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Executive summary

The use of ceramic particles, alone or in suspension within an air stream, as a heat transfer
medium is one of the current focussed areas for the development of high temperature
receiver-based concentrated solar thermal technologies. These solid particle receiver
systems have the potential to achieve operating temperatures of >1000°C, which is typically
required for high temperature industrial processes. This requires the use of either expensive
high temperature metals or linings of refractory, which is both brittle and has high thermal
inertia. While the refractory is a proven material used in high temperature furnaces, limited
information is available on the use of refractory linings in solar receivers while accounting
for transient thermal input. Hence there is a need to better understand the thermal
behaviour of these high temperature refractory-lined particle receivers considering their
response to solar transients during start-up, turn down and shutdown periods. Also, the use
of air as the heat transfer fluid for retrofit applications in industry arises the need to
understand the system-level performance of these receivers, when operating in
combination with sensible thermal storage, while accounting for the true variations in the
returned thermal inputs from the process. To meet these needs, this thesis reports on the
thermal performance and optimization of a refractory-lined suspension-flow windowless
vortex receiver for a solar thermal particle technology used to generate high temperature
air. These assessments are made with a transient mathematical model developed to
calculate the heat and mass transfer within the cavity of a Solar Expanding Vortex Receiver
(SEVR) together with the thermal losses to the surroundings, incorporating the influence of
solar transients during start-up, turn down and shutdown periods. New insights are
provided of the influences of the variables of refractory configuration and of the potential

operating controller parameters to manage the influence of solar variability. Further to this,



new understandings are provided on the system level performance of a refractory-lined
SEVR operating in combination with a packed bed sensible thermal storage, and other
components of a complete concentrated solar thermal plant. Overall, the results show that
it is possible to size a refractory lining appropriately to allow reliable operation under the
transient and cyclical conditions of a solar receiver. This offers advantages in terms of cost
and efficiency. The results also provide insights of a strong dependence of the overall system
performance on the interaction between the individual sub-systems, indicating the
importance of carefully sizing the sub-systems in combination rather than in isolation for
retrofit industrial applications. The findings also show how to optimize refractory lining for
such conditions which makes it relevant to other types of high temperature receivers, to
integrate and simulate different system types, and to assist in identifying which type of
system is best suited to which application, when accounting for start-up, turndown and

shutdown losses.
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CHAPTER 1

INTRODUCTION



1.1. Background

The challenge of decarbonizing high temperature industrial processes requires further
advancements to enable the deployment of renewable-based technologies into energy-
intensive heavy industrial processes requiring continuous high temperature heat, above
1000°C, such as the production of steel, aluminium and cement. These processes are
contributing ~15% of global CO, emissions [1, 2]. Only in Australia, the industrial processes
contribute ~42% of CO, emissions and ~220 PJ/year is consumed by alumina refineries only,
of which 67% is supplied using natural gas [3, 4]. Also, these processes are hard to abate as
they are making a huge contribution to the economy. Australia generated USS 8 billion from
the alumina industry in the year 2018 [4]. The progressive increase of these greenhouse gas
emissions is causing an environmental imbalance such as extreme weather conditions
around the world. Meanwhile, the prices of diminishing fossil fuels are increasing rapidly
and are projected to further rise in the next 20 years. Furthermore, the gap between energy
supply and demand is also expected to widen due to this rapid increase in global energy
demand [5-7]. The issues associated with the excessive use of fossil fuels for different
commercial and industrial applications require the development and implementation of
new technologies that are environmental friendly.

Solar energy stands out among the other alternative energy sources which have the
potential to replace fossil fuels. This source of renewable energy is sustainable and
inexhaustible, unlike finite fossil fuels. It has been predicted that the amount of solar energy
falling onto the surface of the earth in just one hour could fulfil the global energy needs for
one vyear, but this requires the right technologies to capture and utilize this renewable
source of energy effectively [8]. The intermittent nature of solar resource creates a big

challenge for solar energy utilization especially for large-scale applications, which require a
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continuous supply of energy [9]. In this regard, concentrated solar thermal, CST,
technologies are gaining importance [10-13]. They are considered a potentially suitable
alternative to primary fossil fuels due to their ability to meet the load demands of both high
and low temperature process heat applications [14, 15]. Furthermore, thermal energy
storage can be integrated into a CST plant to overcome the intermittency issues related to
solar energy and increase the operational reliability of the system.

New CST technologies are required to achieve operating temperatures of or above
1000°C, which is typically required for high temperature industrial processes [16]. This is
because the current commercially available CST technologies, which use molten salts, have
temperature limitations of heat transfer media. The most commonly used molten salts, such
as molten nitrate solar salt (60% NaNOs and 40% KNO3s), have a safe working range of 220
to 565°C and causes corrosion to metallic pipes [17, 18]. They freeze below 220°C and
become chemically unstable above 565°C, requiring trace heating and limiting the operation
of CST technology to below 600°C [19]. The molten salts-based technologies are well suited
to provide stored heat for steam turbines. However, their temperature limitation restricts
the integration of CST into heavy industrial processes requiring high temperatures
(~1000°C), as shown in Table 1.1 [16, 20-24]. Therefore, further technical assessments of
new or existing CST technologies with the ability to achieve higher operating temperatures,
than commercially available, are required.

To overcome the limitations of the operating temperature of present CST systems, high
temperature particle receiver systems are being pursued for next-generation CST plants
with operational temperatures of >1000°C [17]. These receivers are being developed to
achieve temperatures in the order of 1000°C for advanced power cycles and solar
thermochemical processes [25]. The use of particles, as primary HTF or in suspension within

an air stream to enhance the heat transfer to the gas phase, has the potential to achieve
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temperatures in the range of 1000°C [26]. The use of solid particles in suspension within an
air stream also has the potential to minimize the limitations of using air as the heat transfer
medium (e.g., low heat capacitance, pumping losses, etc.), by increasing the effectiveness
of the heat transfer mechanisms within the receiver cavity. Also, the wide range of operating
temperatures makes these receivers an enabling technology for scalability [26, 27]. There
are different promising concepts of particle-laden receivers including falling particle
receivers led by Sandia Laboratory and CSIRO [28-30], centrifugal receiver led by DLR [31-
34], tubular fluidized beds led by CNRS [35], Solar Vortex Receiver (SVR) led by ETH Zurich
[36-39], Solar Expanding Vortex Receiver (SEVR) led by The University of Adelaide [40-44].
While these various configurations of high temperature central receivers have been studied
to achieve high temperatures, there is also a lack of available data of a system configured to
provide hot air from these systems at temperatures of >1000°C required for retrofit
applications in industry, considering the influence of the time-constants of these various
components in response to a long time-series of solar resource variability.

Table 1.1. Typical values of operating temperatures required for a representative range

of high temperature industrial processes.

Process Required Reactor Temperature (°C)
Alumina Calciner ~950

Blast furnace 1200 - 1600

Cement Kiln ~1450

Cement Calciner ~850

Lime kiln ~850

Glass furnace 1100 - 1600

One class of suspension flow solar particle receiver technologies that have received

significant attention employs direct irradiation to heat a vortex of air and particles in a



cylindrical cavity, termed the Solar Expanding Vortex Receiver (SEVR) [40-44]. This
configuration of the receiver offered the potential to act as an air heater, with suspended
particles, to reheat returned air from the integrated storage which is already at an elevated
temperature (>300°C). Figure 1.1 presents a basic schematic diagram of a receiver system
in combination with thermal storage and an optional backup burner, required to deliver
reheated air for retrofit industrial applications. In the combined CST system, the hot air from
the receiver sub-system is used to charge one of the thermal energy storage (TES) devices
with the lowest state of charge. Once a TES device is fully charged, it is discharged to the
process while hot air from the receiver is used to charge another device. To keep the
charging and discharging cycles separate, the warm air from the thermal storage is used to
preheat the ambient air in a heat exchanger, rather than being returned to the receiver. This
allows the operation of the windowless receiver at atmospheric pressure, to mitigate
particle egress through the open aperture. It also allows the system to operate with only
low-temperature fans. The need to direct the hot air to the storage system, rather than
directly to the plant, is driven by the need to avoid sending carry-over particles from the
receiver to the industrial process since sending it through the packed bed storage system
also serves as the second stage of the particle filter, along with energy storage. A detailed
description of the process and different elements is provided in following chapters.
Although high temperature particle-laden receiver technology has the potential to
achieve operating temperatures of over 1000°C and is suited for this configuration, the
performance of these receivers also needs to be assessed based on their transient operation
using real-time solar irradiance data. Also, the operating temperatures in the order of
1000°C require the use of refractory linings, similar to non-solar rotary kilns, or expensive
high temperature metals. Note that, a detailed description, and properties, of different

refractory materials is presented in Chapter 2, whereas Chapter 3 provides a comparative
8



analysis for different refractory materials. The use of refractories allows the operating
temperature to exceed 1000°C but it has low thermal expansion coefficient and high thermal
mass. This makes the transient response of a refractory-lined directly irradiated receiver
more challenging than tubular receivers, with thin conducting tubes. This needs the
understanding of the influence of long-term solar transients on the thermal performance of
these particle-laden receivers.

Re-heated air from

. Backup
receiver sub-system

Hot air to burner
process

Ta,pra,Jn ’ 11000 c

\
s
|- Q Packed bed Process

Ta, rec,out

Receiver thermal load
sub-system storage
< .-
/ Ta,prc,out 600° C
. Warm air from
Heliostat B — process
field Ta,ex,in

Warm returned air to
receiver sub-system

Figure 1.1. A basic schematic diagram of the receiver sub-system in combination with
thermal storage and other components to deliver hot air to a high temperature process.
(Adapted from the under-preparation journal paper presented in Chapter 6).

The practical implementation of refractory-lined solar receivers requires greater insight
into the potential approaches to manage the transient heat inputs. This is because
refractories are brittle and have strict requirements for heating rates. Also, the high thermal
inertia of the refractory lining can potentially result in a significant fraction of the solar
resource being needed to heat the cavity to the required operating temperature. While
refractory-lined solar receivers are expected to have longer start-up time, little attention

has been provided to the options with which this time might be reduced when considering



long-term solar resource variability [45]. Hence, there is a need to better understand the
start-up behavior of these receivers, and the potential options with which the start-up time
might be reduced, considering the influence of transients in the incoming concentrated solar
radiations [46-48]. Insufficient information is available to guide the selection of refractory
type, thickness or operating strategy in response to these challenges, provides further
motivation for the present research work.

The integration of high temperature solar central receiver systems has been reported in
the literature, but only for the generation of electricity using steam (Rankine) and gas
turbine (Brayton) cycles [49-55]. There are limited studies on the integrated systems to
produce high temperature heat, above 1000°C, for heavy industrial applications such as
alumina or lime calcination. Also, the integration of new technologies and concepts, such as
refractory-lined suspension flow systems, is more challenging to customize and requires
physical models of the sub-systems which can assess the impact of solar intermittency. This
arises the need of system analysis by integrating the physical sub-models with heat and mass
transfer equations for each component to understand their combined performance,
considering site-specific solar variability. Further to this, the combined effects of key design
parameters on the thermo-economic performance of these high temperature CST systems
considering transient losses through a year of operation at a potential plant site are still
unclear. Hence, there is a need of an assessment that provides a new understanding of the
system-level performance of these CST systems along with an assessment of the levelized
cost of its solar component of the energy. This thesis also aims to fill these gaps.

To summarize, new insights are required about potential opportunities to enhance the
thermal performance of high temperature CST technologies when operating under transient
inputs, such as by the use of refractory linings in central receivers and the introduction of

particle-laden flow into a receiver cavity. Furthermore, there is a need to understand the
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performance of a refractory-lined solar vortex receiver operating in combination with
thermal storage and other components of a CST system to supply high temperature heat to
a downstream process. Therefore, this project aims to fulfill these needs firstly by modelling
and understanding the thermal response of a high temperature refractory-lined particle-
laden solar receiver sub-system. Then, providing an understanding of the trade-off between
the receiver and thermal storage sub-systems by integrating the developed receiver model
with a thermal storage system and other components, to be solved for real-time solar

irradiance data over a longer period.

1.2. Research objectives
To meet the above-mentioned needs, this project is divided into following objectives:

e To develop a validated transient mathematical model for a multilayered refractory-
lined solar receiver, employing the governing mathematical equations for the mass
and energy, to calculate the time-dependent temperature fields in response to solar
resource variability.

e To provide new insights and knowledge for the optimization of refractory-lined solar
receivers, by understanding the trade-off between the solar DNI input, thermal
losses from the receiver, and allowable temperatures of refractory, employing the
developed transient mathematical model solved for any given time history of the
variable solar resource.

e To increase the understanding of how to manage the transient responses of
refractory-lined solar receivers to solar variability during start-up, turn down, and
shutdown periods. More specifically, this aims to report the influence of a series of

initial temperatures of the cavity internal wall, of covering the aperture and of
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delaying the inlet flow, on the transient response of a refractory lined particle-laden
receiver.

e To provide data and information on the potential opportunities for the improvement
of thermal response and annual useful thermal gain of a particle-laden solar receiver,
in response to solar resource variability, by estimating the influence and sensitivity
of each major parameter for a particular case study.

e To guide the further development of the technology by establishing baseline for a
technically plausible system. This aims to provide an understanding of the system-
level performance of a windowless vortex-based high-temperature refractory-lined
suspension flow solar particle receiver operating in combination with sensible
thermal storage, and other components of a complete CST plant, configured to

supply reheated air to thermochemical processes at temperatures of >1000°C.

1.3.  Publications resulting from this work

This thesis has produced 4 journal papers (3 published and 1 in preparation), 4 peer-
reviewed conference papers and 2 poster presentations. To date, this work has also resulted
in 7 other collaborative publications, including 1 journal submission, 3 peer-reviewed
conference proceedings and 4 peer-reviewed poster presentations. Furthermore, the
developed transient approach has been used to develop a generalized integrated system
model, which is flexible to assess different receiver and thermal storage types, according to
a specific application, with an option of up-scaling (single or multi-towered) and the

potential of assessing the use new heat transfer fluids.
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Thesis outlines

This thesis comprises a portfolio of publications that are either published, under review, or

prepared in manuscript form. This thesis consists of seven chapters as outlined in the

following:

Chapter 1 introduces the research topic and presents the background of CST
technology especially focussing on high temperature particle-laden receivers.

Chapter 2 presents the background literature of the focussed research topic and
highlights the knowledge gaps. Particularly, this chapter provides an overview of CST
receiver technology and high temperature receivers. It highlights the challenges with

current CST state-of-the-art technologies and introduces refractory-lined solar
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receivers. This chapter also highlights the need of transient-based assessments of
high temperature receivers for CST systems.

Chapter 3 consists of the first published paper titled: “A mathematical model to
assess the influence of transients on a refractory-lined solar receiver”. In this paper,
an approach to analyse and optimize the thermal performance of a refractory-lined
particle receiver in response to solar resource variability has been demonstrated.
Further assessment of the time-dependent temperature fields within the receiver
cavity has been conducted.

Chapter 4 consists of the second published paper titled: “Thermal response of
multilayered refractory-lined solar receivers to transient operation”. In this paper,
the thermal response of a multilayered refractory-lined solar receiver during start-
up, turn down, and shut down has been reported for cold and hot starts.

Chapter 5 consists of the third published paper titled: “Modelled annual thermal
performance of a 50MWu refractory-lined particle-laden solar receiver operating
above 1000°C”. This paper assesses the annual thermal performance of an
innovative CST technology, employing Solar Expanding Vortex Receiver. It provides
new insights of the influences of the refractory use in particle-laden receivers, of the
potential operating controllers to manage the influence of solar variability, of
particle loadings and temperatures of heat transfer mediums on the annual thermal
performance of the system.

Chapter 6 consists of the fourth paper titled: “Performance assessment of a system
to provide steady high temperature air via solar thermal particle technology with
storage and combustion back-up”. This paper demonstrates an approach to analyse

and optimize a high-temperature CST plant based on a particle-laden receiver and
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sensible thermal storage. A Simulink environment has been created using the
transient mathematical models of the receiver and thermal storage considering solar
resource variability, to estimate useful annual thermal gain, thermal efficiency, solar
share, and the first-order economic feasibility, for a range of operating parameters.
Finally, Chapter 7 presents the conclusions of the work presented and

recommendations for future research.
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CHAPTER 2

LITERATURE REVIEW
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2.1. Introduction

The rapid carbon dioxide (CO32) emissions are increasing at a rapid rate due to rising
energy demands from the industrial, transport and domestic sectors. These emissions are a
major contributor to global warming and climatic changes. Global CO; emissions related to
the energy sector in 2021 increased to the highest value of 36.3 Gt as shown in Fig. 2.1 [6,
56]. About 90% of the total CO; emissions are generated from the burning of fossil fuels for
power generation, process heat and the transport sector [5, 6]. This requires further
technological advancements to gradually lower the share of high carbon emitting fossil
fuels. In this regard, concentrated solar thermal (CST) technologies are gaining importance
as an alternative, clean and renewable energy source both for low and high temperature
applications, particularly in the regions with higher solar irradiance [10-12, 14]. The growth
of solar thermal installed capacity has shown an encouraging trend over the last few years
as depicted in Fig. 2.2 [57, 58], with top share by Spain, the US, China, South Africa, and
Morocco [59]. Despite some of the positive indicators, more work is required to increase
the share of this vast renewable energy technology especially for high temperature process
heat applications.

Concentrated solar thermal, CST, technologies are considered a potentially suitable
alternative to primary fossil fuels. CST can be integrated with a high thermal energy storage
system, which can be used during the night or on cloudy days, to supply the required input
energy and to overcome the solar intermittency issues. Presently, CST technologies are
commercially available for power production in the lower temperature range, less than
600°C [60]. There is a driver to develop high temperature solar thermal technologies, above
1000°C, for high temperature calcination processes [16]. In this regard, solar particle-laden
(suspension flow) receivers have the potential to achieve temperature above 1000°C [31,

32, 61, 62]. This receiver technology employs sand-like ceramic particles as heat transfer
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media, standalone or in suspension within an air stream, which are stable at such high
temperatures [31, 32, 61, 63].

High temperature particle-laden receiver technology has the potential to achieve
operating temperatures of over 1000°C. However, the variable nature of solar energy
resource and higher thermal mass associated with these receivers require their
performance to be assessed based on their transient operation using real-time solar
irradiance data. The transient analysis is also critical for the assessment of the potential of
these receivers for high temperature processes (e.g. calcination) which require continuous
supply of process heat. Considering this, the importance and need of transient based
thermal analysis of high temperature particle-laden receivers have been highlighted in this
review chapter. Note that, the detailed explanation of all gaps with relevant literature, for

specific aims and objectives, are provided in individual papers (Chapters 3 to 6).
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Global energy-related CO, emissions [Gt]

Figure 2.1. The global trend of energy-related CO; emissions: 1990 — 2021. Data taken

from [5, 56, 64].
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Figure 2.2. The growth of global cumulative installed solar thermal power [57, 58].

2.2. Central receiver technology

The four most common types of CST technologies include linear Fresnel reflector,
parabolic trough, central receiver, and parabolic dish, as illustrated in Fig. 2.3 [65]. Among
these technologies parabolic trough is the most mature technology which has a share of
80% of total operational solar thermal plants worldwide, as shown in Fig. 2.4 [55]. According
to the ITP report on CST technologies [66], the operating temperature ranges of linear
(Fresnel reflector and parabolic trough) and point focused (parabolic dish and central
receiver) systems are 100 — 450°C and 300 — 2000°C, respectively. The higher operating
temperature of the parabolic dish and central receiver technology in comparison with other
CST technologies is due to the possibility of higher solar concentration ratio (>1000). The
solar concentration ratio for linear Fresnel reflector and parabolic trough is reported to be
less than 90 and 170, respectively [67]. Parabolic dish is only suited to small receivers, owing
to the need to mount a receiver onto the dish. This makes central receiver assisted systems
potentially suitable for upscaling, to meet the heat demands of high temperature heavy

industrial processes. Different types of central receiver technologies have been investigated
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depending on the type of heat transfer media used, including liquid, gas, and solid-based

receivers [62]. These are discussed below.
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Figure 2.3. An illustration of commonly used CST technologies [65].
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Figure 2.4. An illustration of the worldwide share of different CSP technologies, including

Parabolic trough collector (PTC), Solar power tower (SPT), Linear Fresnel reflector (LFR),

and Parabolic dish collector (PDC) [55, 59]. The data presented is for year 2020.
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2.2.1. Molten salt receivers

Presently, the central receiver technology mostly uses molten nitrate salts as heat
transfer fluid but due to the chemical instability of these salts, their operation is limited to
below 600°C [68], which is not suitable for high temperature process heat applications
(>900°C). Table 2.1 provides a summary of the commonly used molten salts and their stable
temperature range [69-71]. These salts become chemically unstable above 600°C resulting
in the production of corrosive oxide ions and can cause excessive loss of heat transfer fluid
[68, 72]. This limitation of operating temperature is not in line with the motivation of CST
technology development for high temperature applications. The chemical instability at
higher temperatures limits the use of CST technology for different industrial processes such

as the calcination process, which requires an operating temperature of ~1000°C.

Table 2.1. A summary of the commonly used molten salts and their stable working

temperature range [69-71].

Molten Salt Stable temperature range (°C)
NaNOs - KNOs 222 -588
NaNO; - NaNOs - KNOs 142 - 630
Ca (NOs)2 - NaNOs - KNO3 131 -554
Li NOs3 - NaNOs - KNO3 130 -600

2.2.2. Gas receivers

The use of gases, such as air, helium and CO,, in central receivers is also a promising
concept. The gas as a heat transfer fluid is either used inside the tubes (tubular receiver, Fig.
2.5a) or through a structure of honeycomb channels (volumetric receiver, Fig. 2.5b). In both

tubular and volumetric receivers, air is heated to a higher temperature which is then used
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for a process or heat is stored to a secondary storage media for later use [62]. The literature
identified that volumetric air receivers have the potential to achieve temperatures of above
700°C [15, 73]. The German Aerospace Center (DLR) assembled an innovative 200kW high
temperature volumetric air receiver, which has hexagonal shaped modular ceramic
absorbers, and reached a maximum outlet air temperature of 980°C with a thermal
efficiency of 68% [74]. Buck et al. [75] tested a windowed volumetric air receiver with a
secondary concentrator for a hybrid gas turbine unit and reported a thermal efficiency of
70% at peak operating temperature of 815°C. Recently, Patil et al. [15] experimentally tested
a 5kW volumetric air receiver containing a reticulated porous ceramic structure and
reported a nominal thermal efficiency of 69% at output air temperature of 1133°C. Similarly,
Pritzkow [76] reported a maximum output air temperature and thermal efficiency of 1050°C
and 71%, respectively. Furthermore, the numerical model of a volumetric receiver employed
by Stadler et al. [77] showed that these receivers have the potential to achieve peak
efficiencies of 70.9% with an output air temperature of 650°C. Some details of these high
temperature volumetric air receivers are provided in Table 2.2, whereas a comprehensive
summary of volumetric receivers has been provided previously by Ho and Iverson [78], and
Avila-Marin [79]. Most of these cavity air receivers employ an aperture window, which is a
critical component, to lower the heat losses. However, window is more prone to failure and
increases the maintenance costs [80], in a scale-up design of the receiver operating beyond
1000°C.

Although these air receivers have been widely reported previously in pursuit of high
temperatures [15, 73, 78, 79], inferior heat transfer properties are a challenge for their
upscaling. In this regard, the use of solid particles in suspension within an air stream has the
potential to increase the effectiveness of the heat transfer mechanisms within the receiver

cavity, due to their high surface area per unit mass and capacity for direct absorption of
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concentrated solar radiation [36]. However, further investigation is required about the

guantitative benefits offered by the addition of particles into the air stream.
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Figure 2.5. A schematic diagram of (a) tubular receiver and (b) volumetric receiver.

Table 2.2. An overview of volumetric receivers from the point of view of operating

temperature and pressure, absorber material, and thermal efficiency.

Operating Operating Thermal Thermal
Reference . Type of study | Absorber type
temperature pressure efficiency Scale
. . . reticulated
Patil et al. [15] 1133°C atm 0.69 5 kW Experimental .
porous ceramic
. . . modular
Hoffschmidt et al. [74] 980°C - 0.68 200 kW Experimental .
ceramic
. . heat resistant
Buck et al. [75] 815°C 5.2 bar 0.70 410 kW Experimental .
wires
. . . ceramic foam
Pritzkow [76] 1050°C 5.2 bar 0.71 5 kW Experimental L
absorber (SizNis)
. . ceramic
Stadler et al. [77] 650°C atm 0.71 - Numerical
honeycomb
Karni et al. [81] 800°C 25 - 10 kW Experimental -
550°C 0.65 800 i porous ceramic
Chavez and Chaza [82] - 5 Experimental
730°C 0.54 kW/m absorber

2.2.3. High temperature particle receivers

One advancement towards achieving the CST development goal for high temperature

process heat applications, for a better trade-off between operating temperature and

thermal losses, is the use of solid particle-based solar receivers in which ceramic particles,
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alone or within a vortex of air, are used as the heat transfer medium [83]. These receivers
have the potential to achieve a temperature above 1000°C as particles come in direct
contact with the solar radiation as opposed to heat conduction through a wall for indirectly
irradiated receiver [84, 85]. Furthermore, the particles used for these receivers are more
stable and are less expensive relative to molten salts [86]. Several studies on particle-based
receivers have been reported in the literature including the design of receiver, mathematical
modelling, and testing of pilot plants [31, 32, 61]. Table 2.3 summaries different particles
used for high temperature applications.

Table 2.3. Optical properties of different ceramic particles, from reference [87].

Material Name Type Solar wc.eighted T.he.rr:nal
absorptivity [-] emissivity [-]
CarboProp 40/70 Sintered Bauxite 0.929 0.803
CarboProp 30/60 Sintered Bauxite 0.894 0.752
Accucast ID50K Sintered Bauxite 0.906 0.754
Accucast ID70K Sintered Bauxite 0.909 0.789
Fracking Sand Silica 0.55 0.715

Ho et al. [88] suggested that particle based receiver technology has the potential of
scaling to capacity of 10 to 100 MWe at temperatures above 700°C [28, 29, 89-94]. The
potential advantages offered by solid particles used in central receiver technology are
summarized as:

e Most of the ceramic particles are inert and stable at temperatures of around 1000°C.

Also, these particles have no freezing issue which eliminates the trace heating

requirements.
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e Sensible energy can be storage in a wide temperature range due to the high melting
temperature of particles.

e Most of the particles are low-cost in comparison with the commonly used molten
salts.

e They can help to reduce the cost of storage as heat is directly stored in the sand like
ceramic particles.

e The inert nature of these particles offers the flexibility, based on the process side
requirement, to be used as a standalone heat transfer medium or in suspension
within gas stream to enhance the heat transfer mechanism.

There are also disadvantages associated with these particle receivers. Some of the
disadvantages, which requires further attention, include particle handling and
transportation, particle attrition, particle erosion, risk of damage to windows, and egress
from open apertures.

The high temperature particle receiver technologies have the potential to achieve
operating temperatures of over 1000°C, which is far higher than that of commercial molten
salts [35]. However, limited information is available on the transient response of directly
irradiated high temperature particle-based receivers, considering transient losses through a
year of operation. Also, there is a lack of available data of their industrial level system
performance with suitability to heat air to temperatures of around 1000°C for retrofit
applications. This arises the need to address the behaviour of high temperature particle
receivers during start-up, turn down, and shutdown periods, under unsteady conditions,
and how the thermal performance of these receivers is affected under transient operation

considering the real-time variability of solar resource.
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2.3. Directly irradiated high temperature particle receivers

A directly-irradiated particle-laden receiver utilizes a cavity enclosure to contain
concentrated solar radiation and to reduce the thermal losses [13]. The concept of cavity
receiver is to direct the reflected solar radiations from the heliostat field to the heat transfer
medium through the aperture of the cavity, as shown in Fig. 2.6.

Different types of particle-based receiver designs have been investigated to improve the
receiver efficiency by reducing thermal losses and achieving higher operating temperatures
[33, 95-97]. Figure 2.7 summarizes the configurations of particle-laden receiver technologies
available in literature. The most widely investigated designs include free-falling including
obstructed flow [98-100], centrifugal [31-33, 101], and tubular receivers (fluidized) [102-
104]. The basic designs of these widely used particle receivers are shown in Fig. 2.8. Using
the primary concept of these designs, researchers have considered different other
configurations to be used for the particles in central receiver technologies. These secondary
designs include a V-shaped mesh [105], porous structure [106], inclined plate [107], and
spiral tubes [108] inside a receiver cavity to increase the residence time of particles for
higher absorption efficiency. The main characteristics of these configurations are described
in Table 2.4. The thermal performance of these receivers when operating alone has been
reported to be in the range of 75 to 80% when operating at temperatures of 750 to 900°C.
However, their performance when integrated into complete systems has only been reported
for the generation of electricity using steam and gas turbine cycles [49-55]. Limited
information is available of their performance when integrated into systems that produce
high temperature heat, above 1000°C, for heavy industrial applications such as the
production of alumina. There is also a lack of available data of their performance when used
to reheat warm air that has been returned from a process or thermal storage system, at

temperatures >300°C.
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Figure 2.6. A schematic diagram illustrating the basic design of a cavity receiver.
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Figure. 2.7. A summary of the classification of particle-based receiver technologies, studied

in the literature.
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Figure 2.8. The basic designs of particle receiver technology [87, 104].

Compressor

Table 2.4. The secondary configurations of particle receivers studied using primary designs

listed in Fig. 2.8.
Design Potential benefits Challenges Schematic diagram Reference
The V-shaped structure
inside a receiver cavity
helps to increase the The structural
residence time and complexity and required Al-Ansary et
V-shaped mesh . . p y . d y
achieve uniform maintenance increase al. [105]
distribution of particles, | the overall system cost.
for higher temperatures
and better efficiency.
The porous structure
inside a receiver .
. . The porous material
provides an obstruction .
Porous . . selection based on Lee et al.
and increase the particle . o
structure . . particle size is [106]
residence time. It also challenin
helps to achieve a stable §ing.
particle flow.
S . The angle of plate for
The inclined plate inside . & P .
L uniform flow of particles
a receiver increases the . .
. . . is challenging, as
particle residence time . . .
. . particle accumulation Xie et al.
Inclined plate | and reduces the particle .
. . . on the plate can easily [107]
circulation loss, relative L
. . block the flow. This will
to falling particle . .
. require an additional
receiver. .
flow of air.
The spiral tubes -
. P . The indirect heat
increase the particle .
. . transfer to the particles
residence time and .
. increases the extra .
Spiral tubes provide better control resistance to heat Xiao et al.
P of the particle flow [108]

inside the tubes, relative
to falling particle
receiver.

exchange. Furthermore,
a blockage can easily
occur inside the tubes.
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2.3.1. Solar vortex receivers

One type of cavity receiver which gained particular attention in recent years is solar
vortex receiver (SVR) [109]. Concentrated solar radiation is directed to an aperture to
directly heat a vortex of particles and gas (i.e., air), inside a cylindrical cavity. The basic
configuration of SVR, as shown in Fig. 2.9 [36], consists of an aperture covered by a quartz
window placed normal to the cavity axis through which concentrated solar radiations fall
onto the particles injected tangentially along with a gas to form a vortex. The heated
particles and gas exit from the rear along the axis of the cavity [39, 110]. Although these
vortex based receivers give high conversion efficiency, but they have two major drawbacks,
which are as follows [111]:

I. The residence time is independent of the particle size which may result in
overheating of smaller particles and underheating of larger ones. This will cause a
decrease in the overall thermal performance of an upscaled receiver.

II.  Higher particle deposition on the aperture window lowers the receiver’s thermal
performance and can also generate a risk of window failure, resulting in higher
operating costs. Noting that the overall cost of quartz glass window for high
temperature receivers is too high [112], due to the need for high transmittance and

large area when upscaled.

Air + 7> 1000°C
Particles o £
o

SOLAR
PARTICLE
RECEIVER

Fig. 2.9. The basic configuration of a SVR, adapted from [36].
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2.3.2. Solar expanding vortex receiver

To overcome the drawbacks associated with the SVR, Chinnici et al. [40-42] presented a
new configuration of cylindrical cavity receiver called as Solar Expanding Vortex Receiver
(SEVR), which is shown in Fig. 2.10. This novel configuration has a modified geometry, with
the introduction of a conical section. The particles and air exit in the direction which is radial
to the axis of the receiver cavity. The residence time is dependent on the particle size in this
new configuration, which helps to achieve a uniform outlet temperature. This configuration
is also helpful to avoid the particle egress through the aperture. The authors evaluated the
effect of receiver geometry on the particle trajectories and residence times using a CFD
model [40]. Furthermore, particle’s deposition onto the aperture window was also assessed,
both experimentally and numerically [41]. It was found that for a fixed aperture size, an
increase in the cone angle is favourable as it generates a larger vortex at the aperture plane.
That is why a larger cone angle is favourable for smaller size particles, as it will lower the
particle flowing towards the aperture. The optimum value of the cone angle was predicted
to be 40° for the studied conditions. Chinnici et al. [41, 42] further confirmed that a well-
established vortex flow inside the cavity is generated by SEVR compared with SVR. It was
also found that a reversed flow is formed in the vortex core region, whereas at the inlet and
outlet regions of the cavity, a processing vortex core (PVC) structure is observed, as shown
in Fig. 2.10 [42].

The vortex receiver was chosen for the present assessments because it has the potential
to achieve temperatures of >1000°C [37-39], and can be configured either as an air or
particle heater. This makes SEVR potentially suitable to be used with other components as
an air heater, for retrofit industrial applications. Also, the modified version of vortex

receiver, SEVR, offer the possibility to operate the receiver windowless.
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Figure 2.10. An illustration of flow patterns within a SEVR, adapted from [42].

2.4. Need to account for solar intermittency and variability

Although directly irradiated particle-laden receivers have the potential to achieve
temperatures of order of 1000°C, there is a lack of knowledge of the influence of the time-
constants of particle receivers on dynamic operation caused by solar resource variability.
Theoretical and experimental studies have been carried out for cylindrical cavity receivers
and most of them have indicated their advantage of achieving better heat transfer to
particle-laden flow [16, 113]. The output temperature in the order of 1000°C can be
achieved using these receivers and they have the flexibility to be configured in different
alternative ways [16]. Numerous studies for high temperature cavity receivers have used a
rather computationally expensive, complex and time-consuming computational fluid
dynamics (CFD) method to study the effect of different geometric parameters and operating
conditions on their performance [99, 111, 114-117]. These CFD studies have contributed
significantly to investigating the flow features inside a cavity receiver, the influence of solar
transients on the long-term thermal performance of these receivers, considering start-up,
turn down and shutdown periods, is still unknown. Some analytical models have also been
developed for high temperature particle-laden receivers [36, 118, 119] but those also have

not considered the transient effect on the annual thermal performance of these receivers.
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While the above-mentioned studies have analysed the thermal performance of high
temperature particle-laden receivers and indicated their potential advantages, these have
not considered the transient effect on the receiver thermal performance. The solar flux
changes significantly from one location to another which means the actual performance of
the receiver can only be assessed based on the real-time climatic conditions of each location,
considering transient losses. The distribution of minutely, hourly, daily and monthly DNI for
a specific location varies significantly [9]. Saw et al. [9] concluded that the performance
estimation of solar technologies based on average monthly or daily data can have an
uncertainty of 20 — 30%. That is why hourly or minutely performance evaluation is
recommended to get a reasonably good estimation of system performance. Therefore, the
transient performance of the high temperature particle-laden receivers needs to be
assessed based on the actual solar DNI data for a specific site. This requires the development
of analytical transient models of these receivers to be solved for hourly or minutely solar

irradiation data over a longer period.

2.5. Use of refractory lining in high temperature cavity receivers

Directly irradiated particle-laden receivers either require the use more expensive high
temperature metals, adding to cost, or a refractory lining, which is both brittle and has high
thermal inertia. The selection of refractory material and its behaviour under transient
operating conditions will largely influence the thermal performance of a high temperature
receiver. The properties and quality of the refractory will also determine the extent of heat
losses from a receiver cavity when a variable solar DNI is received at the aperture.
Furthermore, the operation of a receiver with particles involves abrasion, so to avoid
refractory failures and unplanned shutdowns, a multi-layer refractory is typically employed.

While such challenges are likely to be even greater for high temperature particle-laden
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receivers, to supply process heat at temperatures of >1000°C, limited information is
available with which to assess how the design of refractory lining should be optimised
employing real-time solar variability. Furthermore, while refractory-lined solar receivers are
expected to have longer start-up time, little attention has been provided to the options with
which this time might be reduced when considering long-term solar resource variability [45],
such as by reducing the overnight heat losses by implementing some shutdown strategies
during shutdown period. Hence there is a need to better understand the start-up behavior
of these receivers, and the potential options with which this time might be reduced,
considering the influence of solar intermittency. Hence there is a need for a more detailed
assessment of how to optimize the performance of the refractory-lined solar receivers

under transient operating conditions.

2.5.1. Refractory materials

The lightweight fibre refractories having lower thermal conductivities provide good
insulation and lower the heat losses from a refractory-lined receiver to the surroundings.
However, these fibre refractories cannot be used as the hot inside lining which comes in
direct contact with the particles and high temperature environment, as they offer less
resistance to mechanical and thermal stresses. Dense refractory materials having good
strength to mechanical abrasion and thermal shock are required on the inside of a receiver
cavity. The insulating layer of refractory over the hot face lining can be made of a less dense
material having lower thermal conductivity [120]. That is why, most of the non-solar devices
such as rotary kilns employ a multilayered cavity under extreme operating conditions, even
though they mostly operate under steady-state conditions [121, 122]. This is incompatible
with the operation of a directly irradiated solar receiver, which need to accommodate the

solar transients during its operation [123]. Therefore, the lack of evaluations of the potential
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of refractories to be configured to operate with high changes in flux arise the need of further

assessments, which can account for solar intermittency and variability.

The most common materials used for the manufacturing of refractories are oxides of

aluminium (alumina), silicon (silica) and magnesium (magnesia):

Alumina (Al,03) refractories are composed of > 50% of alumina and these are
sensitive to thermal shock requiring slow warm-up [121, 124]. Furthermore, higher
creep rates of alumina limit its use to below 1,500°C [125]. Alumina refractory bricks
are largely employed in cement and metallurgy kilns.

Silica refractories are composed of >93% silicon oxide (SiO2). These can withstand
high thermal and mechanical shocks [126]. An important property of silica brick is its
ability to maintain hardness under high loads to its melting point of ~1700°C [127].
At a temperature of around 593°C, silica bricks are nearly volume stable and virtually
free from thermal spalling, while at temperatures below 593°C, silica bricks are
highly susceptible to thermal spalling. That is why slow heating of silica refractories
during start-up increase their life [127]. Silica refractory bricks are typically used in
iron and steel industries.

Magnesite refractories are composed of 285% magnesium oxide (MgO) [128]. These
have good thermal shock and excellent slag-corrosion resistance at elevated
temperature (around 1500°C) [129], but MgO bricks are not capable of resisting
sudden changes of temperature and show a tendency to spall under such conditions.
The cost of magnesite refractories is higher than that of silica-based refractories.
Typically, magnesite refractories are used in the construction of those parts of a

furnace that are required to withstand the corrosive action of basic slags.
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e Fireclay refractories such as super duty firebricks with <50% Al,0s is another type of
refractory used for high temperature applications [130]. Fireclay refractory bricks
have good spalling resistance [131]. It has a lower thermal expansion coefficient
relative to alumina [124, 131-133]. Fireclay refractory bricks are cheaper in
comparison with alumina, silica and magnesia refractories. The fireclay refractories
are used for the linings of blast and heat treatment furnaces.

While some previous investigations of refractory-lined solar cavities have provided
information on the heating rates they employed, no systematic investigation is available
with which to assess how the design of refractory lining should be optimised for transient
operation employing real-time solar variability. The numerical model of a lab scale
multilayered cavity reactor employed by Abanades et al. [46] and Charvin et al. [134]
showed that, 15 minutes of heating time is required for the reactor to achieve a temperature
of 2500K, when alumina refractory lining is used. Similarly, the heating period of a simulated
industrial-scale reactor was estimated to be 40-60 minutes with a constant input DNI of
1000 W/m?, by Charvin et al. [134]. This gives an average heating rate of ~60 K/minute for
the first 30 minutes of the reactor operation which is at the upper end of allowable heating
rates for alumina refractory to avoid damage from thermal shock [121, 124]. This highlights
the need to investigate the influence of refractory thickness with regard to the trade-off
between heating time and allowable cavity heating rate for a smooth operation based on
the intermittent nature of input solar resource. The optimized design of refractory lining can
help in upscaling the concept of these receivers to a higher power level under real-time

operating conditions.
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2.6. Need of system-level analysis for process heat

Recent technology innovation in the fields of concentrating solar thermal is opening
new potential markets to be considered for viability. In particular, high-temperature
particle-laden receivers are being developed to achieve temperatures in the order of 1000°C
for advance power cycles and solar thermochemical processes [25, 49-54]. The integration
of these solar central receiver systems has widely been reported in the literature, but only
for low temperature applications or for the generation of electricity using steam and gas
turbine cycles. There are limited studies on the integrated systems to produce high
temperature heat, above 1000°C, for heavy industrial applications such as for the
production of alumina and hydrogen. This requires further information on the system level
performance of high-temperature concentrated solar thermal plant, based on suspension
flow solar particle receiver integrated with a sensible thermal storage, to supply high
temperature heat to a downstream thermochemical process under transient operating
conditions. This require further information of the system level performance of a complete
CST plant with relative trade-offs between these components, considering the real-time
interaction between receiver and thermal storage to understand the performance of
refractory-lined particle-laden receivers in combination with a thermal storage and other
components of a CST system.

Simulation tools such as SAM [135] and GREENIUS [136] are commonly used for system
simulation, and perform well for conventional CST systems such as molten salt tubular
receivers. However, the integration of new technologies and concepts, such as refractory-
lined suspension flow systems, is more challenging to customize using these available tools.
This further arises the need of system analysis by integrating the physical sub-models with
heat and mass transfer equations for each component to understand their combined

performance considering site-specific solar variability.
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2.7. Summary and research gaps

The use of particles, alone or in suspension within an air flow, inside a directly irradiated
SEVR, is a promising class of technology for operating at temperatures well above 1000°C
and is one of the potential pathways for the next-generation CST plants [4, 5]. However,
little is known on the system-level performance of these receivers operating in combination
with a sensible thermal storage system to provide steady high temperature air, above
1000°C, for retrofit industrial applications. Also, the design temperature of these receivers
above 1000°C, for process heat applications, increases the requirement of a refractory lining
which is both brittle and has high thermal inertia [137]. While significant challenges arise
from the transient operation of high temperature particle-laden receivers with a lining of
refractory material owing to their higher thermal inertia, no equivalent assessment of their
transient response during start-up, turn down and shutdown is available. This arises the
need to address how refractory-lined high temperature receivers will behave under
unsteady conditions and how thermal performance of these receivers will be affected under
transient operation considering the variable nature of the solar resource.

Furthermore, there is a lack of investigations on the heat loss overnight for refractory-
lined cavity receivers under different geometric parameters and operating conditions. Also,
there are limited understandings about receiver shutdown strategy, along with what
combination of thicknesses of insulation and inner refractory are needed for better thermal
gains to balance different conditions of relevance to practical receivers. That is why the
thermal behaviour of the refractory-lined receivers need further investigation to understand
the trade-off between operating temperature, temperature drop overnight and start-up
time based on the extended time-series of solar input data. Further to this, there is a need
of an assessment that provides a new understanding of the system level performance of

these CST systems, based on these refractory-lined suspension flow solar particle receivers
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integrated with sensible thermal storage, considering solar resource variability and real-
time interaction between sub-systems.

The above-mentioned challenges require the development of analytical transient
models for particle-laden receivers to be solved for real-time solar irradiation data for
prediction of thermal outputs, while also providing the opportunity to integrate into a
complete CST system model. This will help to better understand the transient thermal
response of a refractory-lined particle-laden receiver system during start-up, turn down, and
shutdown with long time-series of variable solar input to guide the design optimization of a
CST system. Therefore, this project aims to fulfill these needs firstly by modelling and
understanding the thermal response of a high temperature refractory-lined particle-laden
receiver sub-system. Then, providing an understanding of the trade-off between the
receiver and thermal storage sub-systems with transient mathematical models of the
receiver and packed bed thermal storage sub-systems considering solar resource variability,
written in a Simulink environment, to be solved for real-time solar irradiance data over a
longer period. The detailed objectives, with a comprehensive background, and research

outcomes are listed in Chapter 1.
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ABSTRACT

An approach to analyze and optimize the thermal performance of a refractory-lined particle receiver in
response to solar resource variability has been demonstrated. A transient mathematical model has been
developed, incorporating variable direct normal irradiance (DNI) and heat losses associated with a
directly irradiated particle receiver. The model is employed to assess the time-dependent temperature
fields of the receiver cavity walls, the particles and gas from the initial state to another equilibrium. The
influence of the receiver’s geometric parameters on the transient thermal response of the receiver has
been assessed using real-time solar irradiance data based on the temperature changes for each phase.
This can be used to support optimization of the refractory lining and insulation, to trade-off between the
solar DNI input, thermal losses from the receiver, and allowable temperatures and heating rates of re-
fractory and outer steel shell, via an energy balance. New insight is provided on the role of the material
and thickness of the refractory lining on the system output when accounting for the allowable heating
rate of refractory material to avoid failure due to thermal shock.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Presently, concentrating solar thermal (CST) technologies are
commercially available for power production in the lower tem-
perature range, up to 580 °C [1,2] but there is a push to develop
technologies to higher temperatures to integrate them into pro-
cesses requiring higher temperatures such as alumina Bayer pro-
cess which operates at a temperature of about 1000 °C [3,4]. In this
regard, solar particle receivers are a promising class of technology
for operating at temperatures in this range [5—8]. Solar particle
receiver technologies employ sand-like ceramic particles as both a
heat transfer and energy storage medium [5—7]. Particles can be
stable at temperatures of order 1000 °C, which is far higher than
the 580 °C as of commercial molten salts [9—11]. However, there is a
lack of knowledge of the influence of the time-constants of particle
receivers on dynamic operation caused by solar resource variability.
Transient analytical models with low computational resource

* Corresponding author. Centre for Energy Technology, The University of Ade-
laide, SA, 5005, Australia.
E-mail addresses: muhammad.rafique@adelaide.edu.au, rana.uet.08@gmail.com
(M.M. Rafique).

https://doi.org/10.1016/j.renene.2020.11.077
0960-1481/© 2020 Elsevier Ltd. All rights reserved.

requirements are needed to allow these influences to be assessed
with long time-series of variable solar input and enable design
optimization of high temperature particle receivers. The develop-
ment and application of such a model is undertaken in this paper.
The transient response of directly irradiated receivers with a
refractory lining is fundamentally different from that of tubular
receivers, which typically employ thin conducting ductile mate-
rials. Nevertheless, even with those cases significant challenges
arise from transient operation, such as increased stresses relative to
steady-state operation [12,13]. Furthermore, the numerical model
of an indirectly irradiated molten salt-based receiver employed by
Xu et al. [14] showed that a transient, rather than a steady-state,
model is needed to accurately predict a receiver’s performance.
Similarly, Samanes et al. [15] concluded that thermal efficiency of,
and thermal losses from, a molten salt receiver varies significantly
with transient DNI fluctuations. Furthermore, the relative signifi-
cance of radiant and convective heat losses differs with tempera-
ture due to the fourth power dependence of radiation on
temperature. However, while such challenges are likely to be even
greater for high temperature particle receivers with a lining of re-
fractory material owing to their higher thermal inertia than metal
tubes, no equivalent assessment of these effects is available.
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Most refractory-lined vessels, such as reactors and rotary kilns,
employ a multilayered lining that comprises a combination of
different materials [16—18] and are typically employed where the
temperature approaches or exceeds 1000 °C [19]. While several
previous investigations of refractory-lined solar cavities have pro-
vided information on the heating rates they employed, no sys-
tematic investigation is available with which to assess how the
design of refractory lining should be optimised for transient oper-
ation employing real-time solar variability. The numerical model of
a lab scale multilayered cavity reactor employed by Abanades et al.
[20] and Charvin et al. [16] showed that, 15 min of heating time is
required for the reactor to achieve a temperature of 2500 K, when
alumina refractory lining of constant thickness is used. Similarly,
the heating period of a simulated industrial-scale reactor, with a
fixed lining thickness of, was estimated to be 40—60 min with a
constant input DNI of 1000 W/m?, by Charvin et al. [16]. This gives
an average heating rate of ~60 K/min for the first 30 min of the
reactor operation which is at the upper end of allowable heating
rates for alumina refractory to avoid damage from thermal shock
[21,22]. Their result highlights the need to investigate the influence
of refractory thickness with regard to the trade-off between heating
time and allowable cavity heating rate for a smooth operation
based on the intermittent nature of input solar resource. Hence
there is a need to know how to optimize the design of refractory
lining for upscaling these emerging receivers to a higher power
level under real-time operating conditions.

The receiver geometry, including the aperture diameter and
receiver length relative to cavity diameter and the thickness of
refractory lining, controls the optimised design of the receiver. The
aperture diameter controls both the input energy to the receiver
and the thermal losses to the surroundings, whereas the cavity
heating rate is limited by the thickness of refractory lining and the
flux of solar energy entering the aperture. The maximum heating
rate of refractory materials, which are brittle [23], is set by a value
that should not be exceeded to avoid damage [24]. This is not
difficult to manage for most industrial scaled non-solar devices
employing refractory lining, since they operate mostly at steady-
state conditions and only operate in transient conditions at the
start and end of a maintenance shut-down. This allows the duration
of this start-up period to extend over many hours to avoid inducing
high differential stresses, which can cause cracking and spalling
[22,25]. This is obviously incompatible with the operation of a solar
receiver, which must start up and shut down every day and also
needs to accommodate the alternating insolation due to the pas-
sage of clouds [26]. There is a need for a more detailed assessment
of how to optimize the performance of refractory-lined solar re-
ceivers under transient operating conditions. Therefore, analytical
transient models are required for particle receivers to be solved for
real-time solar irradiation data over a longer span of time for quick
and accurate prediction of receivers’ transient thermal behavior
and to optimize the design of these refractory-lined solar receivers.

To meet the above-mentioned needs, the overall objective of the
present paper is to develop and implement a transient mathe-
matical model to support the optimization of refractory-lined re-
ceivers, considering the trade-off between the thermal
performance, allowable temperatures and heating rates, for any
given time history of variable solar resource. To achieve this, the
first aim is to develop a transient model employing the governing
mathematical equations for the mass and energy flows through the
receiver cavity, which calculates the time-dependent temperature
fields of the receiver, particles, and gas from the initial state to
another equilibrium. The second aim is to compare the suitability of
various alterative refractory materials to guide in their selection for
various performance criteria. The third aim is to assess the influ-
ence of refractory lining thickness, insulation thickness, and
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particles mass flow rate on the transient temperature distributions
of inner cavity wall, outer steel shell, particles, and gas for a series of
scenarios. The conditions that allow acceptable cavity heating rates
under the transient operation of the receiver employing these
geometric parameters are also investigated.

2. Methodology
2.1. Receiver description

The receiver chosen for this study is a cylindrical cavity, which is
similar to many other cylindrical cavities (e.g. the DLR centrifugal
receiver [27]), but has the specific details of the Solar Expanding
Vortex Receiver patented by the University of Adelaide [28,29] and
ETH Zurich [30]. A schematic diagram of the receiver is shown in
Fig. 1. This receiver heats particles transported in a suspension flow
and provides some control of the particle residence time as a
function of its size [29]. Furthermore, the configuration achieves a
low flow of particles through the aperture to offer the potential for
operation without a window [29].

The particle receiver has an aperture of diameter Dgp, an inner
cavity diameter D;, and cone angle ¥. The horizontal length of the
receiver cavity is denoted by L. The receiver cavity is considered to
be made of three different layers with an inner refractory layer, a
central insulating layer and an outer mild steel layer. The thickness
of layers 1, 2, and 3 are denoted as Ary, Ar, and Ars, respectively. A
cross-sectional view of the receiver cavity from the side and aper-
ture front is shown in Fig. 2. The properties of materials commonly
employed for refractory lining are listed in Table 1. A sensitivity
assessment will be performed to select a suitable material for re-
fractory lining of the particle receivers.

2.2. Transient mathematical model

The transient model employs the governing mathematical
equations for mass and energy flows through the receiver cavity,
considering the particle and gas phases, thermal losses, and
conductive, convective and radiative heat transfer. The following
assumptions were employed in the model:

e The solar flux is considered to be uniformly distributed inside
the receiver cavity. Although this represents a significant
simplification, it has some justification because a cavity enclo-
sure tends to homogenize the temperature of the receiver walls
[16].

e The particle and gas phase are uniformly distributed within the
receiver cavity.

o The particles and gas move as a plug flow through the receiver,
so that the flow rate controls the residence time and the influ-
ence of any recirculation is small [40].

e The particles are monodispersed in size, spherical in shape, and
follow the gas streamlines inside the receiver.

e Any particle deposition on the inside of the cavity walls is
negligible.

e The gas phase is transparent, so that the solar radiation is
absorbed either by receiver cavity walls or the particle phase.

Fig. 3 illustrates the heat transfer mechanisms within the
refractory-lined solar cavity receiver. An energy balance was per-
formed for each phase and for the walls by solving a set of simul-
taneous equations iteratively for each time step to calculate each of
their temperatures.

2.2.1. Energy conservation for receiver cavity walls
The concentrated solar energy from the heliostat field passes
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Fig. 1. Schematic diagram of the solar cavity receiver modelled here, termed the Solar Expanding Vortex Particle Receiver.

through the aperture and heats the cavity to a temperature deter-
mined by the energy balance that accounts for conduction, con-
vection, and re-radiations losses. That is, the total energy absorbed
by the receiver during a time interval dt is equal to the change in the
thermal mass of the cavity’s inner lining plus thermal losses to the
surroundings. The energy balance for receiver cavity enclosure is
given by the following equation:

Qsol, ap-w — chermal + Qrad, w—p + Qconu w—a T Qcond, w-s

+ Qconv, w—s + Qre—rad«, w—s (1)

Where:

. Qso,, ap—w 1s the radiation heat transfer passing through the
aperture to the inside surface of the cavity walls

 Qpermar iS the change in the thermal mass of receiver cavity
walls

. de’ w-p 1S the radiative heat exchange between cavity walls
and particle phase

. Qmm w_a is the convective heat exchange between cavity walls
and air

e Qeond w—s is the conduction heat loss to the surroundings
through receiver cavity walls

. an,,, w—s is the convection heat loss to the surroundings
through aperture opening

. Qre#ad’ w_s is the re-radiation heat loss to the surroundings
through aperture opening

The change in the thermal mass of the receiver cavity’s inside
lining during time interval dt is given as:
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Ty,
at '

Qthermal = Pw % Cpw X Vi x (2)
where 4t is the time step for each iteration. py, Vy, and Gy, are the
density, volume, and specific heat capacity of the inside refractory
lining of the cavity wall, respectively.

The total solar energy reaching the aperture of the receiver from
the heliostat field can be determined by Equation (3), where npejio is
the heliostat instantaneous efficiency, CR is the concentration ratio,
Agp is the area of the receiver aperture, and DNI is the direct normal
irradiance. The value of DNI is variable and dependent on time.

Qsolar = Nhelio X CR x Aap x DNI (3)

The radiative heat transfer from aperture to the inside surface of
the cavity walls is given as:
Qsol, ap—w = %w X Fap—w X Qgopar, (4)
where ay, is the absorptivity of the inside refractory lining and Fgpw

is the radiative shape factor from the aperture to the receiver inside
surface [41].

2.2.1.1. Radiative heat exchange between cavity walls and particles.
The radiative heat exchange between cavity walls and particles is
given as:

Tp,i)a

Qrad, w—p =7 x Np i x dg X hw—p,i X (Tw,i - (5)
where, hy,.p; is the radiative heat transfer coefficient between the
inside surface of the cavity and particles, Ny is the total number of

particles within cavity enclosure at the time i, d, is the particle
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Layer 1: Refractory lining

Layer 2: Insulation

Layer 3: Steel shell

Fig. 2. Notation used to describe the multi-layered receiver cavity (a) side view (b) front view.

diameter, T, is the temperature of the inside surface of cavity
enclosure, and T, is the temperature of the particle phase.

Assuming that the total surface of the particles acts as an hyw_pi= 6 xepx (T3V7,~+T§’,-) X (Tw,i+Tp7,-), (6)
emissive body, the radiative heat transfer coefficient between wall

element and particle phase can be written as [42]: where o is Stefan Boltzmann constant and e, is the emissivity of the
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Table 1
Thermophysical properties of selected refractory materials.

Fireclay brick Alumina Magnesia
Thermal conductivity (W/m.K) at 300 K 6.5 [31,32] 35[21] 45 [33]
Specific heat (kJ/kg.K) 1.050 [32] 0.88 [21] 0.95 [33]
Bulk density (kg/m?) 3150 [31] 3800 [21] 3650 [34]
Thermal linear coefficient of expansion (1/K) (°C™') 45 x 1079 [31] 8.4 x 107[21,35] 8.6 x 107 [36]
Absorptivity (—) 0.92 [37] 0.90 [38] 0.70 [39]
Relative cost (—) Magnesite > Alumina > Fireclay brick

Qre—rad,w—s
Qsol,ap—p
Particles + gas R
Qrad,w—p
Qconv,w—a
Particles + gas
o
S Y ‘ ‘
°
° o ® Particle phase
[ * — I
— _ o — Gas phase
° [ ]
_ ° Wall (refractory lining)

Particles + gas .
Qconv,w—s

Qsol,ap—w

L Particles + gas

Qconv,p—a

Qcond,w—s

Fig. 3. An illustration of all of the heat transfer terms considered in the model (refer to equations (1) and (22) for a description of the symbols).

particles.

2.2.1.2. Convective heat exchange between cavity walls and air.
The convective transfer of heat from the cavity walls to the gas
phase by forced convection is given as:

Qconv, w—a = TxDqxLex hw—a,i X (Tw‘i - Ta,i) (7)
NuDE_i X ka,i

De,i ' (8)

hw—a,i =

where L, is the effective internal length of the cavity, T, is the air
temperature, k, is the thermal conductivity of air, D, is the effective
inside diameter of the cavity.

The heat transferred from the cavity walls to the vortex of air
due to forced convection is estimated from a previous correlation
for cyclones particle filters [43,44], as follows:

Nup,, =0.042 x Rep;® 9)

where Rep,, is instantaneous Reynolds number dependent on the
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inlet velocity (ug), dynamic viscosity (uq) and density (pq) of air,
calculated at the corresponding temperature of air for each time
step.

2.2.1.3. Conduction heat loss through the cavity walls. The conduc-
tion heat loss for each iteration were determined using an electrical
circuit analogy developed for the three-layered composite walls of
the receiver cavity, as shown in Fig. 4. There are four parallel circuits
and combined heat conduction through these circuits is:

. 1 1 1 1
Qeond, w—s = (Twi = To.) Reg1  Req2 Reg3

10
Rega (10)

T,i is the temperature of the outer steel shell. Reg 1, Reg 2, Reg,3, and
Req4 are the equivalent resistances to heat flow through the
multilayer cavity walls, corresponding to axial direction on aper-
ture side, the central cavity, conical back lip, and on the back end,
respectively (Fig. 4).



M.M. Rafique, G. Nathan and W. Saw

Renewable Energy 167 (2021) 217—235

T To
Req2
“ Req.3
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Ty =AW—e T,
Req,4
T,
Fig. 4. Electric circuit analogy for three-layered cavity walls.
of the air, respectively.
4 AH Arz Ar3
Rear=m2 2y [k "l s (an
m <D1 — Dap ) 1 2 3 2.2.1.5. Re-radiation heat loss through the aperture. The re-
radiation heat loss from the receiver cavity was calculated to
address the following two main terms: (i) emittance due to large
1 In [g—f] In B—;} In {B—;‘} temperature difference between inside of the cavity and the sur-
eq,2 21(Ly — 4ry — 4ry — 4r3) k; + Ky + ks roundings (Qe_rad emi¢) and (ii) reflection of the solér irradiance,
which is not absorbed by the cavity’s inner surface (Qre_rqd,ref)-
(12) . . .
Qre—rad, w—s = Qre—rad. emit T Qre—rad,ref (19)
Reg3 — cos¥ The re-radiation heat loss from the receiver cavity to the sur-
927 2m(Ly — Ary — dry — Ar3) roundings through the aperture opening due to the temperature
inl@tD:] jn[dsena] g [darDs difference between the cavity and the surroundings is given by:
d1+D;, dy+D, d3+D3 (_13)
X + . nD?2
4 4
ke ky ks Qre—rati, emit :Tp X ew X 0 X Fy_gp % (Tw,i —Lamb ) (20)
The re-radiation losses due to reflection from the receiver walls
R, 4 [An_ Ar Ars (14) the surroundings through the aperture were calculated by sub-
eq:4 7d,? ki ky k3|’ traction of the absorptance by the cavity lining following earlier

where kj, ky, and k3 are the thermal conductivities corresponding to
the material of layers 1, 2, and 3, respectively. The thickness of each
layer is assumed to be constant for all walls of the cavity and the
values of thermal conductivities are determined at the logarithmic
mean temperature of each layer.

2.2.14. Convection heat loss through the aperture. The convective
losses through the receiver aperture were modelled accounting for
cavity temperature, effective length, inner diameter, aperture
diameter, and inclination [45,46], as follows:

Qconv, w—s = TDpLe % hap.i X (Tw,i - Tamb) (15)
Nuap,,' X ka,i

hap i :T (16)
D\ T .\0.18

Nugy ;= 0.88 x Gr%33 x cos?476 x (—") x ( W-") (17)
Le Tamb

Dap o o
a= —0982x—-—"+112 0°<6<90 (18)

Le

Here 4 is the cavity inclination angle, Gr is the Grashoff number,
and g is the gravitational acceleration, while 8, and v, are the co-
efficients of volumetric thermal expansion and kinematic viscosity
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work [47,48], as follows:

Q.re—radfef =(1-ow) x Fw—ap x Qsol, ap-w (21)

The radiation shape factor from the inside of the receiver wall to
aperture opening was calculated following earlier work [41,49].

2.2.2. Energy conservation for the particle phase

The energy conservation equations for the particle phase were
formulated by accounting for the enthalpy change of particles
transported during each time step, i, as follows:

AHpi = QsoL ap—-p + Qconv, p—a + Qrad,w—p (22)

Where:

o Qo1 qp_p is the radiative heat transfer from aperture to the
particle phase

. QCOW p—a is the convective heat exchange between the particles
and air

The enthalpy change (4H,,) of the particle phase was calculated
as follows:

AH, i =Hp;— Hpj 1 =1p x (Cppi X Tpi—Cppic1 X Tpiz1),  (23)

where ¢y, is the specific heat capacity of the particle at the
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corresponding particle phase temperature.

2.2.2.1. Radiative heat transfer from aperture to the particles.
The radiation heat transfer from the aperture to particle phase was
determined as follows:

Qsol, ap—p :Np,i X op X Fgp_p x Qsolar (24)

The radiation shape factor from the aperture to the particle is
based on the characteristic length of the cylindrical cavity.

2.2.2.2. Convective heat exchange between the particles and air.
The convective heat exchange between particles and air was
calculated based on the flow of air over a sphere [42], as follows:

Qconv, p—a = TxNpix dﬁ X hp—a,i X (Ta,i - Tp,i) (25)
Nuy x k,
hp—a,i: 275,- (26)
p

Here hp.q is the convective heat transfer coefficient between
particles and air. The Nusselt number for the no-slip condition is
[50]:

1J
Cpai {kg.l(

Kai [%} =3.180x 1072 +8.616 x 10 °T,; —3.203 x 107872, + 6.214 x 10~ 1°T3;

m2

Vail—| = —7287x10"54+5204 x1078T,; +8.281 x 10~ 11T2. — 9.647 x 10~1°T3,
s s B a,d a.

Nug =2 (27)

2.2.3. Energy conservation for air phase

The energy conservation equations for the air phase was
formulated by accounting for the enthalpy change of air trans-
ported during a time interval i.

AHa,i = Qconv, p—a + Qrad,wfa (28)

The enthalpy change (4H,;) of the air phase was calculated as
follows:
AHgj=Hgj— Hgj—1=ma % (Cpaj X Taj — Cpaj1 X Taj—1), (29)

where ¢y is the specific heat capacity of the air at corresponding air

=1031-2.010 x 1072T,; +3.985 x 10~*T2; — 3.080 x 10~ '°T3,
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temperature.

2.3. Thermo-physical properties of the particle and air

The particles were assumed to be high temperature CARBO-HSP
ceramic which has density and emissivity of 2000 kg/m> and 0.93,
respectively [51]. These particles have a sphericity of 0.9 parts per
unit [52]. The temperature-dependent relationship for the specific
heat capacity and thermal conductivity of the CARBO-HSP particle
for temperature of up to 1700 K are calculated using equations (30)
and (31) [53], whereas, the temperature dependent properties of
air are calculated using equation (32)—(37) [54,55].

1J 7 27960
Copi [kg—K} =1.0446 + 0.0001742T,; 7, (30)
ki | V| = 5.5 + 34.5¢[-0.0033(T,-273)] (31)
PlmK| ’
(32)
(33)
(34)
Prgi[—]=0.8004 — 0.00031T,; (35)
k
Pai {m_é;} :352'9]/Ta,i (36)
m? _ K,
Dai [T] 7paj % Cpa,i G7)

The temperature of particle and air is used in kelvin (K) for the
calculation of thermo-physical properties using the above poly-
nomial relationships.
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2.4. Input conditions

A range of parameters including the thickness of the refractory
lining and insulating layers, together with the mass flow rate of
particles was used to analyze their impact on the receiver’s thermal
outputs. Table 2 present the reference values and sensitivity vari-
ations of geometric and operating parameters. The properties of the
middle insulating layer, which was assumed to be made of high
temperature insulating material, and of the outer steel ring are
listed in Table 3, whereas a sensitivity analysis was carried out to

Table 2
Geometric and operational input parameters.

Input parameter Unit Reference value Sensitivity variations
Geometric
Dgy/Dy — 0.55 -
1 m 12.0 —
L/D; - 1.6 -
0 degree 45 -
Ar; m 0.1 0.02—-0.16
A4ry m 0.75 0.20—1.60
Ars m 0.01 —
C - 1000 —
Operational
my, kg/s 25 10-80
mig/m, - 0.5 -
dp pm 100 -
Tp1 K 300 -
Ta1 K 300 -
Tw,1 K 300 -
Tamb K 300 -

Table 3
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select a suitable material for the refractory lining from the three
different materials listed in Table 1. The performance of the receiver
was studied for real-time meteorological conditions with the direct
normal irradiation and zenith angle recorded by the Bureau of
Meteorology [56] in Alice Spring, Australia every 60s. Two different
representative days, one clear sky and other cloudy, were chosen to
assess the short-term influence of the intermittent nature of the
solar resource on the transient behavior of the refractory-lined
receiver.

Fig. 5 presents the distribution of recorded DNI and calculated
cosine loss for the sunshine duration of clear sky (December 10,
2018) and cloudy day (December 5, 2018) in Alice Springs. It can be
seen that the DNI values on the clear sky have a smooth distribution
with a peak of 1022 W/m? at solar noon whereas sharp fluctuations
can be observed in recorded DNI on the day with the intermittent
cloud. The cosine losses vary with the position of the sun during the
day so was calculated for each DNI time-step using correlations
[47].

2.5. Allowable temperature and heating rate limits

Maintaining the temperatures and heating rates of the inner
refractory lining and outer steel shell below critical limits is
important to avoid premature failure or reduced cycle life of the
receiver. For prolonged life, plain carbon steels are usually limited
to a maximum operating temperature of 500 °C [60]. To be con-
servative and following the standard mechanical design practice
[61], a maximum temperature of 475 °C at the outer steel shell was
chosen as the allowable limit here. Similarly, the maximum oper-
ating temperature of inner refractory linings was set to be 2050 °C
[31]. Furthermore, rapid heating during start-up of refractory-lined

Thermophysical properties of selected materials for the multilayer cavity receiver.

Superwool [57] Carbon Steel [58,59]

Thermal conductivity (W/m.K) at 300 K 0.05 45
Specific heat (kJ/kg.K) 1.22 0.47
Bulk density (kg/m?®) 128 7850
Thermal coefficient of linear expansion (1/K) 1x10°6 12 x 107
Clear day (December 10, 2018)
Cloudy day (December 05, 2018)
~~~~~~ Cosine loss
Time of the day [hh:mm]
6:00 7:00 800 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00
1200 1.2
1000 1
“‘E 800 N -
2 8
g g
3
o
400
200
0 h
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750

Receiver operating time [minutes]

Fig. 5. Distribution of recorded direct normal irradiance and calculated cosine loss for two summer days, one with clear sky and other with intermittent cloud in Alice Springs,

Australia [56].
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Fig. 6. The iterative procedure used to solve the heat transfer equations at each time step.

devices causes undue stresses in the inner lining which may result
in microcracking, thus leading to mechanical spalling and unreli-
able receiver operation. Heating rates of up to 240 °C/h or lower are
usually recommended for refractory linings during the preheating
period of 1-2 h to avoid thermal stresses [24]. Although a higher
heating rate is not likely to cause immediate damage to the re-
fractory lining, it will reduce its service life [62]. Hence, the calcu-
lated values of the temperature and cavity heating rates reported
below are compared with these allowable limits.

3. Solution technique

Fig. 6 presents a flow-chart for the solution methodology of the
coupled heat transfer equations, which were solved iteratively for
each time step. A time step of 60s was chosen since this is signifi-
cantly shorter than the time constants of the refractory and cap-
tures the solar resource variability. The input solar heat flux, local
heat transfer coefficients, thermo-physical properties, and cavity
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wall temperature were all determined as a function of temperature
for each time step. The energy into the receiver, thermal mass
change of the receiver cavity, heat losses to the surroundings and
energy exchange between three phases at each time step are used
to calculate the new temperature fields (T, Ty, and Ty).

It should be noted that this control strategy does not seek to
limit the solar flux by de-focusing the heliostat field [63], which
would be possible to avoid exceeding an allowable heating rate.
This approach has been chosen for several reasons. Firstly, this
approach is desirable from an efficiency perspective, since de-
focusing the solar field constitutes a waste of the energy that
could otherwise be captured. It is preferable to seek to capture all of
the energy. Secondly, this approach simplifies the control strategy
and reduces the risk of damage due to the potential failure of a
control strategy. Thirdly, assessing the natural response is most
instructive and any additional control could readily be added as an
additional measure as needed.
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Table 4
Geometric and operational input parameters used by Abanades et al. [20] which are employed for the 6 validation cases.
Input parameter Unit Value
Geometric
Dqp m 0.012
D¢ m 0.02—-0.03
L m 0.04
Aw m? 271 x 1074
Physical properties of ceramic walls
Pw kg/m> 3900
Cow KkJ/kg.K 1.274 (1500 K)
Ew — 0.8
K; W/m.K 35.245 — 0.0353T+ 1.314x 107572 - 1.73 x 107973
Physical properties of insulation
K> W/m.K 0.5
Physical properties of particle
op kg/m> 5600
Cop KJ/kg.K 750 (at 2000 K)
kp W/m.K 2 (at 2000 K)
Operational
qs kW 1.0
myp kg/s 1x10%-5x%x10"7
d, pm 0.5-10
Tyin K 300

Table 5

Comparison of the present predictions with the previous simulations of Abanades et al. [20].

Cavity inside diameter (mm) Particle mass flow rate (kg/s)

Particle diameter (pum)

Cavity wall temperature (K)

Abanades et al. [20]

Particle temperature (K)

Present model Abanades et al. [20]  Present model

20 1x10°° 0.5 2204 2288 2088 2199

20 1x10°° 1 2394 2391 2201 2386

20 1x10°6 2390 2386 2269 2334

20 1x10°° 10 2390 2391 2270 2290

20 5x 1077 2187 2191 2069 2151

30 1x10°6 1 1805 2071 1627 2065
Table 6

Three different cases used by Charvin et al. [16], which were employed in the present model for model validation.

Aperture diameter (m)

Direct normal irradiance (W/m?)

Concentration ratio (—)

Case 1 7.2
Case 2 5.0
Case 3 35

1000 1000
1000 2500
1000 5000

4. Model validation

The accuracy of the model was verified by comparison with the
numerical results of a refractory lined directly-irradiated solar
reactor presented by Abanades et al. [20] and Charvin et al. [16].
Their reactor also comprises a cylindrical cavity enclosure directly
heated by concentrated solar energy through the aperture with a
ceramic lining of alumina surrounded by an insulation layer to
reduce the conduction heat losses. The influence of geometric and
operating conditions on the cavity wall and particle temperature
were compared for six different cases listed in Table 4.

Table 5 compares the calculated results of the present model
with that of Abanades et al. [20], taken for six different validation
cases. It can be observed that the cavity wall temperature predicted
with the present model agrees with theirs to within 3.8% for five of
the six cases and to within 12% for the last one. However, the
present predictions of particle temperature are higher. This is
consistent with the difference in calculation methods, since the
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present model accounts for the radiation absorbed by the particle
phase while the previous model [20] does not. Furthermore, the
predicted particle temperature rise with decrease in particle
diameter is consistent with the previous work for all six cases [20].

The model was also verified by comparing its predictions with
those obtained for the dynamic simulations of a 50 MW industrial-
scale refractory-lined solar receiver by Charvin et al. [16]. This
receiver has a cylindrical cavity diameter and length of 8 m with an
inner layer of alumina refractory, a middle layer composed of high-
temperature insulating material (k = 0.5 W/(m.K)), and outer layer
of medium temperature insulating material (k = 0.05 W/(m.K)). The
geometry and operating conditions in the present model were
matched to their conditions shown in Table 6 and the evolution of
cavity wall temperature were compared.

Fig. 7 compares the calculated results of the receiver tempera-
ture obtained from the present model and that of ref [16] for three
different cases. It can be seen that the present model agrees with
the previous model to within 3% during the first 30 min when
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Fig. 7. Comparison of the present model with the simulations of Charvin et al. [16] for an industrial-scale cavity receiver.
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Fig. 8. Calculated transient temperature distributions of the receiver wall (Ty), the particle phase (T,), and the air phase (T,), employing 3 different refractory materials for lining of a
constant thickness (100 mm), for a variable solar input on a clear summer day in Alice Springs, Australia — December 10th, 2018 (D; =12 m, Dgp/D; = 0.55, L/D; = 1.6, 6 = 45°,
4r; =010 m, 4r; = 0.75 m, C = 1000, d, = 100 pm, mj, = 25 kg/s, my/m, = 0.5, and T;; = 300 K).

transients dominate. The final predicted temperature is some
320—400 K higher for the present model than for the previous
model. Although perfect agreement of these two models cannot be
expected, the agreement is good during the period when gradients
are most significant (i.e. first 30 min), this suggests that the present
model is sufficiently reliable for the purpose of assessing the in-
fluence of transients on the refractory-lined solar receivers.

5. Results and discussion
5.1. Sensitivity to the refractory lining material

Fig. 8 presents the calculated transient temperature distribu-
tions of the receiver cavity wall, the particle phase and the air
phase, employing 3 different refractory materials: alumina,
magnesia, and fireclay bricks. The variable DNI on the clear sky
summer day (Fig. 5) was employed as the input heat source to the
receiver.

It can be observed that, for all cases, the temperature of the
particles and cavity wall are relatively close to each other for a given
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type of refractory. Hence, any limitations in the heating of the walls
will also apply to the particles. In addition, the heating rate of the
receiver cavity, particle phase, and air phase is better for fireclay
refractory than alumina and magnesia. Fireclay has a higher ab-
sorptivity than alumina or magnesia, leading to lower radiation
losses through the aperture and hence higher temperatures. The
fireclay also has a faster response time, which can be explained by a
5.5% reduction in the product of mass and specific heat. Further-
more, fireclay refractory bricks have good spalling resistance,
maintain shape when exposed to high temperatures and have a
lower coefficient of thermal expansion than alumina and magnesia.
Although, bricks can fall out and may have higher maintenance
costs, they are comparatively cheaper. For these reasons, fireclay
bricks were chosen for the inner lining in the subsequent analysis.

5.2. Influence of refractory lining thickness

Figs. 9 and 10 present the influence of the thickness of the re-
fractory lining on the thermal performance of the receiver during
the clear sky and cloudy day, respectively. Fig. 9a presents the
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Fig. 9. Influence of refractory lining thickness on (a) the transient temperature distributions of the receiver wall (T,,), the particle phase (T,), and the air phase (T,); (b) the cavity
heating rate (8T,y/0t); and (c) temperature of the outer steel shell (T,), for a variable solar input on a clear summer day in Alice Springs, Australia — December 10th, 2018 (D; =12,
Dgp/D1 = 0.55, [/D; = 1.6, 0 = 45°, dr; = 0.75 m, C = 1000, d, = 100 um, m, = 25 kg/s, mg/mj, = 0.5, and T;;; = 300 K).

results of the cavity wall, particles, and air phase temperature
distribution for a variable DNI input on the clear sky summer day
(Fig. 5) for a range of inner lining thickness from 20 to 160 mm. As
expected, the rate of increase in temperatures of the refractory
lining, particles, and the air increases with a reduction in the lining
thickness. The receiver with a lining thickness of 20 mm takes 4.2 h
to approach thermal equilibrium, but this is increased to 5.8, 7.5,
and 8.3 h when the thickness of refractory lining is increased to 40,
80, and 160 mm, respectively. The lining thickness of 20 mm gives a
maximum operating temperature of 2625 K which is above the
allowable limit of refractory material. Similarly, the maximum
operating temperature of receiver with a lining thickness of 40 mm
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is higher than the allowable limit by a margin of 11%. For a fixed
mass flow rate of particles, mj, = 25 kg/s, the receiver was calculated
to operate within the allowable temperature range with a lining
thickness of above 80 mm.

A range of observations can be made about the particle tem-
peratures. Firstly, increasing the refractory thickness decreases the
output temperature of the particles, which is undesirable. For
example, the peak temperature drops from 2695 to 1740 K as the
refractory thickness is increased from 20 to 160 mm. Secondly, the
particle temperature is not constant with time, but rather varies
throughout the day with the input flux. This means that a control
strategy would be needed to maintain a constant output
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Fig. 10. Influence of refractory lining thickness on (a) the transient temperature distributions of the receiver wall (T,,), the particle phase (T;,), and the air phase (T); (b) the cavity
heating rate (8T,y/0t); and (c) temperature of the outer steel shell (T,), for a variable solar input on a cloudy summer day in Alice Springs, Australia — December 5th, 2018 (D; =12,
Dgyp/D1 = 0.55, /Dy = 1.6, 0 = 45°, 4r, = 0.75 m, C = 1000, d, = 100 pm, m,, = 25 kg/s, my/m, = 0.5, and T;, = 300 K).

temperature, such as by varying the mass flow rate. This point is
addressed in more detail below.

Fig. 9b presents the cavity heating rate as a function of refractory
lining thickness. It can be observed that the cavity heating rate is
increased by reducing the thickness of the lining. The cavity with
20 mm lining is heated at a maximum rate of 12 K/minute during
the warm-up period of initial 2 h of receiver operation. Although
the cavity heating rate drops rapidly after 1.5 h of operating time, it
exceeds the allowable heating rate of 4 K/minute. Similarly, the
heating rates for lining thickness of 40 mm during the warm-up
period also exceeds the allowable limit by a difference of 2.2 K/
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minute. On the other hand, the receiver with a refractory lining
thickness of 80 and 160 mm maintains the cavity heating rate
within the allowable limit of 4 K/minute during 2 h of initial
operation.

The calculated results for the temperature of the outer steel
shell are illustrated in Fig. 9c. This shows that the rate of increase in
temperature of the outer steel shell increases with a reduction in
the lining thickness. This is due to increased conductive losses
through the cavity walls as the lining thickness decreases with a
fixed thickness of the insulating layer. The maximum outer steel
temperatures of 635, 550, 465, and 403 K are observed for receivers
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Fig. 11. Influence of insulting layer thickness on (a) the transient temperature distributions of the receiver wall (Ty), the particle phase (T}), and the air phase (Tg); (b) the cavity
heating rate (8T, /0t); and (c) temperature of the outer steel shell (T,), for a variable solar input on a clear summer day in Alice Springs, Australia — December 10th, 2018 (D; =12,
Dgp/D; = 0.55, I/D; = 1.6, 6 = 45°, 4r; = 0.10 m, C = 1000, d, = 100 um, m, = 25 kg/s, mg/mj, = 0.5, and T;;; = 300 K).

with lining thickness of 20, 40, 80, and 160 mm, respectively which
are all well below the allowable limit for carbon steel.

The results indicate that the optimization of lining thickness is a
tradeoff between the time to achieve thermal equilibrium, the
allowable limits of temperatures, and the cavity heating rate. It is
desirable to reach peak temperature quickly to operate at thermal
equilibrium for most of the daily run time, while also considering
impacts on the outer temperature of the steel shell and the
maximum cavity heating rate.
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Fig. 10 presents the results of the receiver’s thermal behavior for
the variable DNI input from the cloudy summer day (Fig. 5) for the
same range of lining thickness from 20 to 160 mm. It can be
observed that, even for the case of the thin refractory lining
(20 mm), the refractory greatly damps the fluctuations in particle
temperature. For example, the particle temperature following the
total slump in solar power to almost zero at t = 280 and 390 min
(Fig. 5), only drops by 30 and 120 K, respectively. This is quite
significant given that the mass flow rate of particles is held constant
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in these assessments, while it could be reduced in practice. temperature drops by less than 15 K, following the periods of total
Furthermore, a further increase in the thickness of the refractory slump in solar power to zero, whereas the receiver with a lining
lining can greatly damp these fluctuations to result in a relative thickness of 160 mm is observed to maintain a stable operation
stable and robust receiver operation despite the large fluctuations without any significant drop in temperature of the particles. These

in the solar input. For the 80 mm thick refractory, the particle results highlight the compensating advantage of a refractory in
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Fig. 12. Influence of insulting layer thickness on (a) the transient temperature distributions of the receiver wall (T,,), the particle phase (T,), and the air phase (T,); (b) the cavity

heating rate (8T,y/dt); and (c) temperature of the outer steel shell (T,), for a variable solar input on a cloudy summer day in Alice Springs, Australia — December 5th, 2018 (D; = 12,
Dgp/D1 =0.55, /Dy = 1.6, 0 = 45°, 4r; = 0.10 m, C = 1000, d, = 100 um, m, = 25 kg/s, mg/mj, = 0.5, and T;; = 300 K).
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damping the fluctuations, even though the temperature attained is
lower, and shows the value of optimizing this parameter for all
considerations.

5.3. Influence of insulting layer thickness

Fig. 11a presents the results of the cavity wall, particle, and air
phase temperature distribution for the variable DNI input (Fig. 5)
for a range of insulating layer thicknesses from 0.20 to 1.60 m. It can
be seen that these changes in thickness have only a small influence
on the resulting temperatures, with the temperatures of the
receiver cavity, particles, and air increasing only slightly with these
increases in the thickness of the insulating layer. This slight in-
crease is due to the lower conductive losses through the cavity wall
as the thickness of insulation is increased. The increase also slightly
shortens the time to reach equilibrium from 9.2 to 8.3 h.

Fig. 11b and c presents the calculated results for the cavity
heating rate and temperature of the outer steel shell, respectively as
a function of insulation thickness on a clear sky summer day. It can
be observed that the refractory heating rate is only slightly higher
for the thicker insulating layer, whereas the temperature of the
outer steel shell decreases strongly with an increase in the insu-
lation thickness. The insulation lining thickness of 0.20 m gives a
maximum outer steel shell temperature of 960 K which is above the
allowable limit of 750 K. This temperature drops to 610, 430, and
359 K for the insulation thickness of 0.40, 0.80, and 1.60 m,

2800 (a)
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1800

Twr Tpo Ty [K]

1300

800

300 =

350
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respectively which are within allowable limit of carbon steel. In
summary, the insulation thickness has a strong influence on the
temperature of the outer shell, but little influence on the temper-
ature or heating rates of the refractory.

Fig. 12 presents the results of receiver’s thermal behavior for the
variable DNI input from the cloudy summer day for a range of
insulation thicknesses. Similar to the results for clear sky day, it can
be seen that the insulation thickness has small influence on the
resulting temperatures and cavity heating rate but has strong in-
fluence on the temperature of the outer steel shell for the variable
input on this cloudy day. The insulation thickness of 0.20 m is
calculated to give a peak particle phase temperature of 1484 K
which increases to 1580 K as the insulation thickness is increased to
1.60 m. The insulation thickness of 0.20 m gives a maximum outer
steel shell temperature of 826 K which is above the allowable limit
by a margin of 9%. This temperature drops to 554, 418, and 354 K for
the insulation thickness of 0.40, 0.80, and 1.60 m, respectively.

5.4. Influence of particle mass flow rate

Fig. 13a presents the dependence of the temperature of the
cavity wall, particles, and air phase on the mass flow rate of par-
ticles for a variable DNI input on the clear sky day. It can be seen
that a decrease in the mass flow rate has the effect of increasing the
maximum particle temperature, which is consistent with expec-
tation because decreasing mass flow rate with the same energy
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10 20 40 80

400 450 500 550 600 650

Receiver operating time [minutes]

1900 (b)
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Fig. 13. Influence of the mass flow rate of particles on the transient temperature distributions of the receiver wall (T,,), the particle phase (T,), and the air phase (T,), for a variable
solar input on (a) clear sky day (December 10th, 2018) and (b) cloudy day (December 5th, 2018) in Alice Springs, Australia (D; =12, 4r, = 0.75 m, L/D; = 1.6, Dgy/D; = 0.55, 6 = 45°,

C = 1000, d, = 100 pm, my/m;, = 0.5, and T;, = 300 K).
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input will increase the temperature rise of the two-phase flow by
an energy balance. The decrease in particle mass flow rate also
shortens the time to reach thermal equilibrium. For example, with
the lowest value of mass flow rate, mj, = 10 kg/s, 6.7 h are required
to approach thermal equilibrium, whereas this time increases to
9.8 h for mj, = 80 kg/s. Furthermore, it can be observed that the
temperature of the air phase also increases with a decrease in
particle mass flow rate. This is an indication that the performance
of the receiver is strongly correlated with the total heat capacity of
the particle and air phases.

Fig. 13b shows the variations of the cavity wall, particles, and air
phase temperature with the mass flow rate of particles for the
fluctuating DNI input on a cloudy day. It can be seen that the lower
mass flow rate of particles is beneficial on a day with low and
fluctuating solar input. The receiver is calculated to operate with a
peak particle phase temperature of 1650 K with a lowest mass flow
rate of particles, mj, = 10 kg/s, whereas this temperature drops to
1460 K with a highest mass flow rate, mj, = 80 kg/s. The particle
phase can still reach a higher temperature when solar DNI fluctu-
ates and the mass flow rate of particles is decreased. For example,
following the total slump in solar power to nearly zero at t = 390
(Fig. 5), receiver can still operate with a particle outlet temperature
of 1310 K with a low mass flow rate (m, = 10 kg/s). However, the
particle temperature is reduced to 980 K when a higher flow rate of
particles (m), = 80 kg/s) is employed.

To summarize, varying the particle mass flow-rate provides a
measure of control of the particle temperature. Reducing the mass
flow-rate can shorten the time needed to reach operating tem-
perature by several hours and increase the maximum temperature
by several hundred degrees. For example, the flow rate can be
reduced during the start-up or turn down periods and increased as
the cavity warms up or input DNI increases. This offers a strategy to
assist in achieving the desired particle temperature with minimum
impact on thermal efficiency by varying the production rate.

6. Conclusions
The main findings of the present analysis are as follows:

o Fireclay refractory linings achieve a higher operating tempera-
ture than alumina and magnesia for the same input conditions
due to their higher absorptivity. Furthermore, fireclay re-
fractories also have good thermal and mechanical shock resis-
tance and are relatively cheap.

e The thickness of the refractory has a strong influence on the
thermal inertia of the receiver, on its maximum internal tem-
perature and on the maximum heating rate, but little influence
on the temperature of the outer steel shell. In contrast, thickness
of the insulating layer has a strong influence on the temperature
of the outer steel shell, but little influence on the refractory
temperature or heating rate.

o The thickness of the refractory must be optimised for a range of
competing influences. On the one hand increasing the thickness
has the beneficial impacts of reducing the peak heating rate and
the temperature of the outer shell, while on the other hand it
also reduces the outlet temperature of the particles and
increasing the heat-up time, both which are undesirable. For
example, receiver with a lining thickness of 20 mm achieves a
peak operating temperature of 2625 K in 4.2 h, whereas this
temperature is reduced to only 1750 K and is achieved in 8.3 h
when the thickness of refractory increases to 160 mm.

e Even the thinnest refractory of 20 mm also has a significant
compensating advantage of damping out the fluctuations in
particle temperature due to intermittent cloud. For example, the
particle temperature following the total slump in solar power to
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nearly zero at t = 280 and 390 min, only drops by 30 and 120 K,
respectively. Further increase in refractory thickness can
dampen these responses further.

e A useful control strategy is to vary the particle flow into the
receiver. Reducing the particle flow rate can significantly reduce
the time to reach operating temperature and also help to further
dampen the fluctuations in particle temperature. For example,
with the lowest value of mass flow rate, mj, = 10 kg/s, 6.7 h are
required to reach thermal equilibrium, whereas this time in-
creases to 9.8 h for mj, = 80 kg/s.

For the conditions assessed here, the results highlight the role of
refractory and particle mass flow rate in damping the solar fluc-
tuations and show that careful choice of these parameters can be
strongly beneficial to receiver operation and its practical
implementation.
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Nomenclatures

A area (m?)

CR concentration ration (—)

Cp specific heat capacity (kJ/kg.K)
DNI direct normal irradiance (1<W/rr12)
D cavity diameter (m)

dp particle diameter (m)

Q energy flow rate (kW)

F radiation shape factor (—)

g gravitational acceleration (m/s?)
Gr Grashoff number (-)

h heat transfer coefficient (kW/m2K)
i number of iterations (1, 2, 3 .... n)
k thermal conductivity (W/m.K)

L length (m)

m mass flow rate (kg/s)

my mass of a single particle (kg)

Np number of particles (—)

Nu Nusselt number ()
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-
<E ==

Reynolds number (—)
resistance to heat flow (K/kW)
radius (m)

temperature (K)

velocity (m/s)

volume (m?)

Greek letters

AESTIAITV<E DO R

Subscripts
1,23
a

ap

at
amb
b

c
cond
conv
cos

eq
helio

ref
rad
re-rad

sol
sh
w

absorptivity (—)

emissivity (—)

time step for one iteration (s)
thermal diffusivity (m?/s)

dynamic viscosity (kg/m.s)
kinematic viscosity of the air (m?/s)
density (kg/m>)

efficiency (%)

particle residence time (s)

thermal expansion coefficient (1/K)
cavity inclination angle (degrees)
cone angle (degrees)
Stefan-Boltzmann constant (W/m2.K*)

cavity layer 1, 2, and 3
air

aperture
attenuation
ambient
blocking

cavity
conduction
convection
cosine

effective
equivalent
heliostat field
outer

particle
reference condition
radiation
re-radiation
reflection
surroundings
solar

shading

cavity wall lining

Appendix A. Supplementary data

Supplementary data to this article can be found online at
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ARTICLE INFO ABSTRACT

Keywords:
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The thermal response of a multilayered refractory-lined particle-laden solar receiver during start-up, turn down,
and shut down has been assessed with a transient model and long time-series of variable solar resource data. The
influence of operating conditions and geometric parameters on the temperature of the particles and cavity wall,
together with thermal stress distribution, are reported for cold and hot starts from 27 to 800 °C. Both the in-
fluence of covering the aperture during shutdown periods of sufficiently low solar resource, and geometric scale

on thermal performance are also reported. The results provide insights into optimisation of the refractory-lining
and insulation thickness of industrial-scale particle-laden receiver with regard to balancing the trade-off between
thermal stability, temperature drop overnight, warm-up time, useful daily solar hours and allowable thermal

stresses.

1. Introduction

Solar particle receivers are a promising class of technology for
operating at temperatures of about 1000 °C, due to their high surface
area per unit mass and capacity for direct irradiation, together with the
possibility of a low-cost storage medium (Tan and Chen, 2010; Ho,
2016). High temperature particle receivers employ sand-like ceramic
particles which are stable at temperatures of >1000 °C, which is far
higher than the 580 °C of commercial molten salts. The particle-driven
solar receivers including rotary furnace (Wu et al., 2014), falling parti-
cles (Ho et al., 2014), obstructed flow (Ho et al., 2016), particles flow in
tubes (Flamant, 1982), and vortex receivers (Davis et al., 2019) have
indicated their potential to achieve exit temperatures of above 1000 °C.
A summary of these high temperature receivers has been provided
previously (Merchan et al., 2022; Ho, 2016, Ho and Iverson, 2014). The
design temperature of these receivers is above the melting temperature
of mild steel, they must either use more expensive high temperature
metals or a refractory lining. While the transient response of these
directly irradiated receivers with a refractory lining is more challenging
to manage owing to their higher thermal inertia, no equivalent assess-
ment of these effects is available. Hence there is a need to know how to
optimize the design of refractory lining for upscaling these emerging

receivers to a higher power level under real-time operating conditions.
This paper aims to meet this need.

Greater insight is needed of the influence of the thickness, type and
operational strategies for a refractory lining on the thermal performance
of the high temperature solar receivers that are under development for
solar thermal energy systems, as a potential approach to managing both
thermal stresses and the transient heat inputs from the heliostat-field.
This is because high thermal inertia of the refractory lining can poten-
tially result in a significant fraction of the solar resource being needed to
heat the cavity to the required operating temperature. While previous
investigations of refractory-lined solar receivers have provided infor-
mation on the start-up time required to heat the cavity, little attention
has been provided to the options with which this time might be reduced
when considering long term solar resource variability. The previous
modelling study of an industrial-scale multilayered cavity receiver by
Rafique et al. (2021) showed that a substantial portion of the solar day is
needed to heat a receiver from ambient temperature. Similarly, Ortiz
et al. (2005) also concluded from the dynamic simulation of a laboratory
scaled rotary kiln with a refractory lining of ~150 mm that 3 h of
heating time was required to achieve a nominal operating temperature
for their system. Hence there is a need to better understand the options
with which the start-up time might be reduced. This must be achieved in
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Fig. 1. Schematic diagram of the geometric arrangement assessed here, showing key terminologies used for the refractory-lined Solar Expanding Vortex Particle

Receiver, thermal storage system and heat exchanger.

a way that avoids exceeding the maximum allowable heating rate of the
ceramic refractory lining, to avoid failure from exceeding the maximum
allowable thermal stresses (Abanades et al., 2007; Soo Too et al., 2019;
Rafique et al., 2021). Therefore, the influence of transients in the
incoming concentrated solar radiation must be considered (Soo Too
et al., 2019). Insufficient information is available with which to guide
the selection of refractory type, thickness or management strategy in
response to these challenges, which provides the motivation for the
present investigation.

Two of the main parameters that can be varied in seeking to mini-
mize start-up time are introducing a time delay between the onset of the
solar resource and the introduction of particles to the receiver, and
turning-down the flow-rate of particles below the nominal design value.
However, while it has been shown that a reduction in the particle flow
rate can reduce the time to reach a desired particle outlet temperature,
or thermal equilibrium (Rafique et al., 2021), it has yet to be shown how
a minimum operating temperature can be achieved in a reasonable time.
While many control strategies have been developed to achieve a set-
point temperature in conventional refractory lined devices, such as ro-
tary kilns (Ortiz et al., 2005), these are yet to be reported for solar re-
ceivers with a transient input. The influence of covering the receiver
aperture during shutdown periods to minimize thermal losses, is also yet
to be reported. Furthermore, it is desirable to determine whether there is
a minimum size of the receiver before the overnight heat losses become
too great, to guide the design of practical high-temperature refractory-
lined solar receivers. Hence, a further objective of the present investi-
gation is to meet the need for better understanding of the influence of
these parameters, considering overnight temperature drop, useful daily
solar hours, allowable temperature and thermal stress limits.

Keeping the highlighted gaps in mind, the overall objective of this
research is to increase understanding of how to manage the transient
responses to solar variability of temperature and thermal stress distri-
butions of refractory-lined solar particle-laden receivers during start-up,
turn down, and shut down. In particular, the influence of a four-day time
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series of variable solar input on these parameters is of interest to guide
the design optimization of particle receivers. More specifically, the study
aims to report the influence on the transient response of a refractory
lined particle-laden receiver of the initial temperature of the cavity in-
ternal wall, of covering the aperture, of delaying the particle feed and of
geometric scale.

2. Material and methods

The assessments were performed for a cylindrical solar cavity
receiver based on the Solar Expanding Vortex Receiver (SEVR) (CET;
Chinnici et al., 2015), shown in (Fig. 1), although the trends are ex-
pected to be relevant to other configurations such as the cylindrical
centrifugal receiver (Ebert et al., 2019; Wu et al., 2014) and the falling
particle curtain receiver (Gobereit et al., 2015; Ho et al., 2014). In the
SEVR, a vortex of particles is formed inside the cylindrical cavity using a
carrier gas, which is considered to be air in the present investigation
(Chinnici et al., 2015). This receiver can be configured either as a par-
ticle or an air receiver. Here it is treated as a particle receiver consid-
ering air as the secondary heat transfer medium. A secondary
thermocline storage can be used to recover the thermal gain of the air
phase, which is not reported here. The heated particles from the cyclone
separator are here proposed to be transported either to the hot storage or
cold storage tank based on whether or not they reach a minimum
acceptable outlet set-point temperature for the particles (Tp,ou;min)- The
desired flow-rate of energy transferred from the hot storage tank to a
process can be managed by varying the mass flow rate of particles (1, ns)
to compensate for some variation in the particle temperature (Tj, ps), also
providing the potential to allow a range in this parameter.

The transient mathematical model of Rafique et al. (2021) was
extended to assess the thermal response of the receiver during start-up,
turn-up, and shut down with a long time-series of variable solar direct
normal irradiance (DNI) data to enable design optimization of particle
receivers. The transient model employs the governing mathematical
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Fig. 2. An axisymmetric cross-sectional view of the SEVR, with the notations used to describe the multi-layered refractory-lined cavity receiver.

Table 1
The main materials employed in the multilayer cavity receiver and their thermophysical properties.
Cavity Material (-) Thermal Specific heat Bulk Young’s modulus Thermal coefficient of ~ References
Layer conductivity (W/ (kJ/kg. °C) density (kg/  of elasticity (GPa) linear expansion (1/
m.°C) m®) °Q)
1 Fireclay bricks 3.4 1.06 3150 145 3.0 x 10° Callister and Rethwisch, 2018; Dana
et al., 2014; Heindl and Pendergast,
1937; Liu and Liu, 2003;
2 High temperature ~ 0.28 1.14 128 80 1.0 x 10 Rafique et al., 2021; Refractory ceramic
insulation fibre, 2022
3 Carbon steel 54 0.47 7850 - 1.2 x 10° Charde, 2013
equations for mass and energy flows through the receiver cavity, ble 2
Table

considering the particle and gas phases, thermal losses, and conductive,
convective and radiative heat transfer. The energy balance for each
phase and the walls can be written as follows:

the»‘mal :Qsol,up—w - de,w—p - Qcanv.w—a - Qcond.w—x - Qconv,w—s - Qre—rad.w—s

- de.ap—p
(€9)
AH,; = H,; — Hy jnier = Qradow—p—Qconvp—a + Crad.ap—p 2
AH,; = Hyj — Hyjniet = Qconv, p-a + Qradw—a 3)

Here Qsiq-w is the radiation heat transfer passing through the
aperture to the inside surface of the cavity walls, Quema is the change in
the thermal mass of receiver cavity walls, Quw_p is the radiative heat
exchange between cavity walls and particle phase, Qnmw o is the
convective heat exchange between cavity walls and air, Qnaw—s is the
conduction heat loss to the surroundings through receiver cavity walls,
Qeonvw—s 1 the convection heat loss to the surroundings through aperture
opening, Qe rqaw-s iS the re-radiation heat loss to the surroundings
through aperture opening, Qs q-p is the radiative heat transfer from
aperture to the particle phase, and Qconvp-q is the convective heat ex-
change between the particles and air. AH, and AH, are the enthalpy
changes of the particle and air phases.

The detailed formulation of each heat flow mechanism is presented
previously (Rafique et al., 2021). This model has been previously veri-
fied to show that the dynamic response of the system to various time-
series is consistent with available data and expectations (Rafique
et al., 2021). The receiver cavity considered here is made of three
different layers comprising an inner refractory lining, a middle insu-
lating layer and an outer metal layer as illustrated in Fig. 2. Table 1
presents the details of the materials and the thermophysical properties
employed here for mean temperature of >1000°C.

2.1. Solution methodology and input conditions

The iterative solution presented by Rafique et al. (2021) was
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Geometric and operational input parameters.

Parameter Unit Reference value Sensitivity variations
Tap/T1 - 0.5 _

r; m 4.0 2-4
L/D; - 1.5 -

Arg mm 100 50-200
Ary mm 100 50-200
Arg mm 10 -

m, Kg/s 30 0-30
my,/my - 0.5 -

Tamb °C 27 -

Tw,o °C 27 27-800
Tp,in °C 500 -

Tqin °C 500 -
Tw,start °C 925 -
Tp,out,min °C 800 -

employed to solve the coupled heat and mass transfer equations. The
energy flows are balanced for each successive temporal input value of
solar heat flux addressing the coupled local heat transfer coefficients,
thermo-physical properties, and local wall temperature as temperature-
dependent variables for each time step. The equations that account for
convection, re-radiation and conduction, were solved iteratively using
varying solar resource data for the values of parameters listed in Table 2.
Here the thermal stresses, created by any change in temperature of a
material (Sundén and Fu, 2016), were calculated as a function of the
coefficient of thermal expansion, modulus of elasticity and temperature
differential of cavity wall for each time step (Zabolotsky, 2011). The
solution methodology was extended for various series of conditions to
span start-up, turn down, and shut down periods. Each run represents a
full day of receiver operation including the cavity cooling down period,
overnight. The cavity wall temperature at the end of run 1 served as the
input for run 2 in a given time-series, and so on.

A four-day time series of solar direct normal irradiance (DNI) with
real time variability was selected from the Bureau of Meteorology (Bu-
reau of Meteorology) at Learmonth, Australia to include both the lowest
and highest vulnerability to the unscheduled reduction in input DNI.
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Fig. 3. Block diagram to demonstrate the control of particle feed.

This time-series includes solar DNI data with both smooth distribution
(clear summer day) reaching a peak value of 1040 W/m? and with sharp
fluctuations (cloudy day), which will help to better understand the
thermal response of the refractory-lined solar receiver to transient

QL‘D"V,W—S

Open
aperture

k,-\,\_\ Qcond,w—s 2\
Qre—rad.w-s
Qsol,ap—w

QCO" UAVA

QCO nv,a-w

Open aperture

operation during different operating periods. Here a typical solar day
begins at 06:00 h which corresponds to the start of the receiver opera-
tion. The solar flux (Q;,) at the receiver was calculated from the DNI,
heliostat instantaneous efficiency and concentration ratio. The

Qcanv,w—s

Covered
aperture

QCDIId W=s %\

Qcond.ap—s Qconv,a—w

Qconv,ap—s Qconu.w—ap

Covered aperture

Fig. 4. A diagram of the main heat loss terms for the cavity receiver with an open and covered aperture. Subscripts: sol = solar, conv = convection, cond = con-
duction, re-rad = re-radiation, ap-w = aperture to wall, w-s = wall to surroundings, w-ap = wall to aperture, a-w = air to wall, ap-s = aperture to surroundings.
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particles, T,, and (c) thermal stress of the wall, 4, for the variable solar input. See Table 2 for other reference conditions.
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Fig. 6. The influence of the thickness of the inner refractory lining on the calculated time history of (a) the internal temperature of cavity wall, T,,, (b) the outlet
temperature of the particles, T, and (c) thermal stress of the wall, 6y, using the same solar time series. See Table 2 for other reference conditions.

instantaneous heliostat efficiency accounted for different losses,
including cosine, reflection, attenuation, shading, blocking, and
spillage. The cosine losses were calculated from the position of the sun
for each DNI time-step using correlations reported previously (Duffie,
2013).

The control diagram for the strategy used to control particle tem-
perature is shown in Fig. 3. The input solar radiation at the start of the
solar day was firstly used to heat the receiver cavity walls to a set-point
temperature, Ty, srare = 925 °C, without any flow of particles. For the next
time-step at which Ty, s > 925 °C, particles were fed into the receiver
at the minimum flow-rate. A minimum acceptable outlet temperature of
particles, Tpousmin = 800 °C, was set for them to be sent to the hot
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storage unit. That is, particles were sent to the hot storage unit if T,
outmin > 800 °C, and to the cold storage unit if Tj gumin < 800 °C. The
warm particles sent to the cold storage and returned hot air will increase
the initial temperature of the particles. This temperature is expected to
fall with time due to heat losses and a storage model is required to fully
account for these losses. Here the focus is on the receiver only and the
recirculated particles to the receiver were assumed to be preheated at
500 °C for the present assessment.

The aperture cover was assumed to be made of the same insulating
material as of the cavity walls and to be opened at the start of a receiver
run when the solar flux to be sufficient for gains to overcome the losses,
Qinmin, that is, Qi > Qs causing a change in the slope of wall
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Fig. 7. The calculated average values of start-up time, useful daily solar hours, percentage drop in temperature overnight and thermal stress margin (where a
negative indicates below the limit) for different inner refractory lining thicknesses. Other conditions are per Fig. 6.

temperature with time. Here the true start-up or pre-heat time, Atgq,
was defined as the difference between the time at which aperture
opened, tgp open, and the start of particle feed, t feeq.

The heat loss mechanisms for the cases with an open and covered
aperture are illustrated in Fig. 4. The receiver with an open aperture
encounters conduction, convection, and re-radiation losses whereas,
only conduction and convection from the wall to the surroundings oc-
curs when the aperture is covered. A full description of each term and
the heat transfer equations used to calculate them is presented previ-
ously (Rafique et al., 2021).

3. Results and discussion
3.1. Sensitivity to initial temperature of cavity internal wall

Fig. 5 presents the calculated results of the influence of the initial
temperature of the cavity internal wall on the calculated transient
temperatures and thermal stresses inside the receiver cavity for inner
refractory lining thickness of 100 mm, for the clear summer day
described in Section 2.1. Here the reference values of other geometric
and operational parameters were employed, as shown in Table 2.

Fig. 5a presents the time history of the calculated inside wall tem-
perature of the cavity, T,, for a range of assumed initial temperatures,
Tw,0, from 27 to 800 °C. It can be observed that the minimum threshold
of concentrated solar flux needed for a positive change in the slope of
wall temperature, T,,/t, is achieved at 0.1, 0.3, 0.4, 0.5, and 0.6 h for the
cases with a value of T,, o = 27, 200, 400, 600, and 800 °C, respectively.
As expected, the calculated start-up time needed to heat the cavity in-
ternal wall to the set-point start-up temperature decreases with an in-
crease in T,, o. For example, 1.9 h are needed for the cavity wall to reach
Tw,start = 925 °C, for a value of Ty, o = 27 °C, while this time is reduced by
26, 56, 74, and 84 % when the value of T, is increased to 200, 400,
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600, and 800 °C, respectively. Furthermore, it can be observed from
Fig. 5b that a minimum acceptable particle temperature, T}, ou;min, Of
800 °C is achieved after 9 min from the start of particle feeding.

Fig. 5c presents the influence of T, on the calculated thermal
stresses, o. As expected, oy, decreases with an increase in the value of
Ty,0. The maximum oy, is 106 MPa for Ty, o = 27 °C, which is above the
allowable limit of 80 MPa for the refractory material. This reduces to o4
= 95 MPa for T, o = 200 °C and to below the 80 MPa limit for T, o >
400 °C for the present conditions. This highlights the advantages of
reducing heat losses overnight.

3.2. Influence of refractory lining thickness

Fig. 6 presents the calculated thermal response of the receiver during
four successive days of operation for a range of inner refractory lining
thicknesses varied from 50 to 200 mm. The reference values were
employed for other parameters (Table 2). It can be observed that the
magnitude of both the temperature drop overnight and the thermal
stresses decrease with an increase in the refractory thickness, although
the start-up time is also increased. For example, o4 is calculated to range
from —98 to 150 MPa and the overnight temperature drop AT,,, =
340 °C for a lining thickness of 50 mm. However, oy, reduces by 48 % to
only —51 to 78 MPa, while AT,,., reduces by 35 % to 224 °C for a re-
fractory thickness of 100 mm relative to the 50 mm case. Also, a re-
fractory thickness of 100 mm only increases start-up time by 8 % and is
calculated to give 6 % more useful daily solar hours than the 50 mm
case. This is due to the compensating advantage offered by higher
thermal mass refractory as the solar resource falls. These results show
the value of optimizing refractory thickness.

Fig. 7 compares the calculated values of average start-up time, useful
daily solar hours, the percentage drop in AT, , and thermal stress margin
for different values of inner refractory lining thicknesses under the same
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Fig. 8. The influence of the thickness of the insulation layer on the calculated time history of (a) the internal temperature of cavity wall, T, (b) the outlet tem-
perature of the particles, T,, and (c) thermal stress of the wall, o4, using the same solar time series. See Table 2 for other reference conditions.

conditions as of Fig. 6. Here a positive value of thermal stress margin
corresponds to a value above the allowable limit whereas, a negative
value corresponds to a value below the allowable limit, which is
desirable.

It can be seen that a refractory lining thickness of 50 mm is estimated
to lead to thermal stresses that are above the allowable limit by a margin
of 46 %. However, an increase in the lining thickness to 100 and 200 mm
is sufficient to reduce these to below the maximum allowable limit by a
margin of 3 and 21 %, respectively. The overnight temperature is esti-
mated to fall by 42 % for a receiver with a lining thickness of 50 mm.
However, this reduces to 28 % and 15 %, respectively, for a lining
thickness of 100 and 200 mm. For the conditions assessed here, the
average start-up time for a refractory thickness of 50, 100, and 200 mm
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is calculated to be 2.3, 2.5, and 2.8 h, while the corresponding useful
daily solar hours are 8.7, 9.3, and 9.6 h/day, respectively.

3.3. Influence of insulation thickness

Fig. 8 presents the calculated time history of temperatures and
thermal stresses during four successive days of operation for a range of
thicknesses of the insulating layer from 50 to 200 mm using the same
solar time series and using a refractory thickness of 100 mm. It can be
seen that increasing the thickness of the insulation reduces the thermal
losses overnight and the start-up time but increases the thermal stresses
on the refractory inside. An insulation thickness of 200 mm is calculated
to give lower temperature drops overnight and start-up time by a margin
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of 64 and 25 %, respectively relative to a receiver with an insulation
thickness of 50 mm. However, this case causes the thermal stresses to
exceed the allowable limit by 11 %.

Fig. 9 compares the calculated values of average start-up time, useful
daily solar hours, the percentage drop in temperature overnight and
thermal stress margin for different insulation thicknesses using the same
conditions as of Fig. 8. The increase in insulation thickness helps to
maintain the receiver cavity at a higher temperature with 50, 28, and 18
% drop in temperature overnight for 50, 100, and 200 mm, respectively.
For an inner refractory thickness of 50 mm, start-up time of 2.8, 2.5, and
2.1 h are observed for insulation thicknesses of 50, 100, and 200 mm,
respectively. The same thicknesses of insulation are calculated to give
useful solar hours of 8.8, 9.3, and 9.5 h/day, respectively.

3.4. Influence of geometric scale

Fig. 10 presents the influence of geometric scale of the receiver on its
thermal response. The calculated temperature of the cavity inside wall
and thermal stresses are assessed for a range of values of inner diameter
varied from 4 to 8 m, with the same radiation flux through the aperture.
Here the ratios of other geometric parameters including aperture radius,
receiver length, refractory, and insulation thickness were fixed and
varied with the cavity’s inner diameter. It can be observed that both the
heat losses overnight and the thermal stresses reduce as the receiver is
scaled up. For example, the predicted overnight temperature drop de-
creases by 36 and 57 % as the receiver is scaled up from 4 m to 6 and 8 m,
respectively. The reduction in heat losses is due to the reduction of
surface area to volume ratio with an increase in scale. However, this
trend is non-linear, with an indication of a critical size needed to avoid
significant temperature loss overnight. The impact on thermal stresses is
also significant, with a decrease by 43 and 61 % with the same increase
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in receiver diameter. These results highlight the advantages of upscaling
the receiver on both stress and heat losses, although further assessment
on the optical constraints of a heliostat field as a function of the scale of a
receiver is required.

3.5. The case with no-refractory

Fig. 11 presents the thermal response of a receiver without a re-
fractory for the same operating conditions as employed in Fig. 7. The
material selected for this analysis was a metal alloy shell (Inconel
(Shokrani et al., 2012)) of 15 mm thickness with no refractory layer. It
can be seen that, the useful daily solar hours are only about 7.6 h, which
correspond to a reduction by 16, 21 and 23 % relative to an inner re-
fractory thickness of 50, 100, and 200 mm, respectively, given that the
mass flow-rate of particles and minimum threshold temperature is the
same for all cases. This is because of the greater heat losses that occur
without the use of insulating and refractory layers. The use of refractory
is expected to be more beneficial when annual solar variability is
considered, due to it’s potential to minimize the influence of solar
transients and to reduce the overnight heat losses.

These calculated results indicate the advantage of refractory use in
industrial-scale particle receivers which must be optimised for a range of
competing influences. On the one hand, using a refractory lining allows
the use of lower-cost materials (Rafique et al., 2021) along with more
energy harvesting potential during the available solar day while, on the
other hand it is more challenging to manage (Gregurek et al., 2020).

4. Conclusions

In conclusion, further evidence is provided of the potential to care-
fully size a refractory lining in high-temperature solar thermal receivers
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to manage both heat losses and thermal stresses. In particular, it was
found that it is possible to achieve a configuration for which the tem-
perature drop overnight is only about 28 % of the operating temperature
by both covering the aperture overnight and achieving sufficient geo-
metric scale. In addition to the reduction in heat losses, this also reduces
the thermal stresses and start-up time. For example, the combination of a
cavity diameter of 8 m, a 100 mm thick refractory lining and a 100 mm
thick insulation was found to achieve an operating solar day that is 21 %
greater than that for the un-lined case, for the case with a minimum
acceptable outlet particle temperature of 800 °C for this 4-day time se-
ries. The benefits of upscaling are significant, with the predicted over-
night temperature drop and thermal stresses calculated to decrease by
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57 and 61 %, respectively, as the receiver is scaled up from 4 to 8 m. The
use of refractory also allows the use of lower-cost steels and extends the
life of the receiver.

The thickness of the refractory lining should be optimized to be
sufficiently thick to minimize temperature drop overnight and lower the
thermal stresses, while being sufficiently thin to avoid excessive start-up
time. However, some increase in thickness can also increase the useful
solar hours by providing radiation even after the solar flux falls to below
levels needed to maintain particle temperature alone. For example, the
thermal stresses and overnight temperature drop for the reference case
were calculated to decrease by 48 and 35 %, respectively, for a receiver
with a lining thickness of 100 mm relative to a thickness of 50 mm. This
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increase also caused an 6 % increase in useful daily solar hours despite a
longer start-up time. Overall, for the cases assessed here, the optimum
thickness was typically between 100 and 200 mm.

The thickness of the insulation should be optimized to reduce the
thermal losses overnight and increase the useful operating hours, while
preventing too much increase to the thermal stresses of the refractory
layer. For the reference case with the inner refractory thickness of 100
mm and cavity diameter of 8 m, an insulation thickness of 200 mm was
calculated to be reasonable, providing a lower temperature drop over-
night by 64 % along with 8 % more useful daily solar hours relative to an
insulation thickness of 50 mm.
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ARTICLE INFO ABSTRACT

Keywords:
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High temperature receivers
Solar vortex receiver
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The paper reports on the thermal performance of the sub-system for a solar thermal particle technology used to
generate high temperature air, including refractory-lined particle-laden receiver, particle separator, particle
storage and particle feeder. These assessments are made with a transient mathematical model developed to
calculate the heat and mass transfer within the cavity of the receiver together with the thermal losses to the
surroundings, incorporating the influence of solar transients during start-up, turndown or shutdown periods.
New insights are provided of the influences of the variables of refractory configuration and of the potential
operating controller parameters to manage the influence of solar variability on the annual thermal performance
of the system, considering the useful thermal gain of hot air. The model is further used to advance the under-
standing of the sensitivity of the thermal performance to the mass flow rate of inlet air and mass loading of
particles in the receiver on the sensible energy harnessed. The influence of the returned air temperature on the
receiver thermal performance is also assessed, to provide insights on the suitability of the present configuration
to re-heat already hot air in a CST system. Further to this, the thermal outputs are compared with available CFD
data for this configuration, and with that reported for a cavity reactor, to provide information on the model

validation.

1. Introduction

Concentrated solar thermal, CST, technologies are considered a po-
tential alternative source of heat to fossil fuels for applications at a range
of temperatures up to approximately 1000 °C [1,2]. However, further
advancements are required to enable the deployment of CST technolo-
gies into energy-intensive industrial processes requiring high tempera-
tures such as the calcination step in the alumina Bayer process, which
requires a temperature of about 1000 °C [3,4]. Most commercially
available CST technologies employ molten salts as heat transfer fluid,
HTF [5]. Despite their advantages, this limits the use of CST to below
600 °C [6], preventing their practical integration into processes
requiring temperatures above this. Particle based receivers are a
promising class of technology for going to temperatures above 1000 °C
[5,7-13]. However, the use of particles as the primary heat transfer
medium, brings a range of technical challenges in particle handling and
heat transfer, while also being a potential risk for occupational health
and safety, together with environmental pollution [14], in the event of

particles egress from the receiver to the surroundings. The use of air as
the HTF offers several potential benefits such as being safe, inexpensive
and much easier to transport than particles, although this comes with
the penalty of inferior heat transfer properties i.e., low heat capacity
relative to other HTFs. New insights are therefore required about po-
tential opportunities to enhance the useful thermal gain of air receivers.
One of these potential opportunities is to transport particles in suspen-
sion within an air stream to increase the adsorption of radiation by the
air. The temperatures above 1000 °C also require the use of refractory
linings. Control strategies are also needed to manage transient operating
conditions. This study aims to address these needs by modelling and
investigating the thermal performance of a high temperature
refractory-lined particle-laden solar receiver system to supply hot air to
a downstream system.

While various configurations of high temperature central receiver
have been studied [5,15-17], no efficient industrial scale air receiver
operating above 1000 °C has been identified as being well suited to
practical integration to heavy industrial processes. One class of air
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receivers that have been widely reported previously in pursuit of high
temperatures employs a cavity comprising a porous structure directly
exposed to the concentrated solar radiations, termed a volumetric air
receiver [1,18,19]. Some of the previous investigations of volumetric
receivers, including Hoffschmidt et al. [20], Buck et al. [21], Patil et al.
[1], and Pritzkow [22], have reported thermal efficiencies in the range
of 69-71% with operating temperatures of 815-1133 °C. A summary of
these receivers has been provided previously by Ho and Iverson [23],
and Avila-Marin [24]. The particle-driven solar receivers including
particle-in-tube, rotary/centrifugal particle [8,9,25,26], falling particle
[27-29], and fluidized bed [30-34] have also indicated their potential to
achieve temperatures of >750 °C, which were summarized previously
[16,35]. Table 1 provides a summary of their reported operating tem-
peratures and thermal efficiency. Although these particle receivers have
proven to achieve temperatures of around 1000 °C, there is a lack of
available data of their industrial level system performance and suit-
ability to re-heat returned warm air from a thermal storage system. The
Solar Expanding Vortex Receiver, SEVR [36,37], is another configura-
tion of cavity receiver that has the potential to provide high output
temperature for different industrial applications offering the possibility
of operating the device windowless, which would offer significant
practical advantages [38]. However, there is a lack of knowledge of the
performance of a system configured to provide hot air from the SEVR
system, considering the influence of the time-constants of these various
components in response to a long time-series of solar resource vari-
ability. This can be done experimentally, but this would be more
expensive and time consuming. Therefore, simplified models with the
potential of system integration are needed to provide further informa-
tion of the thermal performance of new and existing designs of
high-temperature receivers to supply hot air at temperatures of order
1000 °C or above to heavy industrial processes. The present work aims
to fill this gap by reporting an approach which can be incorporated into
a system model to assess different receiver types, and to assist in iden-
tifying which type of receiver is best suited to which application.
Although the literature indicates the advantage of refractory use in
high temperature receivers to minimize the influence of solar transients
and to reduce the heat losses from the receiver cavity [40,41]. No in-
formation is available of its relative significance when the interaction
between multiple components in an industrial-scale solar thermal sys-
tem is considered. This requires a comparative annual assessment of
different inner refractory lining thicknesses relative to the case of no
refractory using variable solar input for a whole year. Furthermore,
previous assessments of a stand-alone refractory-lined SEVR found that
controlling the mass inflow and aperture cover are sufficiently good to
improve the receiver thermal response to short term solar transients
[40]. However, little is known of the influences of these controls on the
annual thermal performance of a directly irradiated refractory-lined
high temperature receiver operating in a system to provide hot air,
during transient operation over longer periods accounting for start-up,
turndown, and shutdown periods. Therefore, another aim of the paper
is to understand the relative significance of refractory use and of these
operating controls on the thermal performance of SEVR, when operating
in a solar thermal system to provide hot air during transient operation.
The use of solid particle suspensions within an air stream has the

Table 1

An overview of different types of high temperature solar receivers.
Receiver type Operating Thermal References

temperature efficiency
Volumetric air receiver 650-1133 °C 69-71% [1,20-22,24,
39]
Rotary/centrifugal 900 °C 75% [8,9,25,26]
particle receiver

Falling particle receiver >800 °C up to 80% [27-29]
Fluidized flow in tubes >750 °C - [30-32]

particle receiver

1082

Renewable Energy 197 (2022) 1081-1093

potential to increase the effectiveness of the heat transfer mechanisms
within the receiver cavity due to their high surface area per unit mass
and capacity for direct absorption of concentrated solar radiations [42].
However, the quantitative benefit of the particle loading in the receiver
is still unknown. This requires further investigation on the influence of
particles’ addition on the annual thermal gain of the primary HTF, for
different values of particle mass loadings. Further to this, it is important
to assess the sensitivity of the receiver’s thermal performance to the
temperature and mass flow rate of inlet air. This will help to find out
whether there is a critical value of these parameters, for any given
conditions. Hence this paper further aims to address these research gaps.

Considering the aforementioned needs, the overall objective of the
present paper is to advance the understanding of the annual thermal
performance of a multi-layered refractory-lined high temperature air
receiver, with and without particles, in response to solar resource vari-
ability. More specifically, the first aim is to calculate and compare the
trends in the output temperature of hot air, annual useful thermal gain
and thermal efficiency of the receiver system operating with the mass
flow and aperture cover controllers either on or off. The second aim is to
calculate the impact of the thicknesses of the inner refractory lining on
the annual thermal performance of a high temperature receiver. The
third aim is to assess the trends in the annual thermal performance of the
system as a function of the particle loading and inlet mass flow rate of
the air. The fourth aim is to provide a quantitative understanding of the
sensitivity of the receiver thermal performance to the temperature of the
inlet air and particles.

2. Methodology

Fig. 1 presents a schematic diagram of the system that is well suited
to deliver reheated air to temperatures of greater than 1000 °C in
combination with a thermal storage system. The system is divided into
five main parts: a heliostat field, a refractory-lined particle-laden cavity
receiver, a cyclone separator, a sensible thermal storage device, and an
industrial process. Here, we analyse only the receiver sub-system, which
comprises a receiver, a cyclone and a particle feeder. The receiver
chosen for this study is a cylindrical cavity, which is similar to many
other cylindrical cavities (e.g. the DLR centrifugal receiver [43]), but
has the specific details of the Solar Expanding Vortex Receiver (SEVR)
patented by the University of Adelaide [36,37]. The details of SEVR
fabrication and flow features are presented previously [37,44,45]. This
novel configuration has a modified geometry, with the introduction of a
conical section. The particle-laden flow exits in the direction which is
radial to the axis of the receiver cavity. The SEVR operates at atmo-
spheric pressure, which allows its windowless operation. To maintain
the atmospheric pressure in the receiver when integrated with a thermal
storage, the CST side and process sides are operated as two separate
cycles — that is, charging and discharging as illustrated in Fig. 1. To keep
the charging and discharging cycle separate, the warm air from the
thermal storage is not directly sent back to the receiver rather it is used
to preheat the ambient air in a heat exchanger. This allows the operation
of a windowless receiver at atmospheric pressure. It also allows the
system to operate with only low temperature, <300 °C, air blowers. A
brief description of the receiver sub-systems is provided below:

e Central receiver: a multilayered refractory-lined SEVR as shown in
Fig. 2. The receiver cavity comprises three layers, an inner ceramic
refractory lining of fireclay, a middle layer of high-temperature
insulation, and an outer protective steel shell.

Cyclone separator: a centrifugal device that provides cleaned hot air
by removing the majority of the particulate matter from the particle-
laden flow leaving the receiver. Hot air at a lower temperature is
returned from the thermal storage and mixed with hot particles from
the cyclone to recover heat before being fed back to the receiver.
Particle feeder: this mixes the hot particles from the cyclone with the
return air from the thermal storage, and then feeds them to the
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Fig. 1. Schematic diagram of the high temperature CST system components with the key terminology, with air as the heat transfer fluid and suspended particles in
the receiver to augment heat transfer. The dashed line identifies the sub-system analysed here, comprising the receiver, cyclone and particle feeder.

Outlet

b\

Concentrated solar
radiations

Inlet

Air phase
Particle phase
Air + Particles Refractory lining
Insulating layer

Steel shell

Air + Particles

Fig. 2. A schematic diagram and the notation used to describe the multi-layered cavity Solar Expanding Vortex Receiver modelled here.

receiver. Here a range of inlet temperature of returned air was
assessed to understand its impact on the performance of the receiver.

A transient mathematical model for the multilayered refractory-lined
receiver described above was developed to calculate the thermal outputs
from the receiver using solar resource data for a whole year. Fig. 3 il-
lustrates the heat transfer mechanisms within a refractory-lined solar
cavity receiver during start-up, normal operation, turndown, and shut-
down. The transient model employs the governing mathematical equa-
tions for mass and energy flows through the receiver cavity, considering
the particle and gas phases, thermal losses through conductive,
convective and radiative heat transfer. The energy balance for each
phase and the walls, during normal operation, can be written as follows:
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Qsot, ap—w = Qim T Qrad, w—p + Qeonv, w-a T Ceond, w—s T Qeonv, o—s + Ceonv, w—s
+ Orerad, w-s T Csotap—p

@
mp,uur~cp,p,i~(Tp.i - Tp,in) = Q‘rad.w—p + Q‘xal,apfp - Qconv, p—a — Qre—rad, s (2)
ma,au/-cp,a,i~(Ta,i - Ta.in) = Qconv,p—a + anv,w—a (3)

The detailed formulation of each heat flow mechanism is presented
previously [41]. The above energy balance equations for each phase and
for the walls were arranged, variables and constants were separated, to
calculate each of their temperatures for each iteration as follows:
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Fig. 3. An illustration of the heat transfer mechanisms within a refractory-lined solar cavity receiver during the four modes of operation, start-up, normal operation,
turndown, and shutdown.
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here, T,, T, and T, are the temperatures of the inside surface of the
cavity enclosure, particles and air, respectively. Further details of the
receiver model, with an explanation of each term, are provided in the
Supplementary material.

3. Solution methodology and control algorithms

A MATLAB code was written to solve the coupled set of heat and
mass transfer equations iteratively. The MATLAB code was linked with
the Simulink environment for transient simulation of the receiver system
using real-time input of solar resource data. Fig. 4 presents a flowchart
for the solution methodology of the coupled heat transfer equations,
which were solved iteratively for each time step. The energy into the
receiver, thermal mass change of the receiver cavity, heat losses to the
surroundings and energy exchange between three phases at each time
step are used to calculate the new temperature fields. The controls for
the aperture cover and mass flow rates are also illustrated in Fig. 4. Two
feedback controllers, one for the aperture cover and the other for the
mass flow rate, were evaluated here. The controllers compare the output
values with the set point conditions within a feedback loop. Here, the

-Input receiver geometry
Input operating parameters

-Input thermo-physical properties at reference

temperature

-Input initial values

-Time step information

-Number of iterations in a single loop

I

Calculate values of constant
coefficients

Mm‘luferations
il,2)

Start a loop

If Qoo < Quoymin
Aperture closed

Solar input
Qo

If Qs> Qopmin
Aperture open

A

Feedback
information and

Calculate and update temperature
dependent thermo-physical properties

reiterate

Calculate and update heat transfer

'y 7y
coefficients

| Calculate and update temperature values |

No flow /

A

Output
Cavity wall temperature
Particle temperature
and mass flow rate

/ Output
Air temperature and mass
flow rate

Thermal
storage/process /

Temperature
falls below the
minimum
acceptable value?

Start flow of air
and particles

Desired start-up
temperature
achieved?

yes

Fig. 4. The iterative procedure used to solve the heat transfer equations, together with the operating control strategy.
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receiver aperture only opens when input solar flux is above a minimum
threshold, Q. > Qw,’mm, to be sufficient for thermal gain to overcome
the thermal losses. A flow of air or air and particles is introduced
through the receiver cavity only when the inside wall temperature, T,
start > 900 °C. Further controls were implemented to stop the flow of air
and particles when output temperature of the air from the cyclone
separator falls below a minimum value, Ty min = 750 °C. The aperture
was assumed to be closed during the shut-down period, when the flux is
below the mininum threshold, to minimize the heat losses.

The annual useful thermal gain based on the hot air that leaves the
cyclone, Q,, and the annual thermal efficiency of the receiver sub-system
based on the useful thermal gain of the air only, #rec supb, Was deter-
mined as follows:

n

§ [ma.cyc"Cp.a.i' (Ta.aur.z‘yo.i - Tn.ill,rm‘) }

i=1

QM (7)

Qu

— X100
E,‘: ]Aap . Q:al,/[u,x.i

(€©))

r’[h.ref,.mb =

here Q; fux,i 18 the variable solar flux input to the receiver aperture from
the heliostat field which was computed in time steps of 15 min intervals.

4. Input conditions

Table 2 provides a summary of the conditions for the control of
aperture cover and mass flow during start-up, turn down, normal
operation, and shut down periods, whereas Table 3 presents the refer-
ence values and sensitivity variations of the input parameters. The
thermal performance of the system was assessed with controller pa-
rameters listed in Table 2, to estimate the scale of their benefit, together
with its sensitivity to the variations in the parameters listed in Table 3.
The system was analysed for the real-time meteorological conditions
with the direct normal irradiation recorded in Pinjarra, Australia [46].
The site has annual insolation of ~2285 kWh/m?2. The DNI data was
used to obtain optical thermal input to the receiver aperture, with
nominal thermal capacity of P,nom = 50MWgh, computed in time steps
of 15 min over the period of 1 year using CSIRO’s Heliosim software
[47] and Monte Carlo ray tracing with radially staggered heliostat field
layout optimized using COBYLA from the NLOpt library [48].

5. Model validation

The receiver model has been previously verified to show that the
dynamic response of the system to various cases is consistent with
available data in the literature and expectations [41]. Here, the accuracy
of the receiver model was further verified by comparison with CFD
simulations of an upscaled 50 MWy, high temperature SEVR, for varia-
tions in the inlet temperatures and mass flow rates. Furthermore, the
evolution of wall temperature and thermal losses from the receiver
cavity were compared, at equivalent cavity wall temperature during the
period when gradients are most significant i.e., start-up, with the data

Table 2
A summary of the controllers during start-up, turndown, normal operation, and
shutdown periods.

Operating period Conditions Control parameter
Start-up Qso1 > Qsolmin Aperture open

Tw < Twstart No flow
Normal operation Qso1 > Qsolmin Aperture open

Ty > Twstart Flow of air and particles
Turndown Qsot < Qsolmin Aperture closed

Toouseye > Tamin Flow of air and particles
Shutdown Qsot < Qsolmin Aperture closed

TG,out,cyc < Ta,min No flow

Renewable Energy 197 (2022) 1081-1093

Table 3
Geometric and input parameters.
Input Unit Reference Sensitivity
parameter value variations
Geometric Dgp/D, - 0.5 -
D, m 8.0 -
L,/D, - 1.12 -
Ly/D, - 0.5 -
Arg m 0.1 0.025-0.15
Ary m 0.1 -
Ars m 0.01 -
Operational Py, nom MW 50 -
Mg in kg/s 50 30-170
My in /M in - 0.1 0-0.3
Tqin,rec °C 600 27-800
T inrec °C 600 27-800
Tamin °c 750 -
Ta,amb °C 27 -
ki,ref W/m. 6.5 -
K
ka,ref W/m. 0.05 -
K
k3 ref W/m. 45 -
K
Ew - 0.93 -
Cowref J/kgK 1050 -
i pm 120 -
Pw kg/m® 3150 -
& - 0.90 -
Pp kg/m® 3270 -
Cpporef J/kgK 1150 -

available in the literature for a directly irradiated industrial scale cavity
reactor.

5.1. Comparison with CFD simulations for receiver model

5.1.1. Comparison for a series of inlet temperatures

The accuracy of the receiver model for an upscaled 50 MWy, SEVR
using data obtained from CFD simulations performed with ANSYS/CFX
2019 R1 software. The CFD model has previously been verified against
available experimental data from small-scale experiments [49,50]. The
two models were compared with the same configuration of a high
temperature cylindrical cavity receiver, SEVR, directly heated by a
constant thermal input of 50 MWy, with the same input conditions and
other relevant parameters. The influence of inlet air temperatures on the
outlet temperatures of air and particle phases were compared for
different cases listed in Table 4a.

Fig. 5 compares the calculated results of the present model with that
of CFD simulations, for a series of validation cases. Here the thermal
efficiency of the receiver, 5, is based on the useful thermal gain of both
air and particles, to keep it consistent with the available CFD data. It can
be observed that the output temperature of the air phase from the pre-
sent model agrees with CFD simulations to within 0.9-8% and the
output temperature of the particle phase to within 17-20%. Similarly,
the present predictions of thermal efficiency agree within 4-12%. This is
reasonable, given that the CFD model contains far more detail, but also

Table 4a

Operational input parameters used for CFD simulations which are employed for
different validation cases from an upscaled SEVR, for a series of inlet
temperatures.

Case Ta,in Tp,in Cpa Qin Mg in MMy in/Mg,in
°C °C kJ/kg.°C MW, kg/s -

1 500 500 1.186 50 40 0.1

2 550 550 1.200 50 40 0.1

3 600 600 1.218 50 40 0.1

4 650 650 1.220 50 40 0.1

5 700 700 1.225 50 40 0.1
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Fig. 5. Comparison of key output parameters obtained with the present model
with those from the CFD simulations for a high temperature SEVR for the
conditions shown in Table 4a.

note that the much lower computational expense of the present model
makes it better suited for system-level transient models.

5.1.2. Comparison for a series of inlet mass flow rates

The present model was further verified by comparing the key ther-
mal outputs with that of CFD simulations for variations in the inlet mass
flow rates, with the conditions listed in Table 4b. The comparative re-
sults are presented in Fig. 6. These results indicate that the present
model is sufficiently reliable, with the output temperature of the air,
particles and cavity wall agreeing with CFD simulations to within 2-5%,
16-23% and 0.4-9%, respectively, for variations in the inlet mass flow
rate with a particle mass loading of 0.1.

5.2. Comparison of thermal losses and wall temperature with an upscaled
reactor

The accuracy of the present model was further verified by comparing
the thermal losses from the receiver cavity during start-up, for different
inner cavity wall temperatures, with the numerical data available for an
industrial scale directly-irradiated reactor reported by Charvin et al.

Table 4b

Operational input parameters used for CFD simulations which are employed for
different validation cases from an upscaled SEVR, for a series of inlet mass flow
rates.
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Fig. 6. Comparison of the calculated values of the output temperatures with
those obtained from the CFD simulations, for a series of inlet mass flow rates.
The other input parameters were matched for both models (Table 4b).

[51]. The reactor features a cylindrical cavity enclosure with inner re-
fractory of alumina surrounded by two different insulating layers, with a
small amount of inert gas at the beginning of operation. Table 5 presents
the parameters used for the simulations of the cavity reactor with the
Fortran numerical tool [51]. The same input parameters were employed
in the present model and the values of thermal losses were compared at
equivalent wall temperatures.

Fig. 7 presents a comparison of conductive, convective and re-
radiation heat losses obtained with the present and previous [51]
models as a fraction of input power, for variations in cavity wall tem-
perature. The thermal losses for the present model are calculated using
two methods. The first approach employs the same approximation of a
fixed global value of the heat transfer resistance for conduction losses, R
=26 x 10°* K/W as employed previously [51], while the second
considers the thicknesses and properties of each component of the three
cavity layers. It can be seen that the aperture losses due to convection
and re-radiation agree to within 7%, for both methods. The wall losses
calculated using the two methods differ significantly. This shows that
the two models agree well when employing the same heat transfer
resistance for wall losses, but the value predicted by the present model is
lower, by a margin of up to 85%, when using the detailed model. This
both gives confidence in the present model and highlights the

Table 5
The input parameters used for both models for validation of heat transfer, based
on the conditions used by Charvin et al. [51].

Case M, in M in Qin T in Tpin
kg/s kg/s MWy, °C °C

1 30 3 52.5 600 600

2 45 4.5 52.5 600 600

3 67 6.7 52.5 600 600

4 101 10.1 52.5 600 600

Parameter Unit Value
Qsolin MWy, 50
Dgp m 5
Dreactor m 8

L m 8

n; moles 3.5x10°
Ary m 0.025
Ars m 0.025
Pw kg/m® 3800
K; W/m.K 8

K W/m.K 0.5
K3 W/m.K 0.05
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Fig. 7. Comparison of the thermal losses, as a fraction of input power, from a
cavity receiver calculated using the present model with the data presented by
Charvin et al. [51] for the start-up of an industrial scale cavity reactor.

importance of accounting for the details of the conduction losses.

Fig. 8 compares the calculated results for the evolution of the cavity
wall temperature during start-up obtained from the present model and
that of ref [51] for three different cases. It can be seen that the present
model agrees with the literature to within 4-5%, for different cases. This
further suggests that the present model is sufficiently reliable to assess
the influence of transients on the refractory-lined solar receivers.

6. Results and discussions
6.1. Influence of control parameters

Figs. 9 and 10 present the calculated thermal outputs from the
receiver system operating with controllers for mass flow and aperture
cover listed in Table 2 which are either on or off, for a transient DNI
input on a cloudy summer day (2nd January 2017) in Pinjarra. The
reference values of other parameters were used (Table 3).

Fig. 9 shows that the system operating with the controllers turned off
during start-up, turn-down and shut-down periods is calculated to give
5.1h of daily useful solar hours, when Tgouscyc > Tomin, Whereas these
hours are increased by 41% to a value of 8.6h when the mass flow and
aperture cover controllers are on (Fig. 10). This trend is expected
because the start-up time is reduced by introducing a time delay be-
tween the onset of the solar resource and the introduction of particle-
laden air and because covering the aperture during periods of low
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Fig. 8. Comparison of the cavity wall temperature evolution calculated using
the present model with the simulations of Charvin et al. [51] for an
industrial-scale cavity reactor, for similar geometric parameters and oper-
ating conditions.
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Fig. 9. The calculated thermal outputs from the receiver system when con-
trollers, listed in Table 2, are off, for a transient DNI input on a cloudy summer
day in Pinjarra, Australia (2"¢ January, 2017). See Table 3 for other refer-
ence conditions.

solar resource reduces the thermal losses to the surroundings. Similarly,
Fig. 11 presents the calculated thermal outputs with controllers either
on or off, for a clear sky DNI input. It can be observed that, even on a
clear sky day with no significant solar transients, the use of the start-up
controller reduces the heating time of HTF after its introduced into the
receiver. For example, the heating time to achieve Ty outcyc > Tomin iS
reduced by 7% when the controllers are on relative to the case when
these are off.

Fig. 12 compares the calculated annual useful thermal gain, Q,, and
thermal efficiency, 7 recsubs Of @ receiver system operating with and
without controls listed in Table 2, employing variable solar data for a
whole year in Pinjarra, Australia. It can be observed that the imple-
mentation of controls for the mass flow rate and aperture cover increases
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Fig. 10. The calculated thermal outputs of the receiver system operating with
controllers on during each mode of operation, for the same conditions as of
Fig. 9. Refer to Table 2 for a summary of the controls during start-up, normal
operation, turn-down, and shut-down periods.
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Fig. 11. The calculated output temperature of the receiver system operating
with operating controls either on or off, for a clear sky DNI input in Pinjarra,
Australia (3¢ January, 2017). See Table 2 for control variables.
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Fig. 12. Comparison of the calculated annual useful thermal gain, Q,, and
annual thermal efficiency, 7, rec sups Of @ receiver system operating with oper-
ating controls either on or off, employing variable solar data for a whole year.
See Table 2 for control variables and Table 3 for other reference conditions.

the useful thermal gain relative to the case when these are off. The value
of Qu and g recsup are calculated to increase by 8% for a receiver
operating with these controllers on in comparison with their off state,
when any thermal gain during the periods of Ty outcyc < Tamin is ignored
as it is not useful for a high temperature industrial application.

These results further indicate that the implementation of required
controls during start-up, turndown and shutdown provides the benefit of
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enhancing the thermal performance of a refractory lined solar receiver
system, by improving its transient thermal response.

6.2. Influence of inner refractory thickness

Fig. 13 presents the calculated values of annual thermal performance
of the receiver system for a range of inner refractory lining thicknesses
varied from 25 to 150 mm using annual variable solar input data. The
significance of each value of refractory thickness is evaluated relative to
the case of no-refractory, a receiver with only a high temperature metal
alloy shell without any refractory. Here, the other reference conditions
are the same for all the cases (Table 3). The calculated results show that
both Q, and 7 rec,sup are increased by 30, 34 and 37% for an inner re-
fractory thickness of 25, 50, and 150 mm, respectively, relative to the
case of no refractory. This is because of the greater heat losses that occur
without the use of insulating and refractory layers.

The calculated results are an indication of the potential benefits of
refractory use in high temperature receivers, when optimized for a range
of competing influences and operated with proper controls to manage
the influence of solar transients during start-up, turndown and shut-
down. Also, the refractory lining potentially allows the use of lower-cost
materials [41] along with more energy harvesting potential during a
whole year.

6.3. Influence of particle loading

Fig. 14 presents the influence of the particle loading, mj, /Mg n,
varied from O to 0.3, on the calculated annual useful thermal gain, Q,,
and thermal efficiency, nm recsup- The other reference conditions are
listed in Table 3. It can be observed that each value of my, jn/mg i is
calculated to give a better Q, relative to the case of no particles. For the
conditions assessed here, Q, and 7 rec,sub are calculated to increase by
11, 15 and 17% when ni, j»/mg iy is increased from 0 to 0.1, 0.2 and 0.3,
respectively. These results indicate that the addition of particles has a
positive impact on the annual thermal performance of the present
configuration of air receiver system. This is attributed to the increased
radiation adsorption by the particle suspensions within the air stream
and increase in the effectiveness of the heat transfer mechanisms within
the receiver cavity due to their high surface area per unit mass.
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Fig. 13. Calculated annual useful thermal gain, Q,, and annual thermal effi-
ciency, 7 recsups as a function of the inner refractory lining thickness,
employing variable solar input data for a whole year. Here no melt condition is
assumed for no-refractory case. The other reference conditions are listed
in Table 3.
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Fig. 14. Calculated annual values of useful thermal heat gain, Q,, and thermal
efficiency, 7 recsup, for various values of particle loading, mj, /Mg See
Table 3 for other reference input conditions.

6.4. Influence of inlet mass flow rates

Fig. 15 presents the influence of the inlet mass flow rate of air, mj i,
on the calculated annual useful thermal gain of the receiver system, Q,
and annual thermal efficiency, # rec sup- Here the minimum acceptable
value of output air temperature, Ty min, is same for all cases. It can be
observed that the calculated thermal performance of the receiver system
increases with an increase in nig . For the conditions assessed here, 1,
rec,sub 1S calculated to increase by 5, 8, 11, and 14% when m ;; increases
from 30 kg/s to 40, 50, 70 and 100 kg/s, respectively. This is consistent
with the expectation because increasing the mass flow rate will decrease
the temperature rise of the two-phase flow by an energy balance. This in
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Fig. 15. Influence of the mass flow rate of inlet air on the calculated thermal

performance of refractory-lined SEVR. The other reference conditions are listed
in Table 3.
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turn results in lower thermal losses and higher useful thermal gain.

It can also be observed that for the conditions assessed here, there is
no significant increase in the receiver thermal performance for my; >
100 kg/s. This shows that there is a critical value of mj;, above which
thermal losses dominate the improvements in the useful thermal gain.

6.5. Influence of inlet temperatures

Fig. 16 presents the calculated values of the annual useful thermal
gain, Q,, and thermal efficiency, 7 rec sup, for a range of inlet air and
particle temperatures, with a fixed value of Ty for all cases. As ex-
pected, an increase in the inlet temperatures to the receiver causes a
decrease in Q, and 7 rec sup- This is due to an increase in the thermal
losses to the surroundings resulting in a decrease in the difference be-
tween inlet and outlet temperature i.e., Ty oy doesn’t increase in the
same value as T ;. For the conditions assessed here, the calculated 7,
rec,sub i decreased by 4%, 10% and 17% when inlet temperature of both
air and particles is increased from 27 °C (ambient) to 400, 600 and
800 °C, respectively. These calculated results further suggest that the
annual thermal performance of the present system is calculated to be 7,
rec,sub = 80% when heating cold HTF entering at ambient temperature,
which is comparable to other high temperature receiver systems listed in
Table 1. These results also indicate that the present configuration of the
receiver system achieves 5 recsup = 72-76%, when reheating already
hot air returning at 600 to 400 °C.

This is an indication of the potential advantage offered by the use of
particles in suspension within an air stream and refractory-lining in high
temperature solar receivers, which offers the opportunity of practical
implementation of an industrial scale high temperature air receiver.

The results presented in this paper highlight the further scope and
significance of the present transient approach, which is to integrate and
simulate a complete CST plant with real-time interaction between the
receiver, coupled storage and other system components to assess
different system types, and to assist in identifying which type of system
is best suited to which application.
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Fig. 16. Influence of the temperature of inlet air and particles on the calculated
useful thermal gain, Q,, and thermal efficiency, 7 rec s, When accounting for
transient losses through a year of operation. The other reference conditions are
listed in Table 3.
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7. Conclusions

In conclusion, the net thermal performance of receiver sub-system
has been estimated to span between 80 to 72% when heating air to
temperatures of order of 1000°C with inlet temperatures of ambient to
600°C, respectively, when accounting for start-up, turndown and shut-
down losses through a year of transient operation. This differs from
previous assessments which have typically only reported instantaneous
efficiencies for the receiver. The main findings of the present analysis are
as follows:

- The transient mathematical model developed for a high temperature
particle-laden solar receiver was found to yield a reasonable agree-
ment with the available CFD data from an up-scaled SEVR under
solar simulated conditions for variations in the inlet mass flow rates,
with a relative difference of up to 5% in air temperature at the
receiver outlet. Furthermore, the output air temperature calculated
with the present model agreed with the CFD simulations to within
6% for variations in the inlet temperatures.

The model confirms the technical feasibility of the proposed system
to re-heat air that is returned from a process at an already elevated
temperature. This point distinguishes the present air heater from
those reported previously, such as for volumetric receivers.

- A refractory-lined solar receiver operating with mass flow rate and
aperture cover controllers is calculated to give 8% more annual
useful thermal gain relative to the case when these controllers are off.
For the conditions assessed here, the results highlight the relative
advantage of refractory use in high temperature particle-laden re-
ceivers, when optimized for a range of competing influences. A
refractory-lined solar receiver with inner refractory and insulating
layer thickness of 100 mm was calculated to provide 36% more
annual useful thermal gain relative to the case of no refractory under
the same operating conditions.

For the conditions assessed here, the receiver annual thermal per-
formance is calculated to enhance by 5, 11 and 14% when mi;, in-
creases from 30 kg/s to 50, 70 and 100 kg/s, respectively. However,

Nomenclature

A area [rnz]

(o specific heat capacity [J/kg.K]
D cavity diameter [m]

d, mean particle diameter [m]

o
)
~

geometric attenuation factor [—]

F radiation shape factor [—]

Q energy flow rate [W]

h heat transfer coefficient [W/m2K]
k thermal conductivity [W/m.K]

L, length of cylindrical section [m]

Ly horizontal length of conical back section [m]
mass flow rate [kg/s]

number density of particles [—]

annual thermal energy [Wh/year]

resistance to heat flow [K/W]

temperature [K]

time [s]

velocity [m/s]

Overall conductive heat transfer resistance [W/K]
volume [rn3]

Ar thickness of cavity layer [m]

SR VY

Greek letters
a absorptivity [—]
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there is no significant increase in the receiver thermal performance
for mg in > 100 kg/s.

- The use of particles in suspension within an air stream has a positive
impact on the annual thermal performance of a refractory-lined air
receiver system. For the reference case assessed here, the addition of
10% particle to the air is calculated to give 11% more annual useful
thermal gain relative to the case of no particle.
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Y reflectivity (1- a) [—]

€ emissivity [—]

c Stefan-Boltzmann constant [W/m?2.K*]
n efficiency [%]

p density [kg/m?’]
Subscripts

1,2,3 cavity layer 1, 2, and 3
a air

ap aperture

c cavity

cond conduction

cony convection

cyc cyclone separator

e effective

f frontal

i iteration number

eq equivalent

[ outer surface

P particle

ref ref value at ambient temperature
re-rad re-radiation

s surroundings

sol solar

tm thermal mass

th thermal

u useful

w cavity wall lining
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Abstract

The performance of a high-temperature concentrated solar thermal plant based on a 50MWq
suspension flow solar particle receiver sub-system integrated with sensible thermal storage
and combustion backup is analyzed, to supply steady output of reheated air to a downstream
thermochemical process. The analysis is performed with transient mathematical models of
the receiver and packed bed thermal storage sub-systems considering solar resource
variability, written in a Simulink environment, to estimate useful annual thermal gain, thermal
efficiency, solar share and levelized cost of solar heat, for a range of parameters including
particle mass loading, air mass flow rate, thermal storage capacity and solar multiple. The
time-dependent temperature fields of the receiver and thermal losses, together with their
influence on the performance of the combined system are reported for each condition with
a transient input solar resource spanning over a whole year. New insights are provided of the
relative tradeoffs between these parameters on the overall system performance, solar share
and levelized cost of solar energy. Also reported is the sensitivity of the levelized cost to
different system combinations sized to provide a solar share of up to 75% of the yearly process
thermal demand, along with the influence of the specific costs of the system components

varied in the range of +60%.

Keywords: Concentrating solar thermal; suspension flow solar particle receiver; solar

transients; techno-economics; LCOH; annual energy yield; solar share.
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1. Introduction
The application of concentrated solar thermal, CST, technologies to supply heat to
thermochemical processes is receiving growing attention due to its potential to lower
greenhouse gas emissions from hard-to-abate industrial applications [1]. However, present
commercially available CST technologies are both relatively expensive and have an operating
temperature limited to below 600°C [2], due to the flux limitations of thin metal conducting
tubes and the use of commercially-available molten salts, which become chemically unstable
above 580°C and also require trace heating to avoid solidification. This is well below the
temperature of typical thermochemical processes, such as that for the calcination in the
alumina Bayer process of about 1000°C [3]. In this regard, the use of particles in suspension
within an air flow, inside a directly irradiated refractor-lined cavity receiver, is a promising
class of technology for operating at temperatures well above 1000°C and is one of the
potential pathways for the next-generation CST plants [4, 5]. While the literature provides
evidence that suspension flow solar particle receivers have the potential to supply reheated
air to high temperature industrial processes at temperatures of 1000°C, little is known on the
system-level performance of these receivers, either alone or when operating in combination
with a sensible thermal storage system and combustion backup to provide steady high
temperature air to a downstream process. Further to this, most of the techno-economic
studies for solar receiver technologies have been undertaken with a selected value of DNI, so
that the combined effects of key parameters to real-time seasonal variability accounting for
transient losses through a year of operation at a potential plant site, are still unclear. Hence,
there is a need for assessments that provide new understanding of the system level
performance of these CST systems with full consideration of transients and of the levelized

cost of the energy. This paper aims to fill these gaps.

A range of particle-based receiver and storage technologies are under development, notably
the falling particle receivers led by Sandia Laboratory [6-8], a centrifugal receiver led by DLR
[9-12] and tubular fluidized beds led by CNRS [13]. The thermal performance of these
receivers when operating alone has been reported to be in the range of 75 to 80% when
operating at temperatures of 750 to 900°C. However, their performance when integrated into
complete systems has only been reported for the generation of electricity using steam and

gas turbine cycles [14-20]. These are typically designed to provide schedulable power, which



is different from industrial processes, which typically operate at steady-state for the majority
of the year. Limited information is therefore available of their performance when integrated
into systems that produce continuous high temperature heat, above 1000°C, for heavy
industrial applications such as the production of alumina. There is also a lack of available data
of the performance of solar systems when used to reheat warm air that has been returned
from a process or thermal storage system, at temperatures >300°C. The present work also

aims to meet these needs.

A class of particle technology that is well suited to heating of air to high temperatures is the
suspension flow solar expanding vortex receiver (SEVR), which employs direct irradiation to
heat a vortex flow of air and suspended particles in a cylindrical cavity. The vortex receiver
was chosen for the present analysis because it has been demonstrated in the laboratory to
deliver temperatures of >1300°C [21-23]. In addition, the net thermal efficiency of a SEVR
receiver sub-system has been estimated to span between 72 and 80%, with further
improvements possible, when heating air to temperatures of the order of 1000°C with steady
inlet temperatures of ambient to 600°C, respectively [24]. Nevertheless, limited information
has been reported of the system level performance of a complete CST plant with relative
tradeoffs between these components, considering the real-time interaction between receiver
and thermal storage, or of the levelized cost of the heat, LCOH. Hence, there is a need to
estimate the performance of these receivers in combination with thermal storage and other
components of a CST system, together with their estimated LCOH for the solar energy
component. This paper aims to meet this need. A further aim is to establish a baseline of
performance and cost which can be used to develop further improvements by comparison
with alternative systems and technologies such as volumetric air receivers [5, 25, 26] and
falling particle curtain receivers [6-8], although that is beyond the scope of the present

investigation.

Previous studies have reported that the use of solid particle suspensions within an air stream
has the potential to increase the thermal performance of the SEVR [27], which results in a
better overall performance of the CST system and a lower cost of energy. For example, the
recent work by Ingenhoven et al. [28] for a packed bed thermal storage operating in
combination with a SEVR, to supply hot air at temperatures of >1000°C, highlighted that the

addition of only 10% particle mass loading can lower LCOH by 20% relative to the air-only



case. However, no information has been reported of the sensitivity of the system level
performance to the progressive increase of the particle mass loading. Furthermore, there is
no data available about the effect of this parameter varied in combination with a range of
other parameters including mass flow rate of air, thermal storage capacity and solar multiple,
for the relative tradeoffs between the performance of the receiver and thermal storage sub-
systems while operating in a combined CST system. Hence, there is a need to understand the
performance of a complete CST plant to a range of these parameters considering the real-
time interaction between the receiver and coupled storage. This will help to find out whether
there is a critical value of these parameters, for any given conditions. The present
assessments aim to meet these needs by quantifying the thermal outputs and LCOH for

combined variations in these parameters.

Considering the needs identified above, the overall objective of this paper is to advance the
understanding on the system level performance of a windowless vortex-based high-
temperature refractory-lined suspension flow solar particle receiver operating in combination
with a packed bed sensible thermal storage and combustion backup, to supply reheated air
to thermochemical processes at 1100°C. More specifically, the first aim is to provide new
understanding of the coupled influences between the performance of the receiver and
storage sub-systems on that of the combined CST system for variations in the particle mass
loading, air mass flow rate, solar multiple and thermal storage capacity. That is, it aims to
understand the influence of these parameters on the thermal response of the receiver and
storage considering real-time interaction between them, and on the solar share. The second
aim is to provide new knowledge about the levelized cost of the solar component of the
energy supplied to the downstream process, by employing a consistent set of cost
correlations for both capital and operating costs, for different combinations of the system
parameters. It specifically aims to investigate of the dependence of particle mass loading on
the cost of energy. The third aim is to understand the sensitivity of LCOH to variations in the
costs of the heliostats, central receiver, thermal storage, and transmission line varied in the
range of £60%. This assesses the economic viability of the present CST system by comparing
the cost of this option with other renewable options, especially with the reported costs of

green hydrogen.



2. Materials and methods

2.1. System description
Figure 1 presents schematic diagrams of the combined CST system and two different
configurations of the receiver sub-system analyzed here. These configurations of the receiver
sub-system are described in section 2.3. In the combined CST system, the hot air from the
receiver sub-system is used to charge one of the thermal energy storage (TES) devices with
the lowest state of charge. Here the state of charge means the available charged energy in
the storage device. That is, a fully charged storage has the highest state of charge. Once a TES
device is fully charged, it is discharged to the process while hot air from the receiver is used
to charge another device. To keep the charging and discharging cycles separate, the warm air
from the thermal storage is used to preheat the ambient air in a heat exchanger, rather than
being returned to the receiver. This allows the operation of the windowless receiver at
atmospheric pressure, to mitigate particle egress through the open aperture. It also allows
the system to operate with only low-temperature fans. The need to direct the hot air to the
storage system, rather than directly to the plant, is driven by the need to avoid sending carry-
over particles from the receiver to the industrial process since sending it through the packed
bed storage system also serves as the second stage of the particle filter, along with energy
storage. The system under evaluation also employs a backup burner to allow the continuous
supply of thermal energy to the process at a desired steady temperature — chosen here to be

1100°C.

The Simulink environment was used to develop a complete system model using transient heat
and mass transfer sub-models written in MATLAB [29], except for that of the heliostat field
subsystem for the collection of the solar resource. The heliostat field sub-system was
designed and modeled separately to compute the optical input to the solar receiver with the
present geometric dimensions of a 50MW:4, system, as described below. This relatively small
thermal scale was chosen because of the limitations of the scales at which high temperature
CST systems have been demonstrated, and operation at these smaller scales is a necessary

first step before going to larger scales in future work.

The integrated Simulink model is comprised of different blocks with model equations for each
component, which interact with each other during the operation. An illustration of the

Simulink model is provided in the supplementary data file. A detailed description of the



receiver subsystem and integrated system has been provided previously [24, 28]. Here

individual sub-systems of the integrated CST system are described briefly.

2.2. Heliostat field sub-system
The heliostat field system was modeled separately to calculate the concentrated solar
radiation at the present design of SEVR cavity aperture. The radially staggered heliostat field
was optimized using COBYLA from the NLOpt library [30]. The solar thermal input, Qsol,helio:
to the receiver aperture was calculated using CSIRO’s Heliosim software [31] and Monte Carlo
ray tracing with optimized radially staggered heliostat field layout. Solar Direct Normal
Irradiance (DNI) data from Learmonth, Australia [32] was used to compute the optical thermal
input directed into an open aperture cavity, located at the top of a tower, for 15-minute time

steps over a year.

2.3. Receiver sub-system
A refractory-lined cylindrical cavity receiver termed as Solar Expanding Vortex Receiver (SEVR)
[33, 34] (Fig. 2) was considered here. The receiver cavity walls were assumed to be made with
three layers comprising the inner ceramic refractory lining of fireclay, middle high-
temperature insulation, and outer protective steel shell. The geometric parameters of the
receiver are given in Table 1. The transient mathematical model of Rafique et al. [24, 35] was
extended to calculate the thermal outputs of the receiver at every time step. This model has
been previously verified to show that the response of the system to various parameters is
consistent with available data and expectations [24, 35]. A summary of different validation

cases, reported previously, is listed in Table 2.

The inlet temperature to the receiver was calculated for each time step, accounting for the
variations in the returned temperature from the integrated thermal storage. This return air is
used to pre-heat cold-ambient air with an air-to-air heat exchanger. This indirect heating
process is required, even though the heat exchanger constitutes an exergy loss, in part
because it is the most appropriate place in the circuit to position the fan and, in part, because
it provides a way to maintain the device, which is open to the atmosphere, at atmospheric

pressure.



2.3.1. Configurations of the receiver sub-system
Two different configurations of the receiver sub-system analyzed are as follows:

e M1: This configuration comprises of a suspension flow particle receiver, cyclone
separator, heat exchanger, particle feeder, and fans. Air, together with the suspended
particles that are used to enhance radiation adsorption, is used as the heat transfer
medium in the receiver, with a range of mass flow rates varied to achieve output
temperatures between 800 — 1500°C. Where used, the hot particles are then
separated from the hot air and used to further preheat the incoming air that is already
warm before it enters the receiver. The hot air is then directed to the storage sub-
system.

e M2: This configuration comprises of an air-only receiver, with a heat exchanger and
fans but without any of the particle-feeding or handling components. A range of air
mass flow rate values are used, corresponding to variations in the output temperature

between 800 — 1200°C.

2.4. Thermal storage sub-system
The thermal sub-storage system consists of a set of thermocline packed-bed storage devices
filled with alumina balls, placed inside a cylinder insulated using fire bricks and ceramic fibers
(Fig. 3). The simplified one-dimensional model of Ingenhoven et al. [36] was used to estimate
the thermal performance of the storage device, in a way that accounts for the dominant
source of losses whilst still being computationally tractable for a system model. This model
has been previously validated with the available data [36], summarized in Table 2. A detailed
analysis of the storage system was presented previously [28]. From the storage system, hot

air is fed via refractory-lined pipes to the process.



Table 1. Geometric parameters and operating conditions.

Input parameter Symbol Units Reference value Sensitivity variations
Cavity diameter Dc m 8 -
Diameter ratio of aperture to cavity Dap/Dc - 0.55 -

o Ratio of length to cavity diameter L/Dc - 1.6 -

'% Inner refractory thickness Ar; mm 100 -

g Insulation thickness Ar; mm 100 -

é Receiver mass flow rate of air Ma,rec kg/s 50 30-100
Particle loading ratio Rp = Mp,rec/Ma,rec % 10% 0-40%
Particle diameter dp pum 120 -

% Number of regenerators Nis - 2 -

g Minimum charging temperature Teh,min °C 850 -

‘_E‘ Minimum discharging temperature Tais,min °C 600 -

g Total storage capacity H hours 8 4-16

" Process input temperature Ta,pro,in °C 1100 -

g Process return temperature Ta,pro,out °C 600 -

& Solar multiple SM - 2.5 2.5-5
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Figure 1. Schematic diagram of the system to deliver a steady supply of hot air from a suspension flow
solar particle receiver and packed-bed sensible thermal storage with combustion back-up. Here two
different configurations of the receiver sub-systems are shown, M1) air receiver with suspended
particles and with a fixed mass flow rate allowing variations in the output air temperature between
800 — 1500°C; and M2) air-only receiver, here operated with a range of mass flow rates allowing
variations in the output temperature between 800 — 1200°C.
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Figure 2. The notation used to describe the multi-layered refractory-lined solar suspension-
flow particle receiver.



Concrete wall

Ceramic fibres

Fire bricks

{a) Top view

Alumina balls

(b) Cross sectional view

Figure 3. An illustration of the packed bed thermal energy storage system modelled here.

Table 2. The details of different cases assessed for the validation of the present sub-models
of suspension flow solar particle receiver and packed bed thermal storage. Further

descriptions of each case were reported previously [24, 36].

Inouts Data Discrepancy
Sub-system P Outputs compared | available for | Xref— Xmod | /Xref
models Sensitivit (Xmod) comparison
Parameters en.s.l !VI v (Xrey) Min (%) | Max (%)
variations ref
_ Air temperature 2 5
InIth air r:ass 30-101 kg/s | Particle temperature CFD 16 23
ow rate . .
Wall temperature simulations 0.4
- (50 MWih
Air temperature 1 6
Inlet 500-700°C | Particl ; SEVR) 37 17 19
i - ° ticle t t
Suspensu)n temperatures article temperature 38]
flow solar Thermal efficiency 2 8
particle Wall losses 1 5
receiver Cavity wall 300-2100°c | Convection losses 50 MWih 2 7
temperature L
Re-radiation losses cylindrical 1 7
ity
Aperture to ; ; cavi
cavity 0.45 -1 Heating time reactor [39] 3 5
diameter Wall temperature 4 12
Storage Lab scale
0-1.2 2 7
height m high
Packed bed temperature
thermal Chargi Storage temperature rock
storage :?lrgmg 0-3h bed thermal 3 12
time
storage
system [40]




3. Solution methodology
Figure 4 presents a logic diagram of the control system described above (Fig. 1). The receiver
aperture is considered to be open only when solar resource is above a minimum threshold.
The flow of air and particles is continued after the aperture is closed until the output
temperature of the air falls below a minimum acceptable value allowing the receiver to
operate after sunset due to the thermal mass of refractory. The hot air from the receiver sub-
system is used to charge the thermal energy storage device, which is discharged to the
process via refractory-lined pipes. Additional heat is provided using a backup burner to
maintain a steady supply of hot air at 1100°C, as required for the process, for periods where
the energy supplied by the CST system is insufficient. A detailed description of the receiver
operating strategy during start-up, turndown and shutdown was reported previously [24],
whereas the charging and discharging strategy of the sensible thermal storage was described

elsewhere [36].

Figure 5 presents a schematic diagram with the terminologies used to describe the heat flows
through the CST system. The output temperature of hot air from the receiver sub-system,
Ta,rec,out, Was calculated at each time step i, together with the mass flow rate into the receiver,
Mg rec, and specific heat capacity, c¢pa, to obtain the useful thermal energy output from the

receiver, Qg recout, as follows:

Qa,rec,out = ma,reccpa (Ta,rec,out - Ta,rec,in) . (1)

The hot air from the receiver sub-system was transported to the thermal storage where it
charges a discharged (fully or partially) packed bed. The fully charged bed was connected to
the process side via insulated pipes. The thermal power in the air from the storage to the
transmission pipes, Qa,st,out, and from the transmission pipes to the process, Q'a,pm,in, was
calculated as follows:

Qastout = Qast,in — st loss , (2)

Qa,pro,in = Qa,st,out - Qpipe,loss , (3)

where, Qst,zoss and Qpipe,zoss are the storage and pipe losses, respectively. The diameter of

the transmission pipe and insulation thickness, with an assumed distance of 1000m between



thermal storage and process, were optimized to achieve the transmission pipeline

effectiveness of 95% as described the previous work [28, 41].

The efficiency of the receiver, 1,.., and of the thermal storage, 1, was estimated using

equations 4 and 5, respectively.

_ Qa,rec,out
Nrec = = ] ’ (4)
Qsol,hello
_ Qa,st,out
nSt — A , (5)
Qa,rec,out

Here Qa,rec,out is the useful thermal gain of the receiver, Qsol,helio is the optical thermal input
introduced into the receiver aperture from the heliostat field, after accounting for the optical
losses associated with the solar collection system, and Q'a,st,out is the thermal output from

the thermal storage to the transmission pipeline.

The thermal energy supplied by the CST system, Q'a,pm,m, relative to the process load
demand, Q gemand, Was used to calculate the solar share, SS, of the plant as follows:

s§ = Qaproin (6)

Qdemand

The solar multiple, SM, taken from the previous study [28], is defined as follows:

SM — Qdes,th ] (7)

Qdemand

Here, the dimensions of the SEVR were chosen for a designed thermal capacity of Q'des,th =
50MW:1 at peak conditions and the process side heat demand was varied to simulate different
values of solar multiple. Note that, this does not correspond to a true assessment of the
effects of thermal scale, since the SM was defined for different process demands with a fixed
size of the solar plant. This is because of the requirement of different upscaled receiver sub-
system designs to be used with a range of heliostat field sizes, as also explained previously
[28, 36]. Further work is needed to address the concept of upscaling the SEVR by considering

the wider range of issues.

The economic evaluation of the CST system described above was performed by employing a

consistent set of cost correlations for both capital and operating costs. Table 3 presents the



estimated costs of each component. The detailed calculations of these costs have been

reported previously [28]. The economic evaluation was performed in terms of levelized cost

of solar heat (LCOH) which is determined as follows:
Lcoy =2 (8)

a,pro,in

Here C is the total capital investments, OM is the annual operating and management costs,
and Qa,pro,in is the annual thermal energy supplied to the process by the CST system. The

annuity factor, ay, is given as a function of the discount rate, d, and project lifetime in years,

n.
d.(1+d)™
(9)

4 = Trayn—1
Here the estimated LCOH is only for the solar component of the energy and the cost of

combustion backup is explicitly excluded from the calculations, to avoid confusing the cost of

solar with that of the backup source of fuel (fossil or renewable).
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Figure 4. Logic diagram of the control system used to achieve a steady outflow at constant air

temperature from a transient solar thermal input.
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Figure 5. Schematic diagrams of the heat flow through the hybrid solar thermal-combustion
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system.

Table 3. Estimated costs for the present configuration of the CST system. The detailed

calculations for each component were presented previously [28].

Cost component Reference value Units
Solar field and tower 24.96 million uss
Receiver sub-system (no particle) 8.65 million uss
Receiver sub-system (with particles) 9.26 million uss
Thermal storage sub-system 0.04 million USS/MWh
Transmission pipeline 17.25 million uss
Oo&M 2% of total capital cost USS/year
EPC and owner cost 30% of total capital cost uss
Lifetime 30 years
Discount rate 7 %




4. Results and discussion

4.1. Sankey diagram of CST system
Figure 6 presents Sankey diagrams illustrating the energy flows within the two configurations
of integrated CST system shown in Fig. 5, namely that with (M1) and without (M2) a
suspension of particles in the receiver, for the reference conditions listed in Table 1. The data
shown is for the combined system from the concentrated solar energy to the receiver
aperture to the downstream process. The heliostat field system, which is not shown here, was

modeled separately giving an annual solar field efficiency of ~59% [28].

For configuration M1, with a 10% mass loading of suspended particles, 77% of the incident
energy through the aperture of the receiver cavity is captured by the particle-laden flow with
4% carried by the particle phase. This configuration is calculated to provide 49% of the
thermal input to the downstream process, with losses of 23 and 18% associated with the
receiver and thermal storage sub-systems, respectively. Of the 23% annual receiver losses,

20% are in the form of thermal losses including aperture losses (18%) and wall losses (2%).

In contrast, the system with receiver configuration M2 (without particles) converts only 38%
of incident thermal energy to useful energy, with annual losses of 36 and 21% associated with
the receiver and thermal storage sub-systems, respectively. This shows that the addition of
particles to adsorb the radiation delivers a substantial net benefit, despite the added
complexity and additional components needed to introduce them to the system. In the
following, a parametric study is also used to address the sensitivity of system performance to

a progressive increase in particle mass loading.

Overall, these results highlight the benefit of suspended particles for a better trade-off
between the performance of individual sub-systems. That is, the addition of suspended
particles not only improves the thermal performance of the receiver, due to enhanced energy
adsorption in the receiver cavity, it also results in a higher thermal storage charging
temperature which is required for the better performance of the present configuration of the

storage system, as also highlighted previously [28].
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Figure 6. Sankey diagrams of the annual energy flows relative to the thermal input into the
receiver for the reference cases of operation for two configurations of integrated CST system
with suspension flow solar particle receiver (M1) and air-only receiver without suspended
particles (M2), together with the packed bed thermal storage, to supply reheated air to a
downstream thermochemical process. The other reference conditions are listed in Table 1.



4.2. Time history of the interaction between sub-systems
Figure 7 presents the calculated values of air temperatures and thermal energy flows across
different components of the integrated CST system, and receiver thermal losses, for different
values of inlet air mass flow rate to the receiver, mgrec, with and without the addition of
particles for a short-term time series of solar input at the site of Learmonth (1st January 2017).

The other reference conditions are listed in Table 1.

It can be observed that an increase in the value of mgrec has the effect of decreasing the air
temperature at the receiver outlet, Tqrecout, by an energy balance. This, in turn, results in
lower thermal losses and higher thermal gain by the receiver, Q'a,rec,out, which is consistent
with the expectation. For example, the calculated instantaneous peak value of Ty recour is
decreased by 26 and 33% when mgq,rec is increased from 30kg/s to 50 and 70kg/s, respectively.
However, the resulting instantaneous peak value of Q‘a_rec,out is increased by 9 and 15% for
the same increase in Mg rec. However, it should be noted that, despite a higher Qa’rec,out, with
an increase in Mqrec, the receiver sub-system does not typically achieve Tg recour above the
demand value with a higher value of mgrec, due to poor solar irradiation during the winter
season or cloudy days. Hence, there is always a trade-off between the thermal performance

and required output temperature from the system.

It can also be seen that the addition of particles increases the value of Ty recout by lowering the
re-radiation losses. This is attributed to the increased radiation adsorption by the particles
due to the increase of surface area and improved heat transfer within the receiver cavity, and
then to the storage system. It should be noted that the increase of mgrec decreases the
residence time within the receiver cavity, thereby reducing the corresponding thermal energy
transferred to the air phase. This results in a relative decrease in the benefits of particle
addition with an increase in the value of Mg rec. For example, Tg recout is calculated to increase
by 23, 12 and 8% with the addition of only 10% mass of particles to the air stream for mg,rec =
30, 50 and 70kg/s, respectively. This effect provides further motivation for the assessment of
the quantitative benefits offered by the progressive increase in the particle mass loadings,

varied in combination with other key parameters (Section 4.3).

Figure 8 presents the influence of the thermal storage capacity, for different values of the

inlet mass flow rates, on the calculated time history of the returned air temperature to the



receiver sub-system from the thermal storage, Tgrecin. It can be observed that a higher value
of mg recrequires a larger storage size for the effective utilization of the receiver useful thermal
gain. For example, a smaller storage size at a higher value of Mg ec results in hot air being
returned to the receiver sub-system. For mgrec =70kg/s, the peak value of the returned
temperature from the coupled storage, Tq,rec in, is increased by 38% from 478 to 770°C, as the

storage size is decreased from 16 to 4h.

In summary, these findings show a strong dependence of the overall system performance and
its optimization, to the variation in different parameters, on the interaction between the
individual sub-systems. This further highlights the importance of considering real-time
interaction and the trade-off between the sub-systems, rather than assuming a steady
thermal input for individual components operating in isolation, while optimizing these

systems for a specific application.
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Figure 7. Influence of the mass flow rate of inlet air, Mg rec, with and without the addition of
particles on the calculated time history of the air temperatures, energy flows through the CST
system and receiver thermal losses, during the summer season (1% January 2017) at the site
of Learmonth. The other reference conditions are listed in Table 1.
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Figure 8. Influence of the thermal storage capacity for different values of the inlet mass flow
rates on the calculated time history of the returned air temperature to the receiver sub-
system from the thermal storage, Tg,recin, during the summer season (1%t January 2017) at the
site of Learmonth. The other reference conditions are listed in Table 1.

4.3. Annual performance
Figure 9 presents the calculated annual averaged values of receiver efficiency, nrec, thermal
storage efficiency, 1s, solar share, SS, and levelized cost of solar heat, LCOH, for a range of
particle mass loadings, Rp, with a range of air mass flow rates into the receiver, Mg rec. The

other reference conditions are listed in Table 1.

It can be observed that the system performance increases with the increase in the value of
particle mass loading, which is expected. However, it can be noted that the quantitative
benefits of the particle suspensions within the air stream are different for each value of Mg, rec.
For example, a system with mgrec = 30kg/s is calculated to have the thermal performance of
the receiver sub-system increased by 22%, 30% and 36% as the R, is increased from 0 to 10%,
20% and 40%, respectively. Whereas, the thermal performance of the receiver sub-system
with Mg rec = 100kg/s is calculated to increase by only 7%, 11% and 15% for the same increase

in Rp.

The increase in the particle mass loadings also increases the efficiency of the thermal storage
system. This is due to enhanced radiation adsorption by introducing particles into the air
stream resulting in higher charging temperature which increases the efficiency of the present

storage system. For example, st is calculated to increase by 10, 15, 17 and 23% with the



addition of 40% mass of particles to the air stream for mgrec = 30, 50, 70 and 100kg/s,

respectively.

It can also be seen that there is an optimum value of mg e for the present receiver geometry
at which progressive increase in the mass loading of suspended particles continues to bring a
better performance of the overall CST system, and increases its economic feasibility.
However, the relative magnitude of these benefits is lower as the value of R, is increased.
Here a system with mgrec = 50kg/s, Rp = 40%, SM = 2.5 and H = 8h is calculated to give an
overall solar share which is 43% higher than for the air-only configuration (M2). The LCOH for
this configuration is also about 38% lower than that for the configuration M2, despite a ~7%

additional cost of the particle management system.

In summary, the overall results indicate that the addition of particles has a positive impact on
the annual performance of the combined CST system to reach a higher solar share at a lower
overall LCOH. This is attributed to the increased radiation adsorption by the particle
suspensions within the air stream and the increase in the effectiveness of the heat transfer
mechanisms within the receiver cavity due to their high surface area per unit mass. Note that
it is also important to address the challenges associated with the egress of particles for the
studied range of particle mass loading. This is beyond the scope of the present investigation,

which only aims to assess the sensitivity of system performance to particle mass loading.
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Figure 9. Calculated annual averaged values of receiver efficiency, nrec, thermal storage
efficiency, nst, solar share, SS, and levelized cost of solar heat, LCOH, for a range of a particle
mass loading, Rp,, and air mass flow rate into the receiver, mgrec. The other reference
conditions are listed in Table 1.

Figure 10 presents the calculated annual averaged values of receiver efficiency, 1rec, thermal
storage efficiency, 1s, solar share, SS, and levelized cost of solar heat, LCOH, for a range of
thermal storage sizes, H, and solar multiples, SM, with R, =0, 10% and 40%. In general, it can
be seen that the increase in storage capacity, for each value of SM, causes an increase in 7rec
and a reduction in ns.. These changes are more significant for R, = 40% when SM 2 3.5. For
example, Nrec is calculated to increase by 3%, 18% and 38% when thermal storage capacity is
increased from 4 to 16h for the case of SM = 2.5, 3.5 and 5, respectively. This improvement
in the receiver thermal performance also results in up to 16% decrease in LCOH for the same
increase in the thermal storage capacity, despite added cost of additional storage devices.
The increase in nrec With storage capacity is attributed to the dependence of T recinOn storage
capacity for each value of SM. These results indicate that it is important to carefully size a
thermal storage system, for each value of SM, to better utilize the thermal gain of the

receiver.



It can also be seen that the improvement in the receiver thermal performance due to
suspended particles offers significant economic benefits, along with a higher solar share. For
example, a system with 40% mass of suspended particles in the air stream is calculated to give
a solar share of 75% which is 44% higher, at a 40% lower LCOH, relative to the air-only case.
However, it is important to note that these trends are highly non-linear and an increase in
particle mass loading only offers some significant benefit when used in combination with the
correct storage capacity for each condition. For the case with only 10% mass of suspended
particles, the increase in thermal storage capacity does not have a significant impact on SS
(only by less than 2%). While for the case with R, = 40%, SS is calculated to increase by some
16% points, with 14% lower LCOH, when thermal storage capacity is increased from 4h to 16h.
This further highlights the importance of effective utilization of available resources and
optimizing the system as a whole with combined variations in key parameters, rather than of

the individual components.

Overall, these results further indicate the potential of this solar thermal suspension flow
technology to configure for higher solar shares, required to meet the carbon reduction
targets, at a relatively lower increase in the cost of solar energy. This is significant to

decarbonize high-temperature thermal processes.
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Figure 10. Calculated annual averaged values of receiver efficiency, nrec, thermal storage
efficiency, 1s, solar share, SS, and levelized cost of solar heat, LCOH, for a range of thermal
storage capacity, H, and solar multiples, SM, with R, = 0, 10% and 40%. The other reference
conditions are listed in Table 1.

4.3.1. Sensitivity to the component’s costs
Figures 11 and 12 show the sensitivity of LCOH for the system with R, = 40%, configured to

achieve SS = 50% and 75%, to +60% variations in the CAPEX of the system components

including solar field, central receiver, thermal storage, and transmission pipeline.

Figure 11 shows the influence of the variations in the component’s costs varied individually,
on LCOH. It can be observed that the effects of the solar field cost on LCOH are most obvious
followed by the transmission pipeline, while other parameters have comparatively less
important influences. For example, the calculated influence of the cost of the transmission
pipeline, receiver and thermal storage on the overall LCOH is 31%, 62% and 76% lower than

that of the cost of the solar field, respectively, as shown using best-fit equations in Fig. 11a.



Figure 12 shows the influence of the combined variations in the CAPEX of all system
components, on LCOH. Overall, the present system demonstrates an encouraging future
potential with an expected drop in the components costs with allowance for technology
development and mass production, considering the SunShot [42] initiative targets to reduce
the solar energy cost by 50% until 2030. For the conditions assessed here, when the cost of
heliostats, central receiver, thermal storage, and transmission pipeline is reduced by 20%, the
LCOH is reduced to 18 and 26 USS/GJ with SS = 50% and 75%, respectively. This is comparable
to the current cost of green hydrogen production, which is around 2.5 — 6 USD/kg (21 — 51
USD/GJ) [28, 43]. It should be noted that there is a strong potential for further cost reductions,
with the technological improvements and a decrease in the discount rate. For example, it can
be observed (from Fig. 12) that the cost of solar energy is calculated to drop further by ~17%

with an expected drop in the discount rate from 7 to 5%.
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Figure 11. Sensitivity analysis of the influence of the specific costs of the solar field, central
receiver, thermal storage, and transmission line varied in the range of £60%, on the overall
LCOH for two combinations of the present system to achieve SS = 50 and 75% with R, = 40%.
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Figure 12. Sensitivity analysis of the combined influence of the components costs varied in
the range of +60%, on the overall LCOH for the present system configured to achieve SS =50%
and 75% with R, = 40%, and discount rate (d) of 5%, 7% and 12%.

5.

Conclusions

The key outcomes of the current study are as follows:

The particle mass loading has a strong influence on the thermal performance of the
CST system, and its economic feasibility. For the reference case assessed here, the
thermal performance of the combined system is calculated to improve by 43% with
the addition of 40% mass loading of particles into the air stream relative to the air-
only case. This improvement in thermal performance translates into 38% drop in the
LCOH and 43% increase in solar share.

There is an optimum value of air mass flow rate which offers the highest benefits of
particle addition, for a given geometry of the receiver. For the present configuration
of the particle-laden air re-heating system, the addition of only 10% mass of particles
results in 22% increase in Nrec When mgrec = 30kg/s. However, nrec is calculated to
increase by only 7% for mg rec = 100kg/s.

A smaller storage results in a higher returned temperature to the receiver causing a

decrease in the performance of receiver and combined system. For mg r.c =70kg/s, the



peak value of the returned temperature from the coupled storage is calculated to
increase by 38% when the thermal storage capacity is decreased from 16 to 4h.

e There is a strong dependence of the overall system performance and its economic
feasibility on the interaction between the individual sub-systems, indicating the
importance of carefully sizing the sub-systems in combination. For the case with R, =
40% and SM =5, the performance of the combined system is calculated to increase by
28% when the thermal capacity of integrated storage is increased from 4 to 16h. The
value of LCOH is decreased by ~16% for the same change, despite the added cost of
thermal storage.

e The trends in the optimization process are highly dependent on the particle mass
loading used in combination with the correct storage capacity for each value of solar
multiple, and are non-linear. For the case with only 10% mass of suspended particles,
the annual solar share is increased by 40%, with only 6% increase in LCOH. More
importantly, the solar share is further increased by some 16% points (from 59% to
75%) along with 14% drop in LCOH, when mass loading of suspended particles is
increased from 10% to 40%. However, this solar share is increased by only 5% points
when a thermal storage capacity of 8h is used, instead of 16h.

e There is a strong potential of a decrease in the cost of energy from CST systems with
some allowance for technology development and with a drop in component costs due
to mass production. For example, the value of LCOH is calculated to drop by 35% with
an expected drop of 20% in the cost of system components and with discount rate
dropping from 7% to 5%.

Overall, the modelled performance of the present system indicates an encouraging techno-
economic potential of CST technology to supply high temperature heat to industrial processes
and provide a driving force to investigate larger thermal scales, to estimate the likely benefit
from economies of scale. It should also be noted that this technology also offers the benefits
of reducing CO; emissions adding a premium to the product value as well as offering the
potential of further cost reduction, should CO; reduction credits be implemented in the

future.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK
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7.1. Conclusions

The present thesis provides new understandings about the potential benefits of optimized
multilayered refractory use in high temperature particle-laden receivers, to supply process
heat at temperatures at or above 1000°C, with a better trade-off between operating
temperature, start-up time, overnight temperature drops and useful thermal outputs under
transient operating conditions. The thermal performance of the system was evaluated using
a transient mathematical model developed for a multilayered refractory-lined particle-laden
receiver system, which calculates the time dependent thermal outputs and energy balance in
the receiver considering the real-time solar resource variability. The study considered and
analysed the performance of the receiver as a standalone system as well as an integrated
complete CST system with sensible thermal storage. The main conclusions from this research
are as follows:

I. The operation of a high temperature particle-laden receiver to transient solar input,
for the conditions assessed here, highlighted the role of refractory thickness in
damping the solar fluctuations.

o For example, even the thinnest refractory of 50mm was calculated to have a
significant compensating advantage of damping out the fluctuations in the
output temperature due to intermittent cloud. The temperature of wall and
particles only drops by few degrees following the total slump in solar power to
nearly zero.

Il.  Thereis a potential to achieve an optimized configuration of the refractory-lined solar
receiver for a better trade-off between the conditions of relevance including operating
temperature, thermal losses, start-up time, and overall thermal performance.

o The refractory lining should be sufficiently thick to minimize the temperature

drop overnight and thermal losses, while being sufficiently thin to avoid
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excessive start-up time. However, the optimal thickness of the refractory also
offers a compensating advantage by providing useful thermal output even after
the solar flux falls.
= Forexample, a refractory thickness of 100mm was calculated to give 6%
more useful daily solar hours in comparison with a thickness of 50mm
despite 8% longer start-up time.

lll.  Maintaining the inside of the refractory-lined cavity receiver at a higher temperature

overnight with insulation is beneficial in terms of reduced start-up time.
o For example, the start-up time was reduced by 26 to 84% when the cavity was
maintained at 200 to 600°C overnight instead of cooling down to ambient.
= This is quite significant for the long-term operation of the receiver as
the overnight temperature drop can be minimized by managing its
transient operation during the shutdown.

e For 8m diameter cavity with 100mm thickness of both the inner
refractory and insulating layer, the temperature drop overnight
was only about 28% of the operating temperature when the
aperture was covered during the shutdown period.

IV. The annual assessments of the sensitivity of the thermal performance of a high
temperature multilayered refractory lined particle-laden receiver system, operating
under the influence of solar resource variability, revealed that the use of refractory
lining in high temperature receivers has the potential to increase the annual thermal
performance.

o For example, a refractory-lined solar receiver with inner refractory and
insulating layer thickness of 100 mm was calculated to provide 36% more

annual useful thermal gain relative to the case of no refractory under the same
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operating conditions, when operated with the required controllers to manage
the influence of solar transients during start-up, turn down, and shutdown
periods.

V. The annual assessments of the receiver subsystem confirmed the technical feasibility
of the multilayered refractory-lined Solar Expanding Vortex Receiver to reheat air at
an already elevated temperature, which is returned from the process or coupled
thermal storage.

o The net thermal performance of the receiver sub-system was estimated to
span between 80 to 72% when heating air to temperatures of the order of
1000°C with inlet temperatures of ambient to 600°C, respectively, when
accounting for start-up, turndown and shutdown losses through a year of
transient operation.

VI. The assessments of the integrated CST system revealed that there is a strong trade-
off between the thermal performance of the receiver subsystem and thermal storage
system, for the variations in different parameters.

o For a system with 8h of thermal storage, the thermal performance of receiver
sub-system was calculated to increase by 7.3% when the mass flow rate of air
was increased from 30 to 70kg/s. However, the thermal performance of
storage sub-system decreased by 15.2% for the same increase in mass flow
rate.

VII. The particle mass loading has a strong influence on the thermal performance of the
integrated CST system, and on its economic feasibility, when supplying reheated air at
temperatures of above 1000°C with real-time variations in the returned temperature

from the coupled thermal storage.
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o For example, the thermal performance of the combined system is calculated
to improve by 21 to 43% with the addition of 10 to 40% mass loading of
particles into the air stream relative to the air-only case.

= This improvement in thermal performance results in up to 38% drop in
the cost of energy.

VIIl. There is a strong dependence of the overall system performance and its economic
feasibility on the interaction between the individual sub-systems, indicating the
importance of carefully sizing the sub-systems in combination rather than in isolation.

o For the case with particle mass loading of 40%, the performance of the
combined system is calculated to increase by 28% when the thermal capacity
of integrated storage is increased from 4 to 16h.

= The levelized cost of solar energy is decreased by ~16% for the same

change, despite of the additional cost of thermal storage.
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7.2. Recommendations for future work

The limitations of the present transient approach can be addressed in future by
incorporating the non-uniform distribution of the solar flux and considering the internal
temperature gradients, of both cavity walls and particles. Furthermore, the influence of
recirculation of the particle-laden flow inside the receiver cavity can be included in the future
model by the inclusion of a recirculation model term, which requires further experimental
data. This will also help to determine the uneven distribution of particles inside the receiver
cavity and the blocking of radiations by the individual particles. Another possible
improvement in the model is the dependence of the particle’s residence time on the Stokes

number and receiver geometry, which also requires a recirculation model term.

This thesis establishes a baseline of performance and cost for refractory lined SEVR
system, to deliver high temperature industrial heat, which can be used to develop further
improvements by comparison with alternative systems and technologies, such as volumetric
air receivers and falling particle curtain receivers. Further work is also needed to prove the
concept of upscaling the SEVR by determining the receiver dimensions and flow features, to
estimate the likely benefit from economies of scale, along with some experimental work on

the multilayered refractory lined SEVR.

Furthermore, there is a need to investigate the use of alternative gases such as helium,
carbon dioxide, argon or a mixture of two or more, as a replacement of air. This should be
studied based on their thermo-physical properties, availability, corrosivity, and associated
costs relative to air. Furthermore, other heat transfer fluids such as steam can also be
investigated as an alternative to particle-laden flow. The use of steam will help to operate the
receiver under pressurized conditions with an aperture window cover and is reported to offer

the potential of achieving temperatures of above 1000°C without any suspended particles.
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The use of solar thermal technology for decarbonization of high temperature
industrial processes is calculated to increase the cost relative to high carbon-emitting fossil
fuels. This arises the need of plant optimization for comparison with other low carbon
streams, alongside further investigations of the options of hybrid systems to trade-off
between cost and emissions. Furthermore, it is important to evaluate the options from a
lifecycle perspective to consider the emissions in the fuel chain and the manufacturing of the

energy conversion technology.
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