).

T1
T0

z
To1
To0

¼ 1
hc

�
p

g�1
g

c �1
�
þ 1 (A.3)

Here T1 and To1 are static temperature and total temperature at
compressor outlet, respectively. T0 and To0 are static temperature
and total temperature at compressor inlet, respectively.

It can be seen from the Fig. A.1a that the compressor works
stably within a certain mass flow rate range at a rotation speed. The
smaller mass flow rate than the minimum value leads to the surge
condition where the compressor can't operate normally. Surge
margin (SM) is usually defined to indicate the degree to which the
working point is away from the surge point at a certain rotation
speed as shown in Eq. (A.4). According to the experience of re-
searchers, SM should be larger than 10%e12% during the operation
[26,27].

SM¼ _m=pc

ð _m=pcÞs
� 1 (A.4)

Here _m=pc is the ratio of mass flow rate and pressure ratio. The
numerator is the ratio of the working point and the denominator is
the ratio of the surge point. For the design point of compressor, SM
is about 20.36%.

For the turbine, total-to-static expansion ratio pt and total-to-
static expansion efficiency ht are used as shown in Eqs. (A.5) e

(A.6).

pt ¼ po2=p3 (A.5)

ht ¼
_Wt
_Wts

¼ ho2 � h3
ho2 � h3s

(A.6)

Here po2 and p3 are total pressure at turbine inlet and static
pressure at turbine outlet, respectively. h3 and h3s are static specific
enthalpy at turbine outlet in actual expansion process and isen-
tropic expansion process, respectively. _Wt and _Wts are turbine
output power in actual expansion process and isentropic expansion
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process, respectively.
For one given rotation speed and expansion ratio, the outlet

static temperature T3 is calculated by Eq. (A.7).

T3
T2

z
T3
To2

¼1� ht

�
1�p

1�g
g

t

�
(A.7)

Here To2 and T2 are total temperature and static temperature at
turbine inlet, respectively.
A.2 Recuperator

The recuperator is developed by City, University of London for
SolGATS (Concentrated Solar Power micro gas turbine with thermal
energy storage) project [31]. Primary-surface structure is adopted
because of the larger heat transfer area, less volume and weight.
The cold flow channels and hot flow channels are alternately ar-
ranged and separated by metal plates. The transient recuperator
model is shown in Fig. A.3, which is simplified as a hot fluid layer, a
cold fluid layer, a metal plate layer and an insulation layer. Each
layer is discretized into M cells in the flow direction. The thermal
energy conservation differential equations for the recuperator in
the unit length are calculated as shown in Eq. (A.8) e (A.11).

Fig. A.3. 1D transient recuperator model.

v
�
rhAghCvhTh

�
vt

¼
v
�
_mhf

�
vx

� hh
Ahh

L
ðTh � TsÞ (A.8)

v
�
rcAgcCvcTc

�
vt

¼
v
�
_mhf

�
vx

þhc
Ahc
L

ðTs � TcÞ � hc
Ahb
L

ðTc � TbÞ
(A.9)

v
�
rsAsCpsTs

�
vt

¼ lsAs
v2Ts
vx2

þhh
Ahh

L
ðTh � TsÞ � hc

Ahc

L
ðTs � TcÞ

(A.10)

v
�
rbAbCpbTb

�
vt

¼ lbAb
v2Ts
vx2

þhc
Ahb

L
ðTc � TbÞ � ha

Aa

L
ðTb � TaÞ

(A.11)

Here Th、Tc、Ts、Tb、Ta are the temperature of hot fluid, cold
fluid, mental plate, insulation and the environment, respectively. hf
is specific enthalpy of the fluid, Ag is total cross-sectional area of
flow channels, Ah is heat transfer area between air andmetal plates,
As is cross-sectional area of single metal plate,ts is the thickness of a
single metal plate, Ab is cross-sectional area of insulation layer,L is
flow channel length, Aa is external surface area of insulation layer.
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The effectiveness of recuperator ε is defined by Eq. (A.12).

ε¼ Tcout � Tcin
Thin � Tcin

(A.12)

Here the subscripts in and out represent the inlet and outlet of
channels, respectively.
Fig. A.4. Validation of the recuperator model.
The recuperator was tested as shown in Fig. A.4a. The mass flow
rate of air and inlet temperature of hot side were adjusted during
the test. The outlet temperature and pressure drop of two sides
were measured. Fig. A.4b and Fig. A.4c indicated that the outlet
temperature of two sides calculated by the model agreed well with
the test results. The relative root mean square error of outlet air
temperature for two sides was below 0.71%. In terms of the outlet
14
pressure, the maximum relative error of two sides was 0.25%.
Based on test data, pressure drop calculation formulas of both

the hot side and cold side were fitted as Eqs. (A.13) e (A.14).

DPh ¼0:06602Tin, _m1:719355 (A.13)
DPc ¼0:254565Tin, _m1:632355 (A.14)

Here Tin is the average value of the inlet temperature at two
sides. Fig. A.4e showed that there was large discrepancy between
the measured and the calculated hot side pressure drop under
small mass flow rate condition (<0.05 kg/s), where the fitting for-
mula was inapplicable.
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A.3 Receiver

The solar collector system consists of an air receiver, a solar
tower and a heliostat field. Fig. A.5a demonstrates the solar tower
and heliostat field that are constructed at the research center of
Fig. A.5. Schematic of solar collector system.
Zhejiang University [32]. There are 100 heliostats in the field. The
tubular air receiver designed by Xiao et al. [33] is shown in Fig. A.5b.

The transient receiver model is based on the energy conserva-
tion equation by reference to the study of Chen et al. [8,32,33]. As
can be seen in Fig. A.5b, total incident radiation power is _qin, part of
which _qr is reflected by the receiver cavity and finally overflows
from the aperture. There are radiation heat loss _qr and natural
convection heat loss _qc between the high-temperature tube walls
and the environment. The conduction heat loss through the insu-
lation is _qzs and _qzb. Thermal power absorbed by air is _qu. Therefore,
the energy conservation equation of the receiver is described by Eq.
(A.15).

_qu ¼ _qin �ð _qrþ _qr þ _qc þ _qzs þ _qzbÞ¼ _mcpðTout � TinÞ (A.15)

hreceiver ¼ _qu= _qin (A.16)

Here the calculation formula of each heat loss term is derived
from the work carried out by Xiao et al. [33]. Incident radiation
power _qin is related to the direct normal irradiance DNI, total
reflective area of the field Afield, the efficiency of the field hfield and
the intercept factor of receiver hinter as shown in Eq. (A.17).

_qin¼DNI,Afield,hfield,hinter (A.17)

As is seen in Fig. A.6, the receiver model is simplified as the front
tube layer (the half tube surface receiving the radiation heat), air
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layer, the back tube layer (the other half tube surface) and the
insulation layer. The thermal energy conservation differential
equations for the recuperator in the unit length are calculated as
shown in Eq. (A.18) e (A.21).
Fig. A.6. 1D transient receiver model.

v
�
rsAsCpsTs

�
vt

¼ lsAs
v2Ts
vx2

�h
Ah

L

�
Tg � Ts

�� lsNttt
pðDt�ttÞ

2

ðTs� TbÞ þ _q

(A.18)

v
�
rgAgCvgTg

�
vt

¼
v
�
_mhf

�
vx

þ h
Ah

L

��
Tg � Ts

�� �
Tg � Tb

�	
(A.19)

v
�
rsAsCpsTb

�
vt

¼ lsAs
v2Tb
vx2

þh
Ah
L

�
Tg � Tb

�þ lsNttt
pðDt�ttÞ

2

ðTs � TbÞ

(A.20)

v
�
rmAmCpmTm

�
vt

¼ lmAm
v2Tm
vx2

þ 2plm
lnðDeisol=DiisolÞ

ðTb � TmÞ

� ha
Aa

L
ðTm� TaÞ

(A.21)
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Here Ts、Tg、Tb、Tm、Ta are the temperature of front tube
layer, air layer, back tube layer, insulation and the environment,
respectively. Nt is number of tubes, Dt is inner diameter of tube, tt is
wall thickness of tube, Diisol and Deisol are inner and outer diameters
of insulation layer, _q is the incident radiation power of the tubes.

The outdoor test results of the air receiver were used to validate
themodel. The heating stage (2.25 h) and cooling stage (2.87 h) was
Fig. A.7. Validation of t

Fig. B.1. Honeycomb ceramic module (a) m

16
simulated and compared with the test results in Fig. A.7. The effi-
ciency of heliostat field was estimated to be 0.6 and the intercept
factor of receiver was about 0.4. The relative root mean square error
of the outlet air temperature was below 4.26%. Pressure drop
calculation formula was also fitted by test data. The relative error of
outlet pressure was within 0.15% (1.3 kPa) for both the heating and
cooling stages.
he receiver model.
Appendix B. Honeycomb ceramic module
odule photo, (b) honeycomb structure.
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