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Abstract
Small-scale concentrating solar power plants such as micro gas-turbine
based solar dish systems have the potential to harness solar energy in an
effective way and supply electricity to customers in remote areas. In such
systems, the solar receiver transfers the power of concentrated solar
radiation to the working fluid of the power conversion cycle. It is one of the
key components as it needs to operate at high temperatures to ensure a
high power cycle efficiency and under high flux densities to ensure a high
receiver efficiency. In order to address these challenges and to ensure
efficient and reliable operation innovative designs are needed.
This research work focuses on the complete development of a novel
solar receiver applying a new systematic design and analysis methodology.
Therefore, a comprehensive receiver design and experimental evaluation
process were developed and implemented. The design process includes the
identification of technical specifications and requirements, the
development of receiver design tools of different investigation levels
coupled with multi-objective optimization tools, the evaluation of scaling
effects between tests in the KTH high-flux solar simulator and the full-scale
solar dish system. As a result of the design process a representative final
receiver was established with material temperatures and stresses below
critical limits while respecting the design specification.
The experimental evaluation includes the enhancement of the KTH
high-flux solar simulator to provide stable and reliable operating
conditions, the precise characterization of the radiative boundary
conditions, the design of a receiver test bed recreating the operating
behavior of a gas-turbine, and the final receiver testing for multiple
operating points. It was shown that the prototype reaches an efficiency of
69.3% for an air outlet temperature of 800°C and a mass flow of 29.5 g/s.
For a larger mass flow of 38.4 g/s a receiver efficiency of 84.8% was
achieved with an air outlet temperature of 749°C.
The measurement results obtained were then used for a multi-point
validation of the receiver design tools, resulting in a high level of
confidence in the accuracy of the tools. The validated models were then
harnessed to calculate the performance of a full-scale solar receiver
integrated into the OMSoP solar dish system. It was shown that a solar

receiver can be designed, which delivers air at 800°C with a receiver
efficiency of 82.2%.
Finally, the economic potential of micro gas-turbine based solar
systems was investigated and it was shown that they are ideally suited for
small-scale stand-alone and off-grid applications.
The results of the receiver development highlight the feasibility of using
volumetric solar receivers to provide heat input to micro gas-turbine based
solar dish systems and no major hurdles were found.
Keywords
Concentrating solar power, volumetric solar receiver, development,
experimental evaluation, validation

Sammanfattning
Småskalig
koncentrerad
solkraft
som
mikrogasturbinbaserade
solkraftverk med paraboliska solfångare visar potential att utnyttja solens
energi på ett effektivt sätt och levererar el till kunder i avlägsna områden.
I dessa solkraftverk är det solmottagaren som överför energin av
koncentrerat solljus till kraftomvandlingssystemets arbetsmedium.
Mottagaren är en av de viktigaste komponenterna eftersom den drivs vid
höga temperaturer för att nå en hög systemverkningsgrad och är utsatt för
höga ljusintensiteter för att nå en hög komponentverkningsgrad. För att
hantera dessa utmaningar och garantera en effektiv och pålitlig drift
behövs nya och innovativa lösningar.
Syftet med detta arbete är att utveckla en solmottagare genom att
använda en systematisk design- och analysmetodik. Därför utvecklades en
omfattande design- och analysprocess som inkluderar identifiering av
tekniska specifikationer, utveckling av designverktyg för olika detaljnivåer
i samband med optimeringsmetoder, utvärdering av skalningseffekter
mellan laboratorietester och fullskaliga tester. Som resultatet av
designprocessen konstruerades en solmottagare för den experimentella
utvärderingen där alla materialtemperaturer och materialspänningar är
inom tillåtna nivåer.
Den experimentella utvärderingen inkluderar förbättringarna av KTH:s
solsimulator för att säkerställa stabil och pålitlig drift, karakterisering av
instrålningen,
utveckling
av
en
solmottagartestbädd,
och
solmottagarexperiment för olika driftspunkter. Resultaten visar att
solmottagaren uppnår en verkningsgrad på 69.3% för en
luftutloppstemperatur på 800°C och ett massflöde på 29.5 g/s.
Verkningsgraden ökar till 84.8% för ett massflöde på 40 g/s med en
luftutloppstemperatur på 749°C.
De experimentella resultaten användes för att validera de utvecklade
solmottagardesignverktygen genom en flerpunktsvalideringsprocess vilket
resulterar i ett högt förtroende av designverktygens noggrannhet. De
validerade designverktygen användes för att beräkna prestandan av en
fullskalig solmottagare för integreringen i OMSoP solkraftverket.
Resultaten visar att konceptet uppnår en luftutloppstemperatur på 800°C
med en verkningsgrad på 82.5%.

Till
sist
undersöktes
den
ekonomiska
potentialen
av
mikrogasturbinbaserade solkraftverk. De teknoekonomiska analyserna
visar att kraftverken är ideal för småskaliga off-grid applikationer.
Resultaten av solmottagarutvecklingen framhäver möjligheten att
använda volumetriska solmottagare för att leverera värme till
mikrogasturbinbaserade solkraftverk med paraboliska solfångare och inga
stora problem upptäcktes.
Nyckelord
Koncentrerad solkraft, volumetrisk solmottagare, utveckling,
experimentell utvärdering, validering
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1 Introduction
The worldwide growth in demand for electrical energy has shown no signs
of slowing, mainly as a result of the increasing global population and rising
levels of consumption in the developing world [1]. A significant proportion
of these new consumers are located in rural areas, which often lack access
to a conventional electricity network [2]. Due to the high costs of building
new transmission and distribution lines, off-grid generation is an
increasingly important option for rural electrification. Currently, the
majority of off-grid generation involves the use of diesel generators with
typical power ranges from 5 to 100 kWel [2, 3, 4]. However, diesel
generators have high operating costs and there can be difficulties in
ensuring the supply of fuel in areas with poor infrastructure [3, 5]. Solar
photovoltaic shows potential to replace diesel generators but with current
battery costs their cost of electricity remains high for supplying
dispatchable power [6, 7, 8]. Additionally, substantial capital expenditure
is required compared to diesel generators [2].
Hybrid solar micro gas-turbines (MGTs) show potential to supply
controllable power on demand to households in remote areas by using
solar energy in combination with a back-up fuel (such as locally derived
biodiesel) [9]. Thereby, the dependence on imported fossil fuel can be
reduced. Additionally, the high exhaust temperature of the MGT opens up
the possibility of supplying additional energy services, such as heating,
cooling, and water purification, through the use of polygeneration
technologies. In light of the above, the EU-funded Optimised Microturbine
Solar Power System (OMSoP) project [10] was established aiming at
demonstrating a 3-10 kWel stand-alone hybrid MGT solar dish system. In
a first phase a solar-only system has been installed at the ENEA Casaccia
Research Center and commissioning tests have been successfully
performed.
The key challenge for hybrid MGT systems is the need to harness the
Sun’s energy at high temperatures, in order to ensure a high conversion
efficiency of the MGT unit. Parabolic dish concentrators allow high
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temperatures to be reached in the most effective manner due to the high
concentration ratios achievable [11, 12]. This combination of high
temperatures and high fluxes makes the solar receiver one of the most
critical component of the system. Another key issue for the gas-turbine
power conversion cycle is the pressure drop created by the solar receiver.
Minimizing the pressure drop created by the solar receiver avoids overly
penalizing the performance of the gas-turbine. This is especially important
for MGTs as they are particularly sensitive to pressure losses [13]. In gasturbine based concentrating solar power plants the preferred integration
scheme is to directly place the solar receiver into the gas-turbine circuit.
This eliminates the need for an intermediary heat exchanger and increases
the conversion efficiency [9].
The main challenge for the design of solar air receiver is the
requirement to use air from the compressor as the heat transfer fluid,
which presents a poor heat transfer even at high pressures. As a result, the
material temperatures in the receiver are significantly higher as compared
to the fluid temperature, which leads to increased thermal losses. In order
to overcome this limitation and ensure efficient and reliable operation
innovative designs are needed.

1.1 Research aim
In light of the above, this research work was set out with a twofold overall
goal. The first research aim is to develop and experimentally verify a novel
efficient high-temperature solar air receiver for the integration into a micro
gas-turbine based solar dish system. Secondly, this research work aims at
developing a new and fully validated receiver design process.

1.2 Concentrating solar power
Concentrating solar power (CSP) generates electrical energy by a two-step
process. First, solar radiation is concentrated onto a receiver in order to
heat a heat transfer fluid such as air. In a second step, this heat drives a
conventional power conversion cycle generating electricity. CSP also shows
the potential to provide additional energy services such as heating, cooling,
and water purification, through the use of polygeneration technologies.
Lovegrove and Stein present a comprehensive summary of CSP
technology [14].
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Currently, four main CSP technologies are available which are shown in
Figure 1. Based on the way the technologies concentrate the available solar
radiation they can be divided into line- and point-focusing systems.
Parabolic troughs and linear Fresnel reflectors belong to the line focusing
systems whereas solar towers and parabolic dish systems are point
focusing.
Parabolic troughs are considered the most mature CSP technology and
they form the bulk of the current commercial plants. Linear Fresnel
systems are simpler in design as compared to troughs and therefore require
lower investment costs but are less efficient in converting solar energy to
electricity. Solar towers are capable of achieving higher temperatures as
the line focusing technologies, which increases the efficiency at which heat
is converted into electricity. Solar dish systems offer the highest solar-toelectric conversion performance of any CSP system [15] but are currently
the least commercially mature technology.

Figure 1:

CSP technologies [15]

4 | INTRODUCTION

1.3 Solar dish systems
In solar dish systems, the available solar radiation is concentrated using a
parabolic concentrator onto a solar receiver located at the focal point of the
concentrator while tracking the Sun’s movement. In most cases, solar dish
units use an independent engine in close proximity to the solar receiver,
which minimizes heat losses.
In general, interest in using parabolic dish systems arises due to the
potentially high concentration ratios and high optical efficiencies which
allow to reach high receiver temperatures effectively [11, 12] allowing for
the highest CSP solar-to-electric conversion efficiency [15]. Furthermore,
the optical performance remains constant throughout the day as the
concentrator tracks the movement of the sun avoiding the ‘cosine loss
effect’ of other technologies.

Figure 2:

OMSoP solar dish
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1.3.1 Solar dish concentrator
Solar dish concentrator installations of various sizes and shapes have been
demonstrated with diameters ranging from just several centimeters up to
24 m [14] with peak flux levels ranging from 1-12 MW/m² [16, 17, 18, 19,
20]. Figure 2 presents the OMSoP solar dish concentrator with a diameter
of 11.73m [21] located at the ENEA Casaccia Research Center close to
Rome.
1.3.2 Power conversion
At the beginning of this research work, most of the efforts have focused on
the integration of Stirling engines with solar dish concentrators [14, 22,
23]. The feasibility of integrating a micro gas-turbine (Brayton cycle) with
a solar dish has been proven in the 1980s and 1990s [14, 24]. Compared to
a Stirling engine, the Brayton cycle offer the prospect of simplified
hybridization [9], lower maintenance costs [25] and supplying additional
energy services, such as heating, cooling, and water purification, utilizing
the rest-heat of the power cycle.
1.3.3 Dispatchability
Hybridization and thermal energy storage are used to compensate
fluctuations in the solar supply in order to generate electricity on demand:
in other words to make the power plant dispatchable.
Dish–Stirling units can integrate a relatively low-cost thermal energy
storage; however, due to structural constraints imposed by the solar dish,
only small storage capacities can be installed. Thermal energy storage
located on ground leads to large heat losses heavily penalizing the system
efficiency. Therefore, the availability of these systems remains low on an
annual basis. The feasibility of hybrid dish Stirling units has been proven
in two projects in the 1990s [14] but until today no system has left the
experimental stage.
On the other hand, the hybridization of solar gas-turbines presents
fewer challenges. In recent years, a number of EU-funded projects have
examined hybrid solar MGT systems. The SOLGATE project demonstrated
a 250 kWel hybrid MGT unit with a solar receiver operating at 860°C [26],
while the SOLHYCO project focused on a 100 kWel unit with biodiesel as
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the hybridization fuel [27]. The first commercial solar micro gas-turbine
power plant is offered by AORA. The CSP plant is based on a solar tower
featuring a 100 kWel unit for off-grid and combined heat and power
applications [28].
1.3.4 Micro gas-turbine solar dish layouts
In this section, the working principle of the Brayton power conversion cycle
and its specific application in hybrid solar MGT dish systems are
presented. In a conventional Brayton engine air is compressed in a
compressor, fuel is added and burnt in the combustion chamber, and
finally the combustion gases are expanded in a turbine that is coupled to
an alternator. In a MGT based solar dish system solar heat replaces the
heat input from fuel or in case of a hybrid system supplements it.
A multitude of layouts can be used for hybrid solar MGT power plants
[29] with the main variations resulting from the relative location of the
solar receiver and the combustor with respect to the turbine, as well as
whether a recuperator has been integrated. Figure 3 presents three
possible configurations: namely an open-cycle MGT along with both
internally- and externally-fired recuperated cycles. In all three cases, a
serial hybridization scheme has been assumed, in which the entirety of the
main airflow passes through both the receiver and the combustion
chamber.
The open-cycle MGT with internal combustion as shown in Figure 3A
is the simplest configuration. Pressurized air leaving the compressor is first
heated in a solar receiver by concentrated solar energy before being
expanded in the turbine. In a hybrid design, the air leaving the solar
receiver is subsequently heated up further by an auxiliary fuel combustor.
The efficiency of an open-cycle turbine is relatively low due to the high
temperature of the exhaust gases. This is especially true for MGTs as they
operate at moderate pressure ratios, which results in higher exhaust
temperatures than conventional utility scale gas-turbines. In order to
improve upon the performance of the open-cycle MGT, a heat exchanger
can be added to the cycle to recover the waste heat at the turbine exhaust,
giving an internally-fired recuperated cycle (shown in Figure 3B).
In order to facilitate the combustion of different renewable fuels, which
are potentially more “dirty” than conventional fuels and can thus lead to
turbine fouling, an externally-fired recuperated layout can be considered
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(shown in Figure 3C). As opposed to the previous configurations, both the
solar receiver and the combustor are located after the turbine.

Figure 3:

Micro gas-turbine solar dish layouts (based on [29])
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1.3.5 Application
Currently, two solar dish applications of different sizes are being
investigated: small-scale decentralized off-grid operation and large-scale
solar dish farms [14].
The small-scale application mainly aims to supply electricity to
consumers located in rural areas, which often lack access to a conventional
electricity network. Due to the high costs of building new transmission and
distribution lines, off-grid generation of electricity is an increasingly
important option for rural electrification. In regions with high solar energy
resources, solar dish systems offer an attractive means to reduce
dependence on imported fuel while meeting energy demands in a
sustainable and environmentally friendly manner. The power capacity of
these decentralized dish system is in the range of some kW to some MW
[14]. In addition to providing electricity MGT solar dishes offer the
possibility of supplying complementary services, such as heating, cooling,
and water purification. These are driven by the rest-heat of the Brayton
power cycle.

Figure 4:

Cleanergy solar dish farm Dubai (used with permission [30])

In recent years, the development of large-scale dish installation has gained
momentum where a large number of individual dish systems is grouped in
a solar farm or park. Figure 4 shows an example of a recently completed
solar dish farm in Dubai [30]. The main driving factor is the desire to
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exploit economies of scale such as in the grid connection, operation and
maintenance, and financing. Another interesting concept is the coupling of
individual dish-units to provide heat input to a large-scale centralized
power conversion unit as compared to using a receiver and power
conversion unit in the focal spot of each solar dish. An example of such a
system is the 4.9 MWel La Jet ‘Solarplant1’ built in California in 1984, which
consisted of 700 solar dish concentrators producing steam for a centralized
application [14].

1.4 Solar air receivers
Previous work on solar receivers for the integration into a gas-turbine
power conversion cycle has focused on three receiver concepts: cavity
receivers, tubular receivers, and volumetric receivers.
In the following sections, the receiver efficiency is defined as the ratio
of the enthalpy increase in the working fluid and the radiative power
available in the receiver aperture.
1.4.1 Cavity receivers
In cavity receivers the radiation absorbing material (absorber) is located
within a cavity with a small aperture. Concentrated solar radiation
impinges onto the opaque cavity wall heating it up and heat transfer occurs
through the wall to the pressurized working fluid (air).
At the beginning of the thesis, several cavity receiver design studies for
solar dish systems have been published [31, 32] but only one experimental
study was conducted [24]. The development was however discontinued as
the system operated at poor efficiency due to air and thermal leaks in the
receiver. A recent experimental evaluation conducted by Hischier et al.
[33] demonstrated the concept of a 3 kWth solar cavity receiver for a central
tower system in a high-flux solar simulator (HFSS). Pozivil et al. [34] tested
a 50 kWth cavity receiver in a central tower system reaching air outlet
temperatures above 800°C with an average receiver efficiency of 60%.
Pozivil et al. showed that the receiver efficiency decreases significantly with
increasing operating temperature due to higher radiation losses through
the aperture. Wang designed a cavity receiver using impinging jets to
enhance the heat transfer [35] and tested a prototype connected to a MGT
in the KTH HFSS [36]. During the integrated testing in the solar simulator
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a maximum air outlet temperature of 810°C was reached with a receiver
efficiency below 50% according to the experimental results provided in the
publication. Wang et al. [36] predicted efficiency values in the region of
75% if the receiver is integrated with the Eurodish concentrator [20], which
provides significantly increased flux densities compared to the solar
simulator. However, experimental and numerical evaluations have not
been carried out yet.
In general, the main drawbacks of cavity receivers are radiative and
convective heat losses through the open aperture [36, 37, 38] as a result of
high material temperatures in the cavity due to the poor fluid-to-solid heat
transfer. This is especially true for high air outlet temperatures.
1.4.2 Tubular receivers
In tubular receivers the concentrated solar radiation is absorbed by a
bundle of tubes usually located within a cavity. Radiation heats up the
opaque absorber tubes and heat transfer occurs through the tubes to the
pressurized working fluid (air).
Recent tubular receiver designs and tests have been conducted for a
central tower system for system sizes above 100 kW [26, 27, 39]. The main
drawbacks of tubular receivers are the large convective and radiative heat
losses when operating at higher temperatures and the difficulty in
transferring the heat effectively from the radiated tubes to the air especially
at high air outlet temperature. Prototype tests showed receiver efficiencies
in the region of 40% [27, 39]. Additionally, high-temperature tubular
receivers experience rapid transient thermomechanical loads that can
reduces the lifetime of the receiver [40]. Moreover, relatively large
pressure drops occur due the long tube bundles [27] penalizing the gasturbine efficiency.
1.4.3 Volumetric receivers
Volumetric solar receivers offer a possible solution to overcome the
limitations imposed by the poor solid-to-fluid heat transfer of air by
employing porous absorber materials. In these receivers, the concentrated
solar radiation is absorber within the volume of the absorber, such as
porous ceramic foams, increasing the effective area for absorption without
increasing the area for heat loss. The large internal absorption surface and
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the volumetric effect, which reduces thermal radiation losses, allow for air
outlet temperatures above 800°C with the potential of thermal efficiencies
above 75% [41]. Additionally, volumetric receivers show the potential to
incorporate ceramic materials, which opens the possibility for air even
higher air outlet temperatures.
Previous studies of volumetric air receivers for gas-turbine applications
have focused on designs for tower-based systems [41, 42, 43, 44, 45]. One
of the first volumetric receiver designs for central tower systems was the
Pressure Loaded Volumetric Ceramic Receiver (PLVCR) [46]. It is based
on a porous ceramic foam absorber placed behind a domed quartz-glass
window held in place by a water-cooled frame. The domed window
presented a number of challenges such as sealing problems between the
glass window and the window frame. Despite the problems reported, the
receiver design was successfully tested at receiver outlet temperatures up
to 1050°C with flux levels around 500 kW/m². The SOLGATE receiver [47]
is one of the most advanced pressurized volumetric solar receiver concepts.
Similar to the PLVCR, this receiver concept uses a porous ceramic foam
absorber placed behind a domed quartz glass. During the experimental
evaluation, air outlet temperatures of up to 960°C have been demonstrated
with a peak flux of 800 kW/m². For an air outlet temperature of 800°C a
receiver efficiency of 78% was achieved. Additionally, the pressure drop
over the solar receiver was shown to be below 40 mbar, which is sufficiently
low for the integration with a gas-turbine. However, both studies only
present limited data regarding the receiver design methodology, the
measurement strategy, radiative boundary conditions, and model
validation. In particular, no information on the thermo-mechanical design
of the receiver was presented, which is essential to ensure the structural
integrity and thus the functionality of the solar receiver.
In the 1980s, one experimental study was conducted testing solar air
receivers for the integration with a MGT solar dish [24]. The development
was however discontinued as the system operated at poor efficiency due to
air and thermal leaks in in both the engine and receiver as well as
imperfections and failures of the concentrator mirrors. In the 1990s, the
German Aerospace Center designed and tested a series of volumetric
Brayton receivers (VOBREC) for coupling to a MGT solar dish [48]. Similar
to the PLVCR receivers these designs used a porous ceramic foam absorber
placed behind a domed quartz glass. Due to the relatively poor optical
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quality of the dish concentrator a secondary concentrator was installed
which resulted in a peak solar flux in the region of 1 MW/m². During the
experimental evaluation, air outlet temperatures of up to 819°C have been
demonstrated with a receiver efficiency of 79.8% [48]. Similarly as before,
these studies do not present details of the receiver design methodology, the
measurement strategy and the experiments performed. For the experiment
performed by Jaffe et al. [24] the radiative boundary conditions in terms
of the solar flux distribution and power available at the receiver aperture
are not characterized which are essential to determine the receiver
performance especially the receiver efficiency. Moreover, both studies lack
information about the thermo-mechanical receiver design and model
validation.
Towards the end of this research work, a number of receiver design
studies specifically targeting the integration into a solar dish system were
published. However, most research focuses on numerical investigations
without experimental validation [49, 50, 51, 52]. At the time of writing, two
studies are available that include experimental testing of solar air receiver
for MGT-coupling. The pressurized solar air receiver investigated by Zhu
et al. [53] only reaches air outlet temperatures in the region of 450°C,
which is too low to operate an MGT efficiently [54]. Another recent
experimental air receiver investigation performed by Wang et al. [55]
reaches more significant temperature levels in the region of 730°C.
However, the radiative boundary conditions at the receiver aperture are
not characterized, which is essential for determining the receiver
efficiency. Furthermore, the study does not present the pressure drop
across the receiver, which is necessary for a full characterization of the
receiver performance as gas-turbines are particularly sensitive to pressure
losses [13]. Like before, both studies lack information about the thermomechanical receiver design and model validation.
Currently, according to my knowledge, no experimental studies are
available that measure the absorber front surface temperature of a
pressurized volumetric solar receiver designed for the integration into a
solar dish concentrator. This temperature strongly affects radiation losses
and thus the receiver performance. For a meaningful characterization of
the solar receiver performance and the validation of numerical models the
front surface temperature of the directly irradiated surface is essential.
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1.4.4 Receiver limitations
As shown above, previous studies of solar air receivers have mainly focused
on tower-based systems [40, 41] with sizes ranging from 250 kWel [47] up
to around 25 MWel [56] as compared to solar dish MGTs with an electrical
output lower than 100 kWel. Additionally, the radiative boundary
conditions of central tower systems differ significantly to those of solar dish
systems. In general, the flux levels of central tower systems remain below
1 MW/m² [41] whereas solar dish concentrators are able to create peak flux
levels exceeding 10 MW/m² [20]. As such, receivers developed for central
tower systems are not directly usable for the integration with a solar dish
concentrator.
Solar receiver designs for the coupling with MGT dish systems showed
poor performance [24] or have been tested in solar dish concentrators with
low concentration ratios [48]. Many designs rely on a domed glass window,
which is complex to manufacture, expensive, and presents sealing
problems with the surrounding structures. In general, design studies and
experimental evaluations of solar air receivers specifically targeting the
integration with MGT dish system only provide limited data on the receiver
design methodology, boundary conditions, design specifications, and
evaluation criteria. Moreover, in most studies the thermo-mechanical
design of the solar receiver is not presented.

1.5 High-flux solar simulators
The development process of solar receivers for CSP plants often involves
the testing of a scaled version in a laboratory environment with
controllable testing conditions and reduced system complexity as
compared to the full-scale system. In recent years, high-flux solar
simulators (HFSSs) have gained importance for the development of CSP
components and systems as they offer a fully controllable and constantly
available testing environment at lower costs than using a full-scale solar
platform [57].
In short, a HFSS is an installation that provides concentrated radiation
with a spectrum close to solar light with concentration levels close to the
real CSP systems. The main components of a HFSS are high power lamps,
with a spectral light distribution as similar as possible to the natural
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sunlight, coupled to a concentration device such as an ellipsoidal reflector
or Fresnel-lenses.
A recent review of solar simulators [57] showed that 26 HFSSs of
various designs were in operation in late 2016 with 7 of them capable of
providing a radiative power of more than 15 kW and 3 capable of providing
more than 30 kW at the focal plane. In early 2017, another HFSS was
completed offering radiative power of up to 310 kW [58].
With the vast majority of the operational HFSSs delivering a radiative
power below 30 kW [57] the main challenge of HFSS testing is caused by
the fact that the radiative power delivered is lower than the power available
at a full-scale CSP system. Additionally, differences of the peak flux and the
spatial flux distribution can appear between HFSSs and full-scale systems.
These differences result in different temperature and stress profiles within
the solar receiver. The same issue arises for the evaluation of receivers in
the scaling-up process of a CSP plant when building the actual system is
impractical due to long lead times, too costly and/or impossible as the final
design is not fully established and changes are anticipated. The need of
laboratory tests and scaling is not only limited to solar dish systems but can
also be found in tower based CSP plants. Even the most powerful HFSS in
operation is not able to provide the full power needed for large utility-scale
receivers with radiative power requirements in the order of 500 kW to
several MW [41, 42].

1.6 Economic analysis
Previous work on the economic analysis of gas-turbine based CSP plants
has mainly been focused on large-scale central tower plant [9, 42, 59, 60]
with power levels above 1 MW. As such, they only provide limited
information regarding the economic viability of small-scale solar power
plants. However, the studies performed and reports from national and
international agencies [15, 61, 62] highlight the value of thermal energy
storage of CSP plants.
At the beginning of this work no techno-economic analysis of smallscale CSP plants has been published according to my knowledge. Towards
the end of this research work, a number of techno-economic cost analyses
and market potential investigations of micro gas-turbine based solar dish
systems have been published as part of the OMSoP project. Sánchez et al.
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[63] identified the market potential for small-scale stand-alone unit as well
as for large-scale arrangements with lots of individual units. Gavagnin et
al. [64] present a detailed cost analysis of the OMSoP solar dish system
including the sensitivity analysis of the production volume. It is shown that
when utilizing high performance specifications in combination with mass
production the system cost reduces to 2500 €/kWel. They conclude that at
this cost level, the system has the potential to become competitive against
photovoltaics (PV) under favorable environmental, political and market
conditions. Another study performed by Gavagnin et al. [65] shows the
potential for further cost reductions. They highlight the potential of the
OMSoP solar dish system in solar-only mode to provide electricity at the
same levelized cost of electricity (LCoE) as small PV installations, which is
approximately 11€cts/kWh. The MGT solar dish system outperforms the
competing dish-Stirling technology with LCoEs currently in the region of
50€cts/kWh [23, 66] and predicted cost in the region of 20€cts/kWh [65]
for large production volumes.
When looking at dispatchable small-scale power generation the main
technology currently in use is based on diesel generators with LCoEs
between 22 and 66€cts/kWh depending on the nominal power [2, 67].
Solar PV in combination with battery storage is a promising option for
delivering carbon-free power on demand but with current battery prices
the LCoE remains above 20€cts/kWh [68] for capacity factors in the region
of 10%. The cost values are calculated for small-scale applications
assuming a discount rate of 8%, which is a conservative value for
developing countries where the typical cost of equity is 18% and the cost of
debt is 10% [69, 70]. Even in industrialized countries this value is
representative with typical costs of equity and debt being 10% and 5%,
respectively [69, 70]. With capacity factors as low as 10%, these systems
cannot be considered fully dispatchable as they are only able to meet the
electricity demand during a small fraction of time.
In order to compete with diesel generator technology higher capacity
factors are necessary. Small-scale solar PV systems with battery storage,
which are able to produce electricity whenever needed to meet the local
demand, show significantly higher costs. A study presented by Okoye and
Solyali [71] investigates the ideal sizing of a stand-alone solar PV system
with battery storage to meet typical demand profiles of developing
countries, which results in LCoEs in the region of 50$cts/kWh.
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Gavagnin et al. [65] predict that the OMSoP solar dish system in hybrid
operation is able to produce dispatchable electricity with an LCoE below
13€cts/kWh assuming a production volume of 1000 units per year.
Moreover, CSP technology can be coupled with cost effective thermal
energy storage, which has already been proven in utility-scale plants.
Additionally, small-scale CSP can provide value, which is not captured
by the LCoE such as a larger fraction of local content as compared to PVbattery installations. The high exhaust temperature of the MGT opens up
the possibility of providing complementary energy services, such as
heating, cooling, and water purification.

2 Research outline
As presented in section 1, this research work was set out with a twofold
objective of designing and experimentally verifying an efficient hightemperature solar air receiver for the integration into a micro gas-turbine
based solar dish system and to develop a novel and fully validated receiver
design process. Special focus was placed on the thermo-mechanical design
to ensure the structural integrity of all receiver components. As this
research work was performed within the framework of the OMSoP project
[10], one objective is the development of a solar air receiver for the
integration into the OMSoP solar dish system and its experimental
evaluation in the KTH high-flux solar simulator.

2.1 Objectives
To reach the above-mentioned overall objectives, a series of detailed
objectives was defined.
•

Develop and present a comprehensive receiver design process

•

Determine the receiver design criteria for a micro gas-turbine solar
system with the goal of producing electricity at the most competitive
cost possible while minimizing the environmental impact

•

Perform a comprehensive solar receiver design for the integration
into a contemporary solar dish concentrator, which ensures thermomechanical integrity while achieving high performance

•

Evaluate the receiver scaling effects between laboratory and full-scale
tests to design a receiver prototype for the experimental evaluation
which yields representative results

•

Design a final solar receiver for testing in the KTH high-flux solar
simulator reaching an air outlet temperature of 800°C while
achieving high receiver performance and ensuring thermomechanical integrity
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•

Develop a coupled theoretical and experimental evaluation process

•

Experimentally prove the solar receiver functionality and
performance in the KTH high-flux solar simulator while obtaining
sufficient data for the model validation

•

Provide the full test case with detailed information to offer readers
the possibility to use the experimental data for validation of their
numerical model

•

Validate the receiver design tools

•

Design a solar receiver for integration into the OMSoP solar dish
system reaching an air outlet temperature of 800°C while achieving
high receiver performance and ensuring thermo-mechanical integrity

•

Determine the performance of the full-scale solar receiver for the
integration into the OMSoP solar dish system

•

Identify potential fields of application for micro gas-turbine based
solar dish systems and investigate the economically potential

2.2 Methodology
In order to achieve the above objectives, a systematic design and analysis
process was developed in the research work. In general, the receiver
development process follows these steps:
•
•
•
•
•
•

Receiver design
Final receiver design
Experimental evaluation
Model validation
Full-scale receiver analysis
Economic potential

To ensure a comprehensive analysis the receiver design starts with a
techno-economic systems analysis to identify technical specifications and
requirements for the design of an efficient high temperature solar air
receiver for micro gas-turbine coupling. For the receiver design and
evaluation, modeling tools of different complexity are developed and
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validated, which are suitable for different investigation levels. Then, the
complete design space for the receiver is investigated using the modeling
tools available in combination with multi-objective optimization methods.
Based on the design space evaluation the most suitable receiver
configuration is selected and a preliminary design is created. In a next step,
scaling effects are investigated in order ensure that experiments conducted
the in the KTH high-flux solar simulator (HFSS) are representative
compared to test in the full-scale solar dish system. As a result of the
scaling evaluation a final solar receiver design for testing in the KTH HFSS
is established and a prototype is manufactured. For the final receiver,
special focus is placed on the thermo-mechanical design to ensure the
structural integrity of all receiver components for a range of operating
conditions.
The experimental evaluation starts with the development of the overall
testing strategy to ensure a representative evaluation of the solar receiver
prototype in the KTH HFSS. In a first step, the KTH HFSS is adapted and
upgraded to ensure stable and reliable operating conditions. For the
accurate receiver evaluation, the radiative boundary conditions in the solar
simulator are essential. Therefore, a novel measurement method is
developed to characterize and monitor the solar simulator performance.
Furthermore, a receiver test bed is designed and built that simulates the
behavior of a gas-turbine while reducing the system complexity as
compared to using a real MGT. In a next step, the measurement and
operating strategy for the solar receiver testing is developed and
implemented, and the receiver prototype is tested in the solar simulator.
The measurement results obtained from the prototype testing are used to
validate the receiver design tools. In the final step of the receiver
development process the validated models are applied to analyze a fullscale solar receiver integrated with the OMSoP solar dish system.
Lastly, a system potential investigation is undertaken to analysis the
potential applications of MGT based solar dish systems and evaluate their
economic performance.

2.3 Contribution to the state-of-the-art
The main contributions to the state-of-the art of this research work are the
development and experimental verification of a novel efficient high-
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temperature solar air receiver for the integration into a micro gas-turbine
based solar dish systems and the development of a new and fully validated
receiver design process.
The development includes the complete identification and definition of
receiver design specifications and evaluation criteria, the exploration of the
entire design space using multi-objective optimization, and the
investigation of scaling effect. The experimental evaluation includes the
identification of testing requirements and evaluation criteria to ensure a
representative analysis as well as the accurate determination of receiver
boundary conditions. In a final step of the receiver development, the
economic potential of the MGT based solar dish systems is investigated.
An important contribution to the state-of-the-art is the thermomechanical receiver design to ensure the structural integrity of the solar
receiver for a range of operating points, which was not presented in
previous research. Moreover, this research work presents the full
validation of the receiver design tools using experimental data obtained.
Contrary to previous research, special attention is placed on providing
detailed information of all steps of the design an evaluation process to
enable readers to use the results obtained. Therefore, all modeling tools
and the underlying correlations, test setups and measurement equipment,
and design details are presented.
Paper A

Micro Gas-Turbine Design for Small-Scale Hybrid Solar Power
Plants
Description
Three different MGT configurations were investigated to
assess their suitability for use in a small-scale hybrid solar
power plant. The influence of solar receiver design
specifications on the performance of the MGT units was
analyzed.
New contribution
• System level receiver design model developed
• Solar receiver design specifications and evaluation criteria
obtained for the effective design of a solar air receiver
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Paper B

Preliminary Design and Analysis of a Novel Solar Receiver for
a Micro Gas-Turbine based Solar Dish
Description
A solar receiver meeting the specific requirements for
integration into a small-scale (10 kWel) dish-mounted hybrid
solar micro gas-turbine system was designed with a special
focus on the trade-offs between efficiency, pressure drop,
material utilization and economic design.
New contribution
• Receiver design performed based on defined specifications
and evaluation criteria using multi-objective optimization
to investigate the entire design space
• Finite difference receiver design model developed suitable
for optimization procedure
• Coupled multi-physics receiver design model developed to
ensure thermo-mechanical integrity

Paper C

Scaling Effects of a Novel Solar Receiver for a Micro GasTurbine based Solar Dish System
Description
A systematic scaling method for solar receivers was developed
to guarantee that experiments performed in the controlled
environment of high-flux solar simulators yield representative
results when compared to full-scale tests.
New contribution
• Scaling method developed and scaling indicators defined
• Monte-Carlo ray-tracing model of the KTH high-flux solar
simulator and the OMSoP solar dish developed and
validated
• Stochastic heat source calculations developed to
determine the heat input to the solar receiver
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Paper D

Development of a Fresnel Lens based High-Flux Solar
Simulator
Description
A Fresnel lens based high flux solar simulator was developed
for concentrating solar power research suitable for the
receiver testing.
New contribution
• Development of a novel high-flux solar simulator concept
using Fresnel lens concentrators
• Lifetime issues avoided which were previously
encountered in the more conventional design using
ellipsoidal reflectors
• Cost reduction achieved as only commercially available
components are used

Paper E

Characterization of the KTH High-Flux Solar Simulator
combining three measurement methods
Description
A new measurement strategy was developed to characterize
the radiative boundary conditions in the KTH high-flux solar
simulator accurately. The characterization is based on the
combination of three measurement methods.
New contribution
• Development of a novel measurement strategy coupling
three measurement methods
• Performance measurements are taken for all lamps
simultaneously
• Detailed uncertainty analysis conducted
• High-level of confidence in measurement results obtained
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Paper F

Experimental evaluation of a novel solar receiver for a micro
gas-turbine based solar dish system in the KTH high-flux solar
simulator
Description
A novel high-temperature solar air receiver for the integration
into a micro gas-turbine solar dish system capable of reaching
an air outlet of 800°C is experimentally evaluated in the KTH
high-flux solar simulator for multiple operating points.
New contribution
• Receiver performance evaluated for multiple operating
points using defined performance indicators
• Radiative boundary conditions measured for accurate
performance calculations
• Continuous measurement of the absorber front surface
temperature as one of the most critical components for the
receiver performance
• Detailed information of the receiver design, the test setup,
the measurement equipment, and the boundary
conditions are provided to enable the validation of
numerical models

Paper G

Small Scale Hybrid Solar Power Plants for Polygeneration in
Rural Areas
Description
The economic potential of a decentralized, small-scale micro
gas-turbine based hybrid solar power plant providing multiple
energy services is investigated. A number of different
polygeneration system are analyzed to meet the electricity, hot
water and cooling demand of a small remote village.
New contribution
• Techno-economic model of the small-scale hybrid solar
power plant developed
• Economic and environmental performance evaluated and
compared to competing technologies
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Paper H

Thermoeconomic Analysis of a Solar Dish Micro Gas-Turbine
Combined-Cycle Power Plant
Description
The technical and economic potential of a large-scale solar
farm comprised of hybrid solar-dish MGTs providing heat to
a central steam cycle is analyzed. The aim is combining the
high efficiency of the solar dish collector and the combinedcycle power block.
New contribution
• Techno-economic model of the hybrid solar dish farm
developed
• Economic and environmental performance evaluated and
compared to competing technologies

2.4 Thesis outline
So far, the main motivation of this research work, the previous research, as
well the objectives, methodology, and the contributions made to the stateof-the-art have been presented. The thesis continues with the receiver
design and the modeling framework developed for different analysis levels.
Chapter 4 presents efforts related to the experimental evaluation of the
solar receiver in the KTH HFSS. Chapter 5 summarizes the published work
and outlines the major findings. Finally, Chapter 6 states the general
conclusions of the work and describes possible future work to be
performed within the field.
This thesis presents a comprehensive summary of the work undertaken.
This document is meant to be a clarification of the overall research work
including a detailed summary of the work performed. For additional
details, it is recommended to read the appended papers.

3 Receiver design
As mention in the introduction, the main challenge for the design of the
solar air receiver arises from the high operating temperature (to ensure a
high power cycle efficiency) and the high flux density (to ensure high
receiver efficiency) in combination with the poor solid-to-fluid heat
transfer. As a result, the solar receiver experiences high material
temperatures and associated material stresses. In order to ensure efficient
and reliable operation a comprehensive solar receiver development is
carried out in this research work.
During the development process, novel receiver design and modeling
tools of different complexity and detail levels were developed, which are
presented in this section.

3.1

Receiver concept

The general receiver concept considered for the receiver modeling in this
research work is shown in Figure 5. It consists of a volumetric open-cell
silicon carbide absorber placed behind a quartz-glass window to separate
the working fluid from the exterior while allowing the concentrated solar
radiation (CSR) to pass through.

Figure 5:

Volumetric receiver layout (based on Paper B)
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This radiation heats the volumetric absorber, which in turn heats the
working fluid. The fluid enters at the back of the receiver, passes through
the cavity between the glass window and the absorber, which serves to cool
the glass window, before being heated in the volumetric absorber and
leaving the receiver again at the back.
To analyze various receiver designs objectively, performance indicators
are defined. In this research work, the following receiver performance
indicators are used.
•
•
•

Receiver outlet temperature (total temperature)
Receiver efficiency
Pressure drop across the receiver (static pressure drop)

The receiver efficiency is defined as the ratio of the absolute air enthalpy
increase inside the receiver and the radiative power available at the
receiver aperture Pap as shown in Equation (1).

𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 =

𝑀𝑀̇ ∙ (ℎ𝑜𝑜𝑜𝑜𝑜𝑜 − ℎ𝑖𝑖𝑖𝑖 )
𝑃𝑃𝑎𝑎𝑎𝑎

(1)

3.2 Modeling framework
During this research work the following modeling tools have been
developed, with the publications they are used in indicted in brackets.
•
•
•
•
•
•

System level model (Paper A)
Thermodynamic multi-objective receiver design model (Paper B)
Coupled multi-physics model (Paper B and Paper C)
Scaling evaluation model (Paper C)
Full receiver model (this PhD thesis)
Glass window structural mechanics model (this PhD thesis)

First, a systems level model was developed to identify the technical
specifications and requirements for an efficient receiver design with the
goal of producing electricity at the most competitive cost possible while
emitting a minimum of carbon dioxide. The model is based on a techno-

RECEIVER DESIGN | 27

economic analysis, which combines annual thermodynamic performance
calculations with cost predictions.
In a next step, a thermodynamic multi-objective receiver design model
was established to explore the entire receiver design space. The goal was to
investigate the tradeoffs between material temperatures and the pressure
drop across the receiver and finally to identify the most suitable receiver
configuration.
To ensure the thermo-mechanical integrity of the selected design the
coupled multi-physics model was developed and implemented in the
multi-physics software COMSOL. In order to investigate scaling effects and
ensure that tests conducted in the KTH HFSS are representative compared
to the full-scale solar dish system a scaling evaluation model was
developed. For this model, the coupled multi-physics model was improved
and linked with Monte-Carlo ray-tracing routines and stochastic heat
source calculations. These routines are able to accurately model the
absorption processes of concentrated solar radiation within the solar
receiver. In this research work, the ray-tracing routines of the OMSoP solar
dish concentrator and the KTH HFSS were established and validated
against measurement results.
Finally, a full 3-dimensional receiver model was created, including the
above mentioned Monte-Carlo ray-tracing routines, and validated using
the measurement results obtained during the experimental evaluation.
This model was then used to predict the performance of a full-scale solar
receiver integrated in the OMSoP solar dish system.
The glass window holding structure presents a major design challenge
due to different thermal expansion of the window and the surrounding
components. For the detailed design of the receiver, a 3-dimensional
structural mechanics model of the glass window holding structure was
implemented.

3.3 System level model
As mentioned above, a techno-economic model was developed to identify
the technical specifications and requirements for an efficient receiver
design. The model offers the possibility to evaluate both the economic and
environmental aspects of different power plant configurations
simultaneously. During the systems level analysis three different MGT
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configurations were considered as presented in section 1.3.4. This section
presents a summary of the techno-economic model, whereas a full model
description is found in Paper A.
3.3.1 Techno-economic model
A flow chart of the techno-economic model is shown in Figure 6. First, the
model calculates the nominal design of the MGT plant and the size of the
power plant components using a set of design parameters and criteria. The
nominal point data is then used to run a transient off-design simulation of
the power plant for an entire year on an hourly basis. The nominal power
plant design is also used to calculate the capital cost of the power plant
equipment using standard cost functions [9] and reference equipment
costs (see Paper A). These costs are then combined with the annual
performance data to calculate the total investment and operating costs.
Then, a series of performance indicators are calculated as described in the
following section. At the end of the analysis, the power plant performance
is assessed and a new evaluation is started.

Figure 6:

Techno-economic model flow chart (based on Paper A)

The technical performance of the power plants investigated based on
standard heat and mass balance equations with the exception of the solar
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receiver, which is based on a 1-dimensional heat transfer model shown in
Figure 7. The relatively low complexity of the receiver model was chosen to
reduce computing time allowing the use in a design process evaluating
thousands of configurations, each of which performed yearly off-design
simulation on an hourly basis. The receiver model accounts for heat
transfer phenomena of concentrated radiation, thermal radiation, and
convection between the solid receiver components and the air passing
through. Solid black arrows denote concentrated radiation, dotted solid
arrows thermal radiation, and white arrows the working fluid air. A
complete description of this model and the heat transfer equations used is
found in Paper A.
The receiver model accounts for the optical losses in the glass window
as well as thermal radiation losses from the glass window and the absorber.
Eb denotes beam radiation, αg, ρg, and τg the optical properties of the glass
window, Tamb the ambient temperature, Tin the temperature of the working
fluid entering the receiver, Ta the surface temperature of the absorber
which is approximated as the arithmetic average of the working fluid inlet
temperature to the absorber Tm and its outlet temperature Tout. For reasons
of simplicity, the glass window and the absorber have been considered as
black bodies (for thermal radiation). Moreover, the convective heat
transfer coefficient Ug between the working fluid air and the glass window
has been considered constant.

Figure 7:

System level receiver model (Paper A)
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3.3.2 Techno-economic performance indicators
In order to evaluate the different power plant designs, techno-economic
performance indicators are calculated based on cost and performance
figures. For the system level analysis, two main performance indicators
have been chosen: the levelized cost of electricity LCoE and the specific
carbon dioxide emissions fCO2. Additionally, the power plant conversion
efficiency and the solar share are used to compare the performance of
different designs.
The levelized cost of electricity represents an economic assessment of
the cost of the electricity generation of the power plant, accounting for the
total costs over its lifetime. The LCoE can be calculated using Equation (2)
based on the total investment cost of the power plant Cinv, the
decommissioning cost Cdec, the annual fuel cost Cfuel, the annual
maintenance cost CO&M, and net annual electricity production Enet.

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =

𝛼𝛼 ∙ 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 + 𝛽𝛽 ∙ 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + 𝐶𝐶𝑂𝑂&𝑀𝑀
𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛

(2)

In Equation (2) α denotes the capital return factor and β the discount factor
calculated using the real debt interest rate i, the insurance rate kins, and the
plant lifetime n, with values shown in Table 1. The specific equations and
references are presented in Paper A.
Table 1:

i
kins
cD
n

Economic calculation parameters

Economic parameter
Real debt interest rate
Annual insurance rate
Diesel fuel cost
Plant lifetime

Value
7
1
600
25

Unit
%
%
€/t
yr

The environmental performance is evaluated using the specific carbon
dioxide emissions fCO2, which are calculated using Equation (3) based on
the mass of fuel burnt annually Mf and its carbon content cC.
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𝑓𝑓𝐶𝐶𝑂𝑂2

𝑓𝑓

44 𝑀𝑀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∙ 𝑐𝑐𝐶𝐶
=
∙
12
𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛

(3)

The power plant conversion efficiency is calculated as the ratio of the net
shaft energy output and the sum of the annual solar energy input to the
power cycle and energy provided by the fuel burnt. The solar share is a
measure of the solar utilization in a hybrid solar power plant. It is simply
calculated as the ratio of solar heat input and the total heat input to the
cycle.

3.4 Thermodynamic multi-objective design model
With the main design criteria determined using the systems level model, in
the next step the influence of the main receiver design parameter on the
receiver performance are investigated. The goal of the analysis is to explore
the entire receiver design space to identify the most suitable receiver
configuration. The key challenge in the receiver design is to maintain all
material temperatures below critical limits while keeping the pressure drop
across the receiver low and at the same time reaching a high receiver
efficiency.
For the design space investigation, a thermodynamic multi-objective
design model was developed. It is based on a 2-dimensinal rotationalsymmetric finite difference heat transfer model of the solar receiver
coupled to a multi-objective optimizer. This section presents a summary of
the modeling approach, whereas a full description is found in Paper B.
3.4.1 Boundary conditions
The receiver design space investigation was performed for two hybrid MGT
layouts, with the main variations resulting from the relative location of the
solar receiver and the combustor with respect to the turbine. In the
atmospheric configuration (Figure 8A) both the solar receiver and the
combustor are located after the turbine. In the pressurized configuration,
the solar receiver is located directly before the turbine, while the external
firing combustor remains after the turbine (Figure 8B).
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Figure 8:

Receiver configuration (Paper B): (A) Atmospheric, (B) Pressurized

Steady state thermodynamic models of the two configurations have been
used to determine the nominal operating point of both MGT power cycles.
An electrical power of 10 kW was chosen for both hybrid configuration to
ensure comparable results. The power cycle boundary conditions for both
configurations are summarized in Table 2. The receiver outlet temperature
of the atmospheric configuration is limited to 780°C by the maximum
recuperator inlet temperature whereas the pressurized configuration is
limited by the maximum MGT inlet temperature (references see Paper B).
Table 2:

𝑀𝑀̇
Tin
Tout
prec

Power cycle boundary conditions

Cycle operating conditions
Air mass flow
Receiver inlet temperature
Receiver outlet temperature
Receiver operating pressure

Atm.
147
568
780
1.0

Pres.
109
740
900
3.0

Unit
g/s
°C
°C
bar

The radiative boundary conditions are derived from the Eurodish
concentrator [20], which delivers approximately 44.4 kW of radiative
power at the focal plane with a peak flux in the region of 10 MW/m². To
ensure comparable operating conditions between the two configurations,
geometrically similar flux distributions were chosen. The peak flux was
kept identical to the Eurodish case, as this parameter is strongly related to
the maximum material temperature. Moreover, the mean flux on the focal
plane of the receiver is also maintained constant, in order to obtain the
same overall concentration ratio. The flux distribution is then adjusted in

RECEIVER DESIGN | 33

order to obtain an intercept factor of 90% of both configurations while
meeting the required thermal power input.

Figure 9:

Irradiance at the focal plane (Paper B)

The flux distribution for the two configuration is shown in Figure 9. It can
be seen that the peak flux, the mean flux at the receiver aperture, and the
ratio between the minimum and maximum irradiance onto the solar
receiver (proportional to the intercept fraction for geometrically similar
flux distributions) are the same for both configurations, despite the
difference in thermal power supplied.
3.4.2 Receiver model
The receiver model developed is shown in Figure 10 and a complete
description of the heat transfer equations used is found in Paper B. The
receiver model consists of three parts: a 2-dimensinal rotationalsymmetric finite difference heat transfer model of the coupled windowcavity-absorber system (denoted by the red dash-dotted line in Figure 10),
a heat-exchanger model of the tubular inlet/outlet path, and a separate
pressure loss model. This approach allows the effects of the spatially
varying flux distribution and the volumetric effect within the absorber
material to be captured. In this section the finite difference heat transfer
model is summarized, whereas all details of the receiver model are
presented as part of Paper B.
The model of the coupled window-cavity-absorber system takes into
consideration three main domains, the glass window, the porous absorber
(including both solid and fluid phases) and the cavity in between, as shown
in Figure 10. Both the glass window and the cavity are discretized in the
radial direction (r), with no axial variation assumed, whereas the porous
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absorber is discretized in both axial (x) and radial (r) directions, due to the
strong axial variation of the solar flux during absorption. Figure 10 is
divided into two halves, the bottom half outlines the discretization
strategies and the fluid flow paths, whereas the top half shows the radiation
exchange model. Black arrows denote radiation and white arrows the
working fluid (air). Solid black arrows are used for short-wave solar
radiation and dotted arrows for long-wave thermal radiation.

Figure 10: Finite difference receiver model (Paper B)

To account for the solar energy absorbed by the porous absorber, a
volumetric heat source term is analytically calculated using an initial flux
derived from the Eurodish concentrator. The source term can be expressed
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using Equation (4) where E denotes the local irradiance, E0 the initial
irradiance impinging at the front surface of the absorber, Kext the total
extinction coefficient and s the path length travelled by the incident
irradiation within the absorber. In this model, parallel light rays were
assumed at the focal plane in order to simplify the calculations of the path
length travelled by the radiation within the absorber.

𝑞𝑞̇ 𝑣𝑣𝑣𝑣 (𝑟𝑟, 𝑠𝑠) = −

𝑑𝑑𝑑𝑑
= 𝐸𝐸0 (𝑟𝑟) ∙ 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝑒𝑒 −𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒∙𝑠𝑠
𝑑𝑑𝑑𝑑

(4)

The absorption of concentrated radiation within the porous absorber is
described by the extinction coefficient. Several models have been found in
the literature to determine the total extinction coefficient of open-cell
materials [72, 73, 74]. The Hendricks and Howell [73] model includes a
formulation specifically developed for silicon carbide and was therefore
chosen for use in this work. The extinction coefficient is calculated using
Equation (5), where ϕ denotes the cell diameter, εp the porosity, and φ a
material constant, which takes a value of 4.8 for silicon carbide [73].
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 =

φ
�1 − 𝜀𝜀𝑝𝑝 �
𝜙𝜙

(5)

In this receiver model, the air mass flow distribution over the receiver
aperture is considered constant. This implies that the effects of the air flow
field distribution inside the receiver are not taken into account. To
overcome this limitation a coupled multi-physics model is developed in the
next step.
3.4.3 Optimization setup
The optimization used for the receiver design space evaluation is based
around the QMOO multi-objective optimizer [75] coupled to the receiver
model described above.
As optimization parameters the width of the cavity between the
absorber and the glass window, as well as the porosity and the cell diameter
of the porous absorber are chosen. Decreasing the cavity width will result
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in an increased radial flow speed which improves the convective cooling of
the glass window, thereby reducing its temperature, while at the same time
increasing the pressure drop and vice versa. Varying the porosity and cell
diameter of the porous absorber affects the absorption of the concentrated
sunlight, the effective heat transfer between solid and fluid, as well as the
pressure drop.
As objective functions it was chosen to minimize the glass window
temperature (as one of the most critical material temperatures) and
simultaneously reducing the pressure drop across the receiver (as one of
most critical performance indicators).

3.5 Coupled multi-physics model
To ensure the thermo-mechanical integrity of the selected design a coupled
multi-physics model is developed and implemented in the multi-physics
software COMSOL. The model integrates an optical module, a conjugate
heat transfer module of the entire receiver, and a thermo-mechanical
module of the glass window and the porous absorber. Particular focus is
placed on the modeling of the porous absorber as one the most critical
components.
This section presents comprehensive summary of the modeling
framework and the individual modules. Additional details can be found in
Paper B and Paper C.

Figure 11: Modeling flow chart
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Figure 11 presents a flow chart of the coupled multi-physics model whereas
Figure 12 shows a sketch of the solar receiver with the location of the submodules. The model input consists of the main receiver design parameters
such as physical dimensions and absorber properties as well as the power
cycle boundary conditions such as the receiver inlet temperature and the
air mass flow. As a result of the coupled multi-physics evaluation a set of
performance indicators is obtained. These consist of the receiver outlet
temperature, the receiver efficiency, and the pressure drop across the
receiver, as presented in section 3.1. Additionally, a set of material
performance indicators is obtained, which are described in section 3.5.4.

Figure 12: Coupled multi-physics model

The optical module represents the behavior of the solar dish concentrator
and the KTH HFSS as well as models the radiation absorption within the
glass window and the porous absorber. As a result, volumetric heat sources
inside the glass window and the absorber are created, which are used to
couple the optical module and the conjugate heat transfer module.
The conjugate heat transfer module performs a coupled fluid flow and
heat transfer simulation (fluid and solid domain). It accounts for
convective, conductive, and radiative heat transfer. The conjugate heat
transfer model yields temperature and pressure profiles of the entire
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receiver, which are used to couple this module to the thermo-mechanical
module.
The thermo-mechanical module evaluates the mechanical behavior of
the glass window and absorber due to temperature gradients, pressure
forces, and physical constraints. This module yields stress profiles of the
glass window and absorber.
3.5.1 Optical module
To account for the solar energy absorbed within the porous absorber and
the glass window, volumetric heat source terms are calculated. In a
preliminary analysis carried out as part of Paper B, the analytic approach
presented in the thermodynamic multi-objective design model was used to
determine these heat sources. For the preliminary analysis, the same
boundary conditions as in the thermodynamic multi-objective design
model were used. For the heat sources calculation of a solar receiver
integrated in a solar dish concentrator (here the Eurodish) this
simplification is applicable as the flux profile does not change drastically
for small deviation from the focal plane (±20 mm, cp. [20]). Additionally,
tests on typical volumetric receiver materials show that over 90% of the
impinging radiation is absorbed within this distance [73] and, as such, only
a small error is expected for the assumption of parallel light impinging on
the receiver.
In a next step, Monte-Carlo ray-tracing routines and stochastic heat
source calculations were added to the optical module. This is necessary to
capture the specific operating characteristics of the KTH HFSS and to
recreate the flux distribution at the receiver accurately. This modeling
approach was used in Paper C, the model validation, and the full-scale
receiver modeling. To recreate the flux distribution at the receiver
accurately, 3-dimensional Monte-Carlo ray-tracing routines [76, 77, 78,
79] were developed within this research work. The Monte Carlo approach
was chosen to reduce computing time down to the order of minutes
allowing optimization loops, which require thousands of evaluations as
compared to commercially available ray-tracing software tools with
significantly longer calculation times. Additionally, ray-tracing routines of
the OMSoP solar dish were developed. Both models were validated against
measurement results as shown in Paper C.
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Moreover, the Monte-Carlo ray-tracing routines were adapted for the
Eurodish concentrator and validated against measurement results from
Reinalter et al. [20].
a. Solar dish
For the ray-tracing of the solar dish concentrator 10 million points have
been stochastically distributed at the dish surface and 3 distinct reflections
originate from each of these points. Figure 13 shows a schematic overview
of the ray-tracing at the dish surface.

Figure 13: Solar dish ray-tracing (Paper C)

For each point investigated the ideal reflection vector 𝑜𝑜⃗𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 that passes
through the focal point FP is calculated and the surface error is determined
for each individual ray using a experimentally determined probability
density function (PDF). First, the surface error is calculated in spherical
coordinates (zenith angle error Δθ and azimuth angle error Δφ) and then
the error contribution due to the Sun’s angular spread is added. Finally,
the result is converted into Cartesian coordinates and the direction vector
of the ray determined. The gray lines in Figure 13 represent 3 distinct
reflections whereas the dotted black lines and circle illustrate a cone
containing the possible range of deviations after the reflection. This
includes the deviations due to the surface error and the sun spread. To
calculate the flux distribution at any given plane an orthogonal virtual
multi-CCD detector is implemented.
The ray-tracing modeling of the OMSoP solar dish concentrator is
based on the surface error measurements carried out by Montecchi et al.
[80]. For the stochastic modeling, the probability density function [81] of
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the surface error was determined for both the zenith and azimuth angle
based on the experimental data. As was shown in Paper C, the zenith angle
error PDF presents a typical shape (cp. [82]) with a characteristic peak
around 5 mrad. The azimuth angle error PDF is relatively constant over the
entire angular range and is thus considered constant for the modeling.
Finally, the OMSoP solar dish ray-tracing was validated using the
experimental characterization and a complete ray-tracing work
undertaken by Montecchi et al. [81]. It is shown in Paper C that the flux
profiles of both simulations match very well for planes with an axial offset
of 0, 30, and 60 mm to focal plane.
For the ray-tracing of the Eurodish solar dish concentrator the zenith
angle error PDF was modeled using Equation (6). P denotes the
probability, Δθ the zenith angle error, and σstd the standard deviation that
takes a value of approximately 1.9 mrad for the Eurodish. For the azimuth
angle error a constant PDF was considered. This modeling approach is
taken from Johnston [82], which is based on a two-dimensional Gaussian
function represented in polar form. A validation of the model was
performed with measurement data from Reinalter et al. [20], which
showed that the ray-tracing matches well.
(∆𝜃𝜃)2
dP
∆𝜃𝜃
= 2 ∙ exp �− 2 �
𝑑𝑑(∆θ) 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠
2𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠

(6)

b. Solar simulator

The ray-tracing routines implemented for the HFSS are based around the
ray-tracing of three lamps located in the first quadrant of the HFSS. This
approach is chosen in order to capture the specific characteristics of the
HFSS while at the same time reducing computational time. Ray-tracing is
performed for these three lamps and then duplicated for the other 3
quadrants to account for all 12 lamps of the HFSS. Figure 14 shows the
layout of a single lamp/lens-combination, where the xenon-arc bulb (red)
emits light which is reflected at the parabolic back reflector (blue) and
concentrated by the silicon-on-glass Fresnel lens (magenta) onto the focal
point FP.
In this research work, the xenon-arc bulb is modeled as a line source of
the xenon-arc between the cathode and anode, which are 7.5 mm apart.
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The arc PDF is characterized by a 1-dimensional brilliance distribution
along the center line. Applying this line source model reduces the
computational time significantly compared to using a 2-dimensional
brilliance distribution and modeling the entire bulb structure, which allows
the application in the optimization process.

Figure 14: High-flux solar simulator ray-tracing (Paper C)

A calibration and validation of the HFSS ray-tracing was performed using
measurement data obtained in this research work. It was show in Paper C
that there is good agreement between the measurements and ray-tracing.
c.

Volumetric absorption

Absorption of concentrated radiation within the porous absorber is
modeled by a Monte Carlo approach using the path length method [83].
The path of each individual ray is traced inside the solar receiver starting
from the front surface of the glass window as shown in Figure 15.
Depending on the starting point and direction vector the ray passes
through the glass window (denoted g) and through the cavity (denoted c)
before entering the absorber (denoted a) or impinging on a secondary
structure (denoted o). For each ray the end point is calculated and all its
power contributes to the incremental heat source associated with its
position. In this evaluation, five possible light paths are considered (R1-R5)
which contribute to 5 different heat sources.
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Figure 15: Volumetric absorption (Paper C)

The path length s of each ray inside the porous absorber is calculated by
Equation (7) where χ denotes a random variable between 0 and 1 and Kext
the extinction coefficient of the absorber.

s=−

𝑙𝑙𝑙𝑙𝑙𝑙(1 − 𝜒𝜒)
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒

(7)

d. Glass window absorption
The absorption of concentrated radiation within the glass window is also
calculated using the ray-tracing routines. Due the high transmittance of the
glass window material used, the axial influence of the absorption within
the glass window is negligible [84]. The absorption within the glass window
is determined individually for each ray impinging on the glass window and
then are averaged in the end.
In this research work, two reflections at the glass window are
considered: one on the front surface and one at the back surface as shown
for an exemplary ray R3 in Figure 15. Moreover, the influence of the
incidence angle of each individual ray is accounted for, as incidence angles
reach up to 53°, and is calculated using the Fresnel equations for
unpolarized light [85].
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3.5.2 Conjugate heat transfer module
The fluid dynamics and heat transfer analysis is based on a conjugate heat
transfer model that uses the standard k–ε turbulence model, coupled with
an additional model for the heat transfer and fluid flow in the porous
absorber. In this work, the porous absorber is modeled using the
continuum approach, which was shown in previous work to be a suitable
approach [86, 87]. Additionally, a modified surface-to-surface radiation
model is implemented to account for radiative heat transfer between the
absorber surface and the glass window.
a. Heat transfer absorber
To model the heat transfer within the porous absorber, the thermal nonequilibrium model is applied [86, 87]. This approach is essential as the
requirements for using the thermal equilibrium model are not fulfilled.
Most importantly, the temperature difference between the solid and the
volume-averaged fluid is not negligible. Additionally, two further
requirement of the local thermal equilibrium model are not satisfied,
namely relatively slow motion and identical volumetric heating of both
materials.
The thermal non-equilibrium model introduces separate energy
balances for the solid and fluid phase, as shown in Equation (8) and
Equation (9) respectively, where s refers to the solid and f to the fluid.
Furthermore, keff is the effective thermal conductivity, krad the radiative
conductivity, T the temperature, Uv the volumetric heat transfer
coefficient, 𝑞𝑞̇ 𝑣𝑣𝑣𝑣 the local volumetric solar heat source, εp the porosity, ρ the
density, cp the specific heat capacity, uf the superficial fluid velocity, and t
the time. The superficial fluid velocity is defined as the fluid velocity that
would occur in the absence of the solid phase [31].

�⃗ ∙ ��𝑘𝑘𝑠𝑠,𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 �∇
�⃗𝑇𝑇𝑠𝑠 � − 𝑈𝑈𝑣𝑣 �𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑓𝑓 � + 𝑞𝑞̇ 𝑣𝑣𝑣𝑣 = �1 − 𝜀𝜀𝑝𝑝 �𝜌𝜌𝑠𝑠 𝑐𝑐𝑝𝑝𝑝𝑝
∇
�∇⃗ ∙ �𝑘𝑘𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒 �∇⃗𝑇𝑇𝑓𝑓 � + 𝑈𝑈𝑣𝑣 �𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑓𝑓 � + 𝑞𝑞̇ 𝑣𝑣𝑣𝑣 = 𝜀𝜀𝑝𝑝 𝜌𝜌𝑓𝑓 𝑐𝑐𝑝𝑝𝑝𝑝

𝑑𝑑𝑇𝑇𝑠𝑠
𝑑𝑑𝑑𝑑

𝑑𝑑𝑇𝑇𝑓𝑓
+ 𝜌𝜌𝑓𝑓 𝑐𝑐𝑝𝑝𝑝𝑝 𝑢𝑢
�⃗𝑓𝑓 ∙ 𝛻𝛻�⃗𝑇𝑇𝑓𝑓
𝑑𝑑𝑑𝑑

(8)
(9)
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The convective heat transfer between the solid and fluid inside the porous
absorber is described by a volumetric heat transfer coefficient hvol
calculated as the product of the specific surface area per unit volume αsf
(Equation (10)) and the interfacial convective heat transfer coefficient Usf.
Several models for the calculation of Usf can be found in literature. Xu et
al. [88] compared four different models for convective heat transfer with
experimental data from a porous absorber and concluded that the model
from Hwang et al. [89] provides the best match, and as such, was used in
this work. For Reynolds numbers below 75 Usf is calculated using Equation
(11) and for Reynolds number above 350 using Equation (12). For Reynolds
numbers between these two limits a linear interpolation of the interfacial
convective heat transfer coefficient is used.

𝛼𝛼𝑠𝑠𝑠𝑠 =

20.346 ∙ �1 − 𝜀𝜀𝑝𝑝 � ∙ 𝜀𝜀𝑝𝑝2
𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝

𝑈𝑈𝑠𝑠𝑠𝑠 = 0.004 ∙ �
𝑈𝑈𝑠𝑠𝑠𝑠 = 1.064 ∙ �

0.35

𝑑𝑑𝑣𝑣𝑣𝑣
�
𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝

�

(10)

𝑘𝑘𝑓𝑓
� ∙ Pr 0.33 ∙ 𝑅𝑅𝑅𝑅𝑑𝑑1.35
𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝

𝑘𝑘𝑓𝑓
� ∙ Pr 0.33 ∙ 𝑅𝑅𝑅𝑅𝑑𝑑0.59
𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝

(11)
(12)

In Equations (10)-(12), Red denotes the Reynolds number, Pr the Prandtl
number, dpar the mean particle diameter, dvd the average void diameter,
and kf the thermal conductivity of the fluid. The Reynolds number Red is
calculated using the superficial fluid velocity and the mean particle
diameter as the characteristic length. The mean particle diameter is
calculated using Equations (13) taken from [89] whereas the void diameter
is determined by Equation (14) taken from [90].

𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝 =
𝑑𝑑𝑣𝑣𝑣𝑣 =

1/2

4
∙�1 − 𝜀𝜀𝑝𝑝 ��
1.5 𝜙𝜙 ∙ �3𝜋𝜋
∙
2.3 1 − � 4 ∙�1 − 𝜀𝜀 ��1/2

3𝜀𝜀𝑝𝑝
𝛼𝛼𝑠𝑠𝑠𝑠

3𝜋𝜋

𝑝𝑝

(13)
(14)
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Conduction heat transfer within the porous medium is described by the
sum of the effective thermal conductivities [86], defined in Equation (15)
and Equation (16). In these equations, ks and kf are the thermal
conductivities of the solid and fluid phases, respectively, and εp the
porosity.

𝑘𝑘𝑠𝑠,𝑒𝑒𝑒𝑒𝑒𝑒 = �1 − 𝜀𝜀𝑝𝑝 � ∙ 𝑘𝑘𝑠𝑠
𝑘𝑘𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜀𝜀𝑝𝑝 ∙ 𝑘𝑘𝑓𝑓

(15)
(16)

In the preliminary analysis carried out as part of Paper B, thermal radiation
within the porous absorber and the glass window is modeled using the
Rosseland approximation [86]. For an optically thick medium thermal
radiation heat transfer can be modeled as a diffusion process represented
by the radiative conductivity krad calculated using Equation (17). n is the
refractive index which for air is in the region of 1.0003, σ is the Stefan–
Boltzmann constant, Ts the temperature of the solid, and Kext the radiative
extinction coefficient.

𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 =

16 ∙ 𝑛𝑛2 ∙ 𝜎𝜎 ∙ 𝑇𝑇𝑠𝑠3
3 ∙ 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒

(17)

For the following evaluations, the thermal heat transfer treatment within
the porous absorber and the glass window was modeled using the P1approximation [91, 92], which is an improvement compared to Rosseland
approximation. When using the P1-approximation, krad in the energy
balance (Equation (8)) gets zero and a volumetric heat source term 𝑞𝑞̇ 𝑣𝑣𝑣𝑣 is
added on the left hand side to couple the models. The heat transfer of
thermal radiation inside the absorber is characterized by the scattering
coefficient σs and absorption coefficient a. These coefficients are calculated
using Equation (18) and Equation (19), respectively, which are based on
[74] and are modified with a material constant φ which takes a value of 4.8
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for silicon carbide [73]. ε denotes the emissivity, ϕ the cell diameter, and
εp the porosity.
𝜎𝜎𝑠𝑠 = (2 − 𝜀𝜀) ∙
𝑎𝑎 = 𝜀𝜀 ∙

𝜑𝜑
∙ �1 − 𝜀𝜀𝑝𝑝 �
2𝜙𝜙

𝜑𝜑
∙ �1 − 𝜀𝜀𝑝𝑝 �
2𝜙𝜙

(18)
(19)

b. Fluid flow absorber
The fluid flow model within the porous medium is based on the standard
Navier–Stokes equations for compressible Newtonian fluids, with a
negative source term 𝑆𝑆⃗ added to the momentum equation to account for
additional viscous and inertial losses caused by the porous structure. This
source term is presented in Equation (20), where ρf is the fluid density, μf
the dynamic viscosity, 𝑢𝑢
�⃗𝑓𝑓 the superficial fluid velocity, and K and CF are the
permeability and the inertia coefficients of the porous medium,
respectively.
𝑆𝑆⃗ = − �

𝜇𝜇𝑓𝑓 𝜌𝜌𝑓𝑓 ∙ 𝐶𝐶𝐹𝐹
+
�𝑢𝑢
�⃗𝑓𝑓 �� 𝑢𝑢
�⃗𝑓𝑓
𝐾𝐾
√𝐾𝐾

(20)

The specific permeability K and the inertia coefficient CF of the porous
absorber are based on [90, 93] and are calculated using Equation (21) and
(22), respectively.
𝐾𝐾 =

2
𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝
𝜀𝜀𝑝𝑝3
∙
𝐸𝐸1 �1 − 𝜀𝜀 �2
𝑝𝑝

𝐶𝐶𝐹𝐹 =

𝐸𝐸2

3/2

�𝐸𝐸1 ∙ 𝜀𝜀𝑝𝑝

(21)
(22)
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The terms E1 and E2 denote the Ergun constants, which take standard
values for packed beds of 150 and 1.75, respectively, which are also a good
approximation for ceramic foams [90]. Furthermore, εp indicates the
porosity and dpar the mean particle diameter.
3.5.3 Thermo-mechanical module
The solid mechanics model is based on the standard Cauchy momentum
equation where the stress tensor can be expressed by the Duhamel–
Neumann formulation of Hooke’s law [94]. For isotropic materials, the
stress tensor can be calculated using Equation (23), where E denotes the
Young’s modulus, ν the Poisson’s ratio, ε the second order strain tensor, α
the thermal expansion coefficient, δij the Kronecker’s delta, and θ the
relative temperature. In this equation, the relative temperature is defined
as the difference of the local temperature and a homogenous starting
temperature T0.

𝜎𝜎𝑖𝑖𝑖𝑖 =

𝐸𝐸
𝜈𝜈
𝐸𝐸
�𝜀𝜀𝑖𝑖𝑖𝑖 +
𝜀𝜀𝑘𝑘𝑘𝑘 𝛿𝛿𝑖𝑖𝑖𝑖 � −
𝛼𝛼𝛼𝛼𝛿𝛿𝑖𝑖𝑖𝑖
1 + 𝜈𝜈
1 − 2𝜈𝜈
1 − 2𝜈𝜈

(23)

To adjust Equation (23) for porous media the mechanical properties are
scaled according to the correlations for the properties of cellular solids
presented by Ashby [95]. The Young’s modulus E is calculated using
Equation (24) where Es denotes the property of the solid of which the foam
is made. The Poisson’s ratio ν can be estimated to be equal to 1/3. The
crushing stress σcr for brittle materials such as ceramic foams is expressed
by Equation (25) where σcr,s denotes the modulus of rupture of a strut. The
linear thermal expansion coefficient α remains unscaled for open cell
materials.
𝐸𝐸
2
≈ �1 − 𝜀𝜀𝑝𝑝 �
𝐸𝐸𝑠𝑠

𝜎𝜎𝑐𝑐𝑐𝑐
3/2
≈ 0.2 ∙ �1 − 𝜀𝜀𝑝𝑝 �
𝜎𝜎𝑐𝑐𝑐𝑐,𝑠𝑠

(24)
(25)
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3.5.4 Material performance indicators
In order to quantify the receiver performance and to ensure that material
limits are not exceeded, the following material performance indicators are
defined.
•
•
•
•

Maximum temperature glass window
Maximum first principal stress glass window
Maximum temperature porous absorber
Maximum comparison stress porous absorber

The first principal stress for the glass window is chosen as the critical
performance indicator as the compressive strength of silica glass is a factor
10 larger than the bending strength [96]. For the analysis of the stress
within the absorber, a modified Rankine stress theory is used as presented
in Equation (26), where σI, σII, and σIII denote the principal stresses. This
hypothesis is used as the material failure in porous structures mainly
results from compressive rather than tensile stresses [95].

𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐 = max(|𝜎𝜎𝐼𝐼 |; |𝜎𝜎𝐼𝐼𝐼𝐼 |; |𝜎𝜎𝐼𝐼𝐼𝐼𝐼𝐼 |)

(26)

3.6 Scaling evaluation model
Within this research work, a systematic scaling methodology for solar
receivers is developed to ensure that experiments performed in one testing
platform yield representative results when compared to tests in another
testing platform. The main challenge arises due to differences of the
radiative boundary conditions: mainly the peak flux, the spatial flux
distribution, and the radiative power delivered. These differences result
into differences of the receiver performance as well as differences in the
material temperatures and stresses.
Figure 16 presents the rotational symmetric flux distribution at the focal
plane of the Eurodish solar dish concentrator, the OMSoP solar dish
concentrator, and the KTH HFSS. The Eurodish flux distribution is based
on work performed in Paper B and experimental data from Reinalter et al.
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[20] whereas the OMSoP and KTH HFSS distribution are based on work
performed in Paper C and experimental evaluations as part of Paper D and
Montecchi et al. [80].

Figure 16: Flux distribution at focal plane of various testing platforms (based on Paper B
and Paper C)

With the goal of designing a solar receiver for the integration into the
OMSoP solar dish system and testing its performance in the KTH HFSS,
the scaling effects between these two testing platforms are evaluated. For
an objective evaluation, the scaling quality is assessed using a set of
performance and scaling indicators.
3.6.1 Analysis process
The comprehensive scaling methodology for solar receivers and their
radiative and power cycle boundary conditions is presented in Paper C.
Figure 17 outlines the scaling evaluation analysis process.
First, a reference receiver is designed and its performance evaluated
using the coupled multi-physics model presented in the previous section.
The reference receiver is designed for the integration into the OMSoP solar
dish system working at the design operating conditions [97]. At the design
point, the receiver increases the air temperature from 540°C to 800°C with
a mass flow of 70 g/s and an operating pressure of 3 bar. In order to reach
this temperature increase a receiver aperture in the region of 200 mm is
required for the design DNI of 800 W/m². Secondly, the performance of a
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scaled solar receiver integrated in the KTH HFSS is evaluated using the
coupled multi-physics model. Both calculations yield a set of performance
indicators including the receiver outlet temperature, the receiver
efficiency, the receiver pressure drop, and various material temperature
and stress profiles.

Figure 17: Scaling evaluation analysis process

Then, the scaling quality is assessed within the scaling evaluation using
these performance indicators in combination with additional results of the
coupled multi-physics model. The analysis yields a set of scaling indicators,
which are presented in the following section. These scaling indicators are
used as input for an optimization process, which alters selected receiver
design parameters and the receiver performance is evaluated again.
Finally, the optimization results are used to calculate a Pareto-optimal
frontier which allows the selection of a number of receiver designs which
ensure that testing results obtained in the KTH HFSS are representative
compared to tests in the full-scale solar dish system.
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3.6.2 Scaling parameters
In order to obtain representative results during the receiver testing in the
KTH HFSS, a number of parameters can be adjusted. The main scaling
parameters are identified as the power cycle boundary conditions, the
radiative boundary conditions as well as the geometrical and material
properties of the solar receiver itself. The radiative boundary conditions
are mainly determined by the axial position of the receiver in the HFSS and
the receiver aperture size. Geometrical and material properties of the
receiver and the porous absorber highly affect the fluid flow field and the
radiation absorption.
In this work, the receiver inlet and outlet temperature as well as the
operating pressure are kept constant between the two testing platforms in
order to keep the thermal performance comparable. To do so the air mass
flow rate through the receiver in the HFSS is adjusted for varying radiative
power inputs.
In order to adjust the radiative boundary conditions the receiver inside
the HFSS is placed at different axial positions with varying offset Δz from
the focal plane. Moreover, varying the receiver aperture Dap of the solar
receiver changes the radiative boundary condition. The distance created by
the inner tube supporting the absorber and the glass window (cp. Figure 5)
was identified to be an additional scaling parameter.
A more detailed description of the scaling parameters is presented as
part of Paper C.
3.6.3 Scaling indicators
In order to compare the scaling quality of different receiver designs
objectively, scaling indicators are defined. These indicators were derived
based on a situation analysis performed as part of Paper C.
In this research work, the third principal stress profile inside the
absorber was selected as the main scaling criterion. The main objective of
the scaling evaluation is therefore to minimize the difference between the
absorber stress profile of the scaled solar receiver in the HFSS and the solar
receiver mounted in the solar dish system. Additionally, in order to expose
the volumetric absorber to a similar peak mechanical load the difference
between the maximum stress of both systems is to be minimized.
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To mathematically assess the differences between the two-dimensional
rotational symmetric stress profiles and to fulfill the scaling objectives
three scaling indicators are defined.
•
•

•

The mean stress surface error ∆𝜎𝜎� measures the overall scaling quality
(Equation (27))
The maximum stress surface error ∆𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 measures local deviations,
which are not captured by the mean value due to the large number of
points averaged (Equation (28))
The stress point error ∆𝜎𝜎�𝑝𝑝𝑝𝑝 is used to guarantee similar mechanical
loads. It is defined as the absolute error between the minimum third
principal stress in the HFSS receiver and the minimum third
principal stress in the solar dish receiver (Equation (29))
∆𝜎𝜎� =

Σ �𝝈𝝈 − 𝝈𝝈𝑟𝑟𝑟𝑟𝑟𝑟 �

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛�𝝈𝝈𝑟𝑟𝑟𝑟𝑟𝑟 �

∆𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 = max��𝝈𝝈 − 𝝈𝝈𝑟𝑟𝑟𝑟𝑟𝑟 ��
∆𝜎𝜎�𝑝𝑝𝑝𝑝 = �min(𝝈𝝈) − min�𝝈𝝈𝑟𝑟𝑟𝑟𝑟𝑟 ��

(27)
(28)
(29)

In Equations (27)-(29) bold properties indicate a two dimensional matrix,
the index ref denotes properties of the reference (solar dish) receiver, and
numel the total number of elements of the matrix. To compare stress
profiles of absorbers of different sizes the results are normalized to the
reference diameter of the solar dish receiver.
3.6.4 Optimization setup
The optimization used for the scaling evaluation is based on the MATLAB
genetic algorithm gamultiobj together with the coupled multi-physics
model presented in the previous section. As optimization parameters the
axial offset Δz of the receiver from the HFSS focal plane, the receiver
aperture Dap, and the distance Ln restricting the air inlet to the cavity
between the glass window and the absorber are chosen. The scaling
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indicators described in Equations (27)-(29) are selected as the objective
functions.

3.7 Full receiver model
As was presented in the introduction, the model validation is an important
part of the comprehensive receiver development process. Therefore, a full
3-dimensional receiver model was developed, which recreates the entire
geometry of the final receiver tested in the KTH HFSS. This allows the
validation of the modeling framework using the measurement results
obtained during the experimental evaluation. The validated receiver model
is then used to predict the performance of a full-scale solar receiver
integrated in OMSoP solar dish system.

Figure 18: Full receiver model

The full model is based on the coupled multi-physics model presented in
the previous sections, utilizing the Monte-Carlo ray-tracing routines and
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stochastic heat source calculations as well as the P1-approximation for the
thermal radiation treatment. The 3-dimensional geometry of the full
receiver model implemented in COMSOL is shown in Figure 18. To reduce
computing time a symmetry conditions in the horizontal plane is used.
In order to allow an accurate comparison with experimental result, all
measurement points are recreated in the full receiver model. This includes
the detailed geometry modeling of the thermocouples, which measure the
inlet air temperature Tf0,in and the outlet air temperature Tf0,out. In Figure
18, the measurement points used to validate the model are shown by black
and blue squares. Black squares indicate temperature measurements
whereas blue squares denote pressure measurements.
In order to account for spatially non-uniform fluid flow, the mean air
outlet temperature Tf0,avg is calculated at the receiver exit as the mass
averaged mean temperature. When assuming constant specific heat
capacity the mean outlet temperature can be calculated using Equation
(30) where ρ denotes the local air density, u the local velocity component
normal to the outlet, T the local fluid temperature, and A the outlet area.

𝑇𝑇𝑓𝑓0,𝑎𝑎𝑎𝑎𝑎𝑎 =

∫𝐴𝐴 𝜌𝜌 ∙ 𝑢𝑢 ∙ 𝑇𝑇 ∙ 𝑑𝑑𝑑𝑑

(30)

∫𝐴𝐴 𝜌𝜌 ∙ 𝑢𝑢 ∙ 𝑑𝑑𝑑𝑑

3.8 Glass window mechanical model
Lastly, a detailed 3-dimensional structural mechanics model of the glass
window holding structure was implemented in the multi-physics software
COMSOL for the detailed receiver design. The main purpose of the
modeling is to ensure an airtight sealing for changing operation conditions
while keeping the material stresses below critical limits. To maintain the
sealing a homogenous contact pressure above 15 MPa is required between
the gasket and the glass window [98].
A sketch of the structural mechanics model is shown in Figure 19 where
the glass window (yellow) is mounted between two flanges (gray) using two
high-temperature gaskets (brown). The two flanges are pressed together
by 16 screws. In order to avoid non-uniform deformation of the flanges and
thus the glass window, distance washers (blue) limiting the axial
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movement are installed. To reduce computing time symmetries are used
and only one slice of glass window connection is simulated.
The model accounts for the friction contact between the glass window,
the gaskets, and the metal flanges as well as the friction contact between
the distance washers and the flanges for varying material temperatures.
Moreover, the screw connections are modeled by the screw forces and the
pressure difference between the glass window inside and outside it taken
into account. Additionally, the model accounts for the thermal expansion
of all components involved. For the final design of the receiver to be tested
in the KTH HFFS a homogenous temperature distribution is assumed.

Figure 19: Structural mechanics model glass window holding structure

To obtain the friction coefficients between the gasket and the glass window
as well as the gasket and the flange material experiments were carried out.
Therefore, a quadratic sample of gasket was glued on a cylindrical weight,
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which was then pulled over the other material. A force meter was used to
measure the friction force, which was then used to calculate the friction
coefficient summarized in Table 3.
Table 3:

Friction coefficients

Material combination
Steel – steel
Gasket – steel
Gasket – quartz glass

Friction coefficient
0.20
0.23
0.27

4 Experimental evaluation
The experimental evaluation of a prototype is a crucial step in any
development process. For this research work, a dedicated testing strategy
was developed to ensure a representative evaluation of the final solar
receiver in the KTH HFSS. The main objectives of the experimental
evaluation are to prove the solar receiver functionality and to determine its
performance while obtaining sufficient data for the model validation.
Additionally, the goal is to provide the full test case with detailed
information to offer readers the possibility to use the experimental data for
validation of their numerical model.
The main challenge of the experimental evaluation is the simultaneous
measurement of multiple physical parameters (such as temperatures, mass
flow rates, and concentrated radiation) with a high level of confidence to
enable the calculation of receiver performance indicators. The
determination of the concentrated radiation at the solar receiver is
particularly difficult as a 3-dimensional characterization is necessary.
The testing strategy was outlined in the methodology section and it
consists of the following points.
•
•
•
•
•
•

Ensure stable and reliable operation of the KTH HFSS
Precisely characterize the radiative boundary conditions
Develop and implement a solar receiver test bed that simulates the
behavior of a gas-turbine to reduce the system complexity
Establish a measurement strategy to evaluate the receiver
performance and to monitor all critical components
Define relevant operating points for the experiment
Test the solar receiver prototype

4.1 KTH high-flux simulator
During this research work, the KTH HFSS was built and enhanced to be a
suitable testing facility for of high-temperature solar receivers. It is based
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on a circular array of 12 high-power xenon-arc lamps fitted with Fresnel
lens concentrators, as shown in Figure 20. This innovative Fresnel lens
design was chosen over the more conventional approach of using
ellipsoidal reflectors to reduce costs as these reflectors are not
commercially available, as well as to avoid lifetime issues previously
encountered [28] and to avoid the magnification effect of the ellipsoidal
reflector causing the focal spot size and the optical efficiency to be highly
dependent on the size of the emitter arc [29].

Figure 20: KTH HFSS

The solar simulator was designed by Wang [35] and was implemented and
commissioned by Wang and the author of this PhD thesis (see Paper D).
The HFSS was designed with the goal of achieving peak fluxes in the region
of 7 MW/m² to be representative of contemporary solar dish
concentrators. At the same time, a radiative power of 20 kW should be
delivered at the focal plane within an aperture diameter of 200 mm. This
power requirement was chosen to allow the testing of solar receivers of
representative sizes and to ensure that representative temperature levels
can be reached. Initial testing showed that the HFSS is capable of
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producing a peak flux close to the design goal of 7 MW/m². However, a
radiative power of less than 7 kW was delivered within an aperture of
200 mm.
Therefore, a number of improvements were identified and
implemented by the author of this PhD thesis in collaboration with Garrido
(see Paper 6). First, the back reflectors covered with a cold-mirror coating
were replaced with reflectors with reflectance properties spectrally more
favorable with respect to the xenon-arc light source. Moreover, additional
power conversion units were integrated in the xenon-arc lamps. In
addition, to these enhancements a dedicated cooling system for the highpowered xenon-arc bulbs was developed and installed. Furthermore, a
measurement system was developed and installed to monitor the electrical
power delivered to each of the 12 xenon-arc bulbs continuously.
The implementation of these enhancements ensures stable and reliable
operation and improves the HFSS performance significantly. The solar
simulator is now capable of delivering a radiative power in the region of
15 kW within an aperture of 200 mm. Moreover, the measurement system
allows monitoring the performance continuously, which is essential for
reliable receiver tests.

4.2 Radiative boundary conditions
As a next step in the receiver development, an accurate characterization of
the radiative boundary conditions is performed. This is essential for the
calculation of the receiver performance indicators as well as for the
modeling tool validation. The receiver efficiency directly depends on the
radiative power available whereas material temperatures and stresses are
strongly dependent on the radiative flux distribution. Moreover, the
characterization of the KTH HFSS verifies that it can deliver a radiative
power and irradiance levels high enough to reach representative working
conditions and temperatures.
For this research work, a novel measurement strategy was developed
coupling three measurement methods to obtain flux and power
measurements with a high level of confidence. The measurement setups
implemented are a radiometric system using thermopile sensors, a flatplate calorimeter, and a flux mapping system utilizing a Lambertian target
with a CMOS camera. In this section, these measurement methods are
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presented. For the experiments, the three measurement systems were
mounted on a 3-axis linear unit controlled by Labview, enabling precise
movements of the components in any direction. A Keithley 2701 data
logger with two 7708 40-channel differential multiplexer modules was
used to monitor the temperatures of the various components and to
monitor the electric power supplied to each lamp during the experiments.
Additionally, the measurement uncertainty was determined using
Monte Carlo simulations to achieve a high level of confidence. A detailed
description is found in Paper E.
4.2.1 Radiometer
The radiometer method is implemented to obtain multiple point
measurements at the focal plane of the HFSS and at planes with different
axial offset. It is based on two thermopile flux sensors, placed behind a
water-cooled copper shield mounted on a 3-axis linear unit, as shown in
Figure 21. To ensure relevant results at high and low flux levels two flux
sensor with different measurement ranges are used. The cooper plate has
two apertures to reduce the radiative power on the active collecting area of
the thermopile sensors and protects them from overheating caused by the
extra radiative power delivered outside the apertures.
The local average flux 𝐸𝐸� through the aperture measured by the
thermopile flux sensor is calculated using Equation (31), where 𝑄𝑄̇𝑡𝑡𝑡𝑡𝑡𝑡
denotes the value displayed by the thermopile sensor, Aap the aperture
area, 𝑄𝑄̇𝑟𝑟𝑟𝑟 the re-radiation from the copper plate to the sensor and cλ a
spectral wavelength correction factor. cλ accounts for the spectral
distribution of the xenon arc light source, the spectral reflection of the
reflector inside the solar simulator lamps, the spectral transmission of the
Fresnel lens concentrators, and the spectral absorption of the thermopile
flux sensor. The re-radiation is calculated with a traditional radiation
analysis considering view factors applied to the geometry of the system.
More details can be found in Paper E.
𝐸𝐸� =

𝑄𝑄̇𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑄𝑄̇𝑟𝑟𝑟𝑟
∙ 𝑐𝑐𝜆𝜆
𝐴𝐴𝑎𝑎𝑎𝑎

(31)
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The radiometer setup is used to measure the radiative flux at different focal
plane distances and in both horizontal and vertical direction, which is then
used to calculate a rotational-symmetric flux profile.

Figure 21: Radiometer setup (Paper E): (A) Front, (B) Back, (C) Thermopile sensor

4.2.2 Calorimeter
The calorimetric measurement was developed to determine the radiative
power available at the focal plane precisely. The system consists of a watercooled copper plate coated with a Pyromark 2500 layer 5-10 μm thick,
which offers high and constant absorptance of the irradiance from the
lamps, as shown in Figure 22.
The thermal power collected by the calorimeter 𝑄𝑄̇𝑐𝑐𝑐𝑐 is calculated
applying Equation (32), assuming steady-state conditions, and negligible
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kinematic and potential energies. In Equation (32) mwater denotes the mass
of water collected during operation in a time lapse Δt, cp,water the specific
heat capacity of water evaluated at the mean water temperature, ΔT is
water the temperature increase over the calorimeter, 𝑄𝑄̇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 the total
convective and radiative losses of the calorimeter, αca,eff is the weighted
absorptivity of the Pyromark coating, and 𝑄𝑄̇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 the estimated power
absorbed on the sides of the calorimeter.
𝑄𝑄̇𝑐𝑐𝑐𝑐 =

𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ∙ 𝑐𝑐𝑝𝑝,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ∙ ∆𝑇𝑇
+ 𝑄𝑄̇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
∆𝑡𝑡
− 𝑄𝑄̇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝛼𝛼𝑐𝑐𝑐𝑐,𝑒𝑒𝑒𝑒𝑒𝑒

(32)

The heat losses 𝑄𝑄̇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 were determined experimentally for a range of
operating temperatures by using hot air provided by a custom built air
heater. More details can be found in Paper E.

Figure 22: Calorimeter (Paper E): (A) Back, (B) Front

4.2.3 Flux mapping system
The third measurement method implemented is a flux mapping system to
visualize the flux distribution. It is based on a water-cooled Lambertian
target and a cost effective CMOS camera equipped with neutral density
(ND) filters, as shown in Figure 23. During the measurement light of the
solar simulator lamps is concentrated onto the water-cooled Lambertian
target with an aluminum oxide coating. The diffuse reflected light is
subsequently captured by the monochrome CMOS-camera equipped with

EXPERIMENTAL EVALUATION | 63

ND filters which yields a gray value image proportional to the relative flux
distribution. Additional details about the flux mapping system can be
found in the appended Paper E and the open access publication Paper 5.

Figure 23: Flux mapping setup (Paper E): (A) Schematic, (B) Experimental setup
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4.2.4 Power measurement
Finally, the calorimetric measurement system was coupled with the front
flange of the solar receiver to quantify the radiative power available at the
receiver aperture precisely. The front flange, which holds the glass window
and defines the aperture, is mounted in front of the calorimeter as can be
seen in Figure 24.

Figure 24: Power measurement setup (Paper C): (A) Schematic, (B) Experimental setup

Both are mounted on top of a linear unit that allows movement in the x and
y-direction. To minimize the influence of thermal radiation from the flange
towards the calorimeter, the backside of the flange is insulated.
Additionally, the temperature of the flange and the insulation is monitored
using thermocouples, which are used to calculate the heat flux from the
flange to the calorimeter.

4.3 Receiver test bed
In a next step, a receiver test bed was developed, which ensures constant
and controllable boundary conditions while reducing the complexity and
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facilitating system control as compared to the integration of a real gasturbine. The main challenge in the design of the receiver test bed is the
simultaneous control of the receiver operating pressure and mass flow for
receiver outlet temperature of 800°C and higher.
A schematic overview of the test bed is shown in Figure 25. The solar
receiver is placed close to the focal point of the solar simulator lamps,
which provide radiative heat input. On the fluid side, the receiver is
coupled to a mass flow controller (MFC), a custom-built 60 kW electrical
heater, and a choked nozzle. This arrangement allows recreating the
operating range of the MGT power conversion cycle while reducing the
complexity. Compressed air is pre-heated inside the electrical heater
before entering the receiver, which is being heated by the concentrated
radiation. After leaving the receiver, the air is expanded in a nozzle
operating at choked conditions and released into the ventilation systems.
Combining the MFC and the choked nozzle allows adjusting the pressure
level and mass flow rate in a precise way while resembling the operating
behavior of a gas-turbine.

Figure 25: Receiver test layout (Paper C)

Figure 26A shows a picture of the receiver test setup from behind the noninsulated solar receiver, looking towards the solar simulator lamps. It can
be seen that the receiver outlet flange is connected to an additional piping
that houses the choked nozzle. This nozzle piping is connected to a flexible
hose leading to the ventilation system.

66 | EXPERIMENTAL EVALUATION

Figure 26: Receiver test setup (Paper C)
(A) View from behind without insulation, (B) Top view including insulation

EXPERIMENTAL EVALUATION | 67

The controller regulating the air mass flow is not visible in this view as it is
located outside the laboratory housing. However, the air inlet hose can be
seen on the right, which is connected to the custom-built pressurized air
heater. A straight pipe is installed between the heater and the solar receiver
containing pressure and temperature measurement sensors.
In Figure 26B the fully insulated and instrumented solar receiver is
shown looking from the solar simulator lamps. To minimize heat losses the
entire receiver is covered with a 10 cm layer of Fiberfrax high temperature
ceramic insulation and a 10 cm layer of lower temperature rock wool, and
finally the receiver is covered with a layer of aluminum foil. In front of the
receiver, a measurement system to evaluate the temperature of the porous
absorber and the glass window can be seen. In Figure 26, thermocouples
(TCs) and their green connectors can be seen as well as blue pressure
measurement tubes, which are connected to pressure transducers.

4.4 Measurement strategy
In a next step, a measurement strategy is developed in order to measure all
properties necessary to determine the performance indicators defined in
the receiver design section 3. In this research work, the receiver air outlet
temperature, the receiver efficiency, and the pressure drop across the
receiver were defined as the main performance indicators. Furthermore,
the maximum temperature of the glass window and the porous absorber
were selected as secondary performance indicators.
To measure all relevant receiver properties during the experiments
temperature and pressure levels are monitored continuously using point
measurements of K-type thermocouples and pressure transducers.
Additionally, line temperature measurements of the absorber front surface
and the glass window are taken at various operating points using four
pyrometers (PMs).
4.4.1 Point measurements
Figure 27 outlines the point measurement locations inside and outside the
receiver and additional piping. In this illustration, the solar receiver is
shown without insulation. The measurements taken during this
experimental campaign can be split into
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•
•
•
•
•
•

Air mass flow 𝑀𝑀̇
Total fluid (air) temperatures Tf0
Static air pressures p
Pipe temperatures inside 𝑇𝑇𝑝𝑝𝑖𝑖 and outside Tp
Flange temperatures Tfl
Volumetric absorber temperature Ta

Figure 27: Point measurements (Paper C)

First, the air mass flow 𝑀𝑀̇ through the solar receiver is monitored upstream
of the receiver and the electric heater by the mass flow controller as shown
in the previous section. The total (stagnation) air temperature is measured
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before entering the receiver Tf0,in, after the receiver Tf0,out, and after passing
the nozzle Tf0,end. Static absolute pressure measurements are taken before
the receiver pin and after the nozzle pend. Additionally, the pressure drop
across the receiver Δprec is measured using a differential pressure sensor
(mounted between pin and pout).
The metal temperatures of the receiver and the nozzle piping are
measured on the outside of pipes below the insulation at different points
indicated by Tp,3-Tp,8 in Figure 27. On the inside of the pressurized receiver
the metal temperatures are measured directly after the porous absorber
𝑖𝑖
𝑖𝑖
(red) indicated by 𝑇𝑇𝑝𝑝,1
and 𝑇𝑇𝑝𝑝,2
. At the front side of the receiver, the
temperature of the flange supporting the window is monitored during the
experiments, measured at two points on the front surface (Tfl,1 and Tfl,2) as
well as on the inside close to the thinnest part of the chamfer defining the
receiver aperture (Tfl,3).
Special attention is placed on the porous absorber front surface
temperature as it strongly affects radiation losses and thus the receiver
performance. Consequently, two pairs of TCs are mounted on the absorber
front surface using high-temperature ceramic glue close to the horizontal
center line (Ta,1-Ta,4) as can be seen in Figure 27. The TC pair Ta,1-2 is placed
at the distance of 20 mm left of the horizontal symmetry line, whereas the
TC pair Ta,3-4 is placed at the distance of 25 mm right of the horizontal
symmetry line.
Table 4:

T
pin
pend
Δp
𝑀𝑀̇

Point measurement equipment

Sensor
Pentronic thermocouple K-type
1.5 mm 8103100/8102000
Absolute pressure sensor
UNIK PMP-5076
Absolute pressure sensor
UNIK PMP-5076
Differential pressure sensor
UNIK PMP-5024
Bronkhorst mass flow controller
F-206BI-RAD-00-V

Range
-40-1200°C

Uncertainty
±0.4%∙T or
±1.5°C

0-6 bara

±0.04% FS

0-2 bara

±0.2% FS

0-0.1 bard

±0.2% FS

0-400 m3n /h

±0.7% FS
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The measurement equipment used is summarized in Table 4, which is
connected to a Keithley 2701 data logger with two 7708 40-channel
differential multiplexer modules with automatic cold-junction
compensation. The measurement ranges and uncertainty values are taken
from the manufacturers.
4.4.2 Pyrometer measurements
In addition to point measurements, line measurements of the absorber and
glass window are taken at specific instances in time using PMs. This is
necessary as no reliable point measurements of the glass window
temperature can be taken during operation without altering the working
principle of the receiver. Furthermore, these measurements add
information about the temperature distribution of the absorber and
window.

Figure 28: Pyrometer measurements (Paper C)
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The main challenge of the pyrometer measurements arises due to the high
radiation flux density from the solar simulator lamps, which interferes with
the optical PM measurement. To overcome this limitation, the
concentrated radiation before the solar receiver is blocked using a watercooled shield. The measurement system is based on 4 PMs mounted on a
linear unit as shown in Figure 28. The shield allows the unit to move in
front of the receiver aperture during the operation of the HFSS without the
need of turning off the solar simulator lamps.
Additional difficulties for the PM measurements are caused by the large
heat transfer within the porous absorber. During the measurement, the
radiative power input is blocked by the water-cooled shield, which results
in a transient temperature decrease inside the solar receiver. In order to
limit the cooling down of the porous absorber and the glass window during
the PM measurement, the air mass flow through the receiver is stopped.
However, to avoid overheating and consequently damage to the receiver
the mass flow is only stopped close to the end of the blocking movement.
During the measurements performed, the air mass flow is completely shutoff after 6 seconds while the pyrometer measurement starts after 7
seconds.
To measure the temperature of the porous absorber and the glass
window PMs operating at a wavelength of 1.6 μm and 5 μm, respectively,
are employed. Suprasil CG presents a high transmissivity of 93.5% and an
almost negligible absorptivity (= emissivity) of 0.03% at a wavelength of
1.6 μm whereas it is opaque for measurements with a wavelength of 5 μm.
A combination of these two PMs allows the effective measurement of the
absorber and glass window temperature. At the same time, a draw wire
sensor is used to measure the movement of the PMs with respect to the
solar receiver.
Table 5:

Ta
Tg
x

Pyrometer measurement equipment

Sensor
Pyrometer Optris CTG5H
Pyrometer Optris CT2MHSF
Draw wire sensor
WDS-500-P60-SR-I

Range
250-1650°C
385-1600°C

Uncertainty
±1%∙T or ±2°C
±(0.3%∙T+2°C)

0-500 mm

± 0.1% FS
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Table 5 summarizes the sensors used, which are connected to a DTS Slice
Pro Sim data acquisition system sampling at 5 kHz. The measurement
ranges and uncertainty values are taken from the manufacturers.
To determine the absorber temperature the influence of the glass
window thermal radiation towards the 1.6 μm PM needs be compensated.
Figure 29 shows a sketch of the PM layout used for the compensation,
where the porous absorber is denoted (a) and the glass window (g).
In Figure 29, radiation emitted from the absorber and the glass window
is denoted by dotted and solid lines, respectively, and the contribution with
a wavelength of 1.6 μm and 5 μm is indicated by the red and blue lines,
respectively.

Figure 29: Temperature compensation layout (Paper C)

The absorber temperature compensation is shown in Equation (33) where
the index a and g denote absorber and glass window properties,
respectively, and the index m refers to optical values used in the PM
settings during the measurements. Furthermore, T denotes temperatures,
1.6𝜇𝜇𝜇𝜇
τ transmissivity and ε emissivity at the respective wavelength. 𝜀𝜀𝑎𝑎,𝑒𝑒𝑒𝑒𝑒𝑒

denotes the effective emissivity of the absorber front to account for its
porosity and the fact that the front surface is not completely solid.
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𝑇𝑇𝑎𝑎 =

1.6𝜇𝜇𝜇𝜇

4
𝑇𝑇𝑎𝑎,𝑚𝑚
∙ 𝜏𝜏𝑚𝑚

1.6𝜇𝜇𝜇𝜇

∙ 𝜀𝜀𝑚𝑚

1.6𝜇𝜇𝜇𝜇

𝜏𝜏𝑔𝑔

5𝜇𝜇𝜇𝜇

4
+ 𝑇𝑇𝑔𝑔,𝑚𝑚
∙ 𝜏𝜏𝑚𝑚
1.6𝜇𝜇𝜇𝜇

∙ 𝜀𝜀𝑎𝑎,𝑒𝑒𝑒𝑒𝑒𝑒

5𝜇𝜇𝜇𝜇

∙ 𝜀𝜀𝑚𝑚

(33)

In order to achieve a reliable temperature measurement of the absorber,
the PM measurements are calibrated using TC temperature
measurements. As it was shown in Figure 27, four TCs Ta,1-4 are placed on
the front surface of the absorber close to the horizontal center line. These
measurements are used to determine the temperature dependent effective
emissivity of the absorber for the PM working at a wavelength of 1.6 μm.
In this work, an effective emissivity of the absorber is used to account for
its porosity.
During the calibration process, the electrical heater is used to heat up
the entire receiver without the solar simulator lamps being turned on. Once
steady state operating conditions are reached, PM measurements are taken
and the TC temperatures are collected. These measurements are taken at a
mean absorber temperature of 445°C, 525°C, 605°C, and 697°C.
Combining the TC and PM measurements the temperature dependent
effective absorber emissivity was determined, which can be approximated
by a linear function. The approximation is shown in Equation (34) where
1.6𝜇𝜇𝜇𝜇
𝜀𝜀𝑎𝑎,𝑒𝑒𝑒𝑒𝑒𝑒 denotes the effective absorber emissivity, Ta the absorber
temperature, k the slope, which takes a value of 0.017%/K, and ε0 the
emissivity at 0K whit a value of 77.27%.
1.6𝜇𝜇𝜇𝜇

𝜀𝜀𝑎𝑎,𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑇𝑇𝑎𝑎 ∙ 𝑘𝑘 + 𝜀𝜀0

(34)

Using this emissivity approximation and the temperature compensation
presented in Equation (33), the difference between the thermocouple and
PM measurements of the absorber remains below 0.8%.
4.4.3 Measurement uncertainty
In this work, the measurement uncertainty calculation is based on the
‘Guide to the expression of uncertainty in measurements’ [99]. According
to the guide the combined standard uncertainty uc of the estimate y is
obtained by appropriately combining the standard uncertainties of the
input estimates xi using Equation (35) where f is the function specifying
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how to calculate the variable y, u(xi) the standard uncertainty of the
variable xi, and ui(y) the corresponding variation in y. To use Equation(35)
the individual uncertainties are considered to be symmetrically
distributed.
𝑁𝑁

𝑢𝑢𝑐𝑐2 (𝑦𝑦) = � �
𝑖𝑖=1

𝑁𝑁

𝜕𝜕𝜕𝜕 2 2
� 𝑢𝑢 (𝑥𝑥𝑖𝑖 ) = � 𝑢𝑢𝑖𝑖2 (𝑦𝑦)
𝜕𝜕𝑥𝑥𝑖𝑖

(35)

𝑖𝑖=1

For functions f that are difficult or impossible to differentiate the combined
standard uncertainty may be calculated numerically by replacing ui(y) in
Equation (35) by |Zi| calculated using Equation (36).
1

𝑍𝑍𝑖𝑖 = 2{𝑓𝑓[ 𝑥𝑥1 , … , 𝑥𝑥𝑖𝑖 + 𝑢𝑢(𝑥𝑥𝑖𝑖 ), … , 𝑥𝑥𝑁𝑁 ] − 𝑓𝑓[𝑥𝑥1 , … , 𝑥𝑥𝑖𝑖 − 𝑢𝑢(𝑥𝑥𝑖𝑖 ), … , 𝑥𝑥𝑁𝑁 ]}

(36)

Applying the methodology outlined in the guide for the combined standard
uncertainty [99], the combined measurement uncertainties of key
performance indicators are calculated. The results are presented in
section 5.

4.5 Operating points
In order to evaluate the final solar receiver thoroughly, different operating
points are investigated. The main variables influencing the receiver
performance are the air inlet temperature, the outlet temperature, and the
air mass flow.
The final receiver investigated is designed for a reference operating
point where air enters the receiver at a pressure of 2 bar and a temperature
of 540°C being heated up to 800°C. To achieve this temperature increase,
a reference air mass flow of 38.4 g/s is calculated using the ray-tracing
routines and the coupled multi-physics tool presented in the previous
section. To investigate the effects of varying air mass flows (and thus the
outlet temperature) on the receiver performance, tests are conducted for
mass flow rates between 29.5 to 45 g/s while keeping the inlet temperature
constant at 540°C. The effects of varying inlet temperature are investigated
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at the reference air mass flow 38.4 g/s while changing the inlet
temperature to 602°C and 450°C.

4.6 Testing procedure
During the experimental evaluation, special attention was placed on
reaching steady state operating conditions so that the testing results can be
used for the validation of steady-state simulations. For the solar receiver
prototype tested in the KTH HFSS it takes about 3-4 hours to reach steady
state conditions as a result of the large thermal mass and the relatively low
average flux density provided by the solar simulator.
Once steady-state conditions are reached measurements are collected
for one minute, which corresponds to five measurement points. For the
evaluation of the receiver performance and validation of the receiver
design models, these measurement points are arithmetically averaged.

5 Summary and major findings
This chapter provides a comprehensive summary of the receiver
development undertaken and outlines the major findings obtained. As
presented in the introduction, the main research goal was the systematic
development of an efficient solar air receiver for the integration into a
micro gas-turbine based solar dish system, the evaluation of the economic
potential of these systems, and the development of a novel and fully
validated receiver design process. In particular, a solar air receiver for the
integration into the OMSoP solar dish system had to be developed.
The outcomes are organized by the receiver development methodology
summarized below.
•
•
•
•
•
•

Receiver design
Final receiver design
Experimental receiver evaluation
Receiver design tool validation
Full-scale solar receiver performance analysis
System potential investigation

As this is a completion thesis, it is recommended to read this document
alongside with the published articles, which are appended.

5.1 Receiver design
In this section, the main results of the receiver design are presented. The
design specifications were analyzed as part of Paper A, the design space
was investigated and a receiver prototype was developed as part of Paper
B, and receiver scaling effects were analyzed as part of Paper C.
5.1.1 Design specifications (Paper A)
To ensure a comprehensive development, a systems analysis was
performed in the beginning of the development process, to identify
technical specifications and requirements for the design of an efficient high
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temperature solar air receiver for micro gas-turbine coupling. The aim of
the analysis was determining design criteria for producing electricity at the
most competitive cost possible while minimizing the environmental
impact. In order to allow a comparison with dispatchable electricity
production, the power plant was designed to meet the demand between
7 a.m. and 11 p.m. The analysis process is summarized in section 3.3 and
presented in detail in Paper A.
For small-scale hybrid solar MGT power plants, a multitude of
hybridization schemes can be imagined, with the main variations resulting
from the relative location of the solar receiver and the combustor with
respect to the turbine, as well as whether a recuperator has been integrated.
In this investigation, three potentially interesting MGT configurations
have been analyzed in order to assess their suitability for use in a smallscale hybrid solar power plant. The layouts analyzed are an open-cycle
MGT along with both internally- and externally-fired recuperated cycles,
which are presented in background section 1.3.
The first stage of the analysis consisted of a techno-economic study with
the pressure ratio of the MGT power conversion cycle as the key design
variable, which resulted in a qualitative assessment of the different
configurations. The study yields a set of techno-economic performance
indicators (presented in section 3.3.2) such as the levelized cost of
electricity, the specific carbon dioxide emissions, the power plant
conversion efficiency, and the solar share.

Figure 30: Power plant performance as a function of the pressure ratio (Paper A)
(A) LCoE and specific CO2 emissions, (B) Conversion efficiency
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It was shown in Paper A that an internally-fired, recuperated MGT layout
where the receiver is placed in the pressurized section, is the preferred
choice for small-scale hybrid solar power plants as it achieves the lowest
carbon dioxide emissions at the lowest levelized costs of electricity (Figure
30A). Numbers next to the lines indicate the pressure ratio at which the
design operates; the technical limit for all designs is set to a maximum of
7:1. The externally-fired, recuperated design presents a similar
environmental impact at larger costs. Due the possibility of firing a
multitude of different renewable fuels, it remains an interesting
configuration. Moreover, it was shown that the recuperated configurations
achieve the highest conversion efficiency at a pressure ratio in the region
of 2.5-3 (Figure 30B).
In a next step, the influence of key solar component design parameters
on the performance of the MGT units was analyzed. Four key parameters
were selected as variables for the sensitivity analysis: the receiver pressure
drop, the receiver outlet temperature, the solar multiple, and the fuel costs.
The key purpose of the study was to identify boundary conditions for solar
receiver design, and for this reason, the characteristics of the solar receiver
were selected as the most important sensitivity variables.

Figure 31: Power plant sensitivity to receiver design specifications (Paper A)
(A) Relative conversion efficiency, (B) Solar share

It was shown in Paper A that the pressure drop within the solar receiver
has a strong influence on the performance of the MGT units (Figure 31A).
However, it was also shown that the pressure drop within the recuperator
has an even greater impact on the performance than that of the solar
receiver. For a conventional system, the commonly accepted pressure drop
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within a recuperator is considered 3% of the inlet pressure [13]. In order
for the total pressure drop in a solar system to remain below this level, each
component must therefore introduce a relative pressure drop of no more
than 1%, assuming an equal distribution of the pressure drop within the
recuperator (hot and cold sides) and the solar receiver. For the receiver
outlet temperature, it was shown that increasing this temperature
minimizes the environmental impact (Figure 31B) while increasing the
costs of the power plant and the receiver design becomes more challenging.
In Figure 31B, the environmental impact is evaluated using the annual
solar share, which measures the degree of solar utilization in a hybrid solar
power plant, and allows determining the share of electricity that is actually
generated by solar energy. It is calculated as the ratio of solar heat input
and the total heat input to the power conversion cycle. Moreover, to reach
the full potential of the MGT power conversion cycle a receiver outlet
temperature of 900°C is desired, which is the highest acceptable turbine
inlet temperature of contemporary designs. A compromise between these
two conflicting objectives needs to be found independently for each
installation.
As a result of this techno-economic analysis, the following receiver
design specification were identified.
•
•
•

Recuperated configuration with pressurized or atmospheric receiver
Pressure drop inside the receiver below 1%
Receiver outlet temperature of 800°C or higher

5.1.2 Design space evaluation (Paper B)
In a next step, a preliminary solar receiver design for a dish-mounted
small-scale hybrid solar MGT was established in order to investigate the
entire design space and select a configuration that meets the specific design
requirements identified in the previous section.
The key challenge for the receiver design is to maintain all material
temperatures (and subsequent material stresses) below critical limits while
the receiver performance is kept as high as possible. As was presented in
the receiver design section 3, the receiver performance is evaluated in
terms of receiver outlet temperature, receiver efficiency, and pressure drop
across the receiver. In this design space evaluation special attention was
placed on the trade-off between material temperatures and pressure drop.
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Based on the results from the systems analysis, the performance of a
pressurized and an atmospheric solar receiver for the integration in the
internally-fired and externally-fired recuperated MGT power conversion
cycle was evaluated. The power cycle boundary conditions were calculated
based on contemporary MGT technology whereas the radiative boundary
conditions were derived from the Eurodish parabolic dish concentrator
(see section 3.4).
For the design space analysis, a receiver model was developed and
coupled to a multi-objective optimizer. The receiver model includes a 2dimensinal rotational-symmetric finite difference heat transfer model of
the window-cavity-absorber system, a heat-exchanger model of the tubular
inlet/outlet path, and a separate pressure loss model (see section 3.4). This
combination allowed determining the trade-off curve between the
conflicting objectives of keeping material temperatures as low as possible
(with the glass window temperature identified as the most critical for the
selected boundary conditions) and reducing the pressure drop across the
receiver. Three critical parameters were chosen as decision variables: the
width of the cavity between the absorber and the glass window, as well as
the porosity and cell diameter of the volumetric absorber.

Figure 32: Receiver optimization (Paper B)

Figure 32 presents the optimal trade-off curves between the glass window
temperature and the pressure drop across the receiver for both
configurations considered. The red and blue solid lines represent the
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Pareto-optimal front for the pressurized and atmospheric configurations,
respectively. It can be seen, that the results for the pressurized receiver
configuration are clearly superior to the atmospheric configuration: for all
relevant solutions with a pressure drop in the region of 3% and below, the
pressurized configuration shows lower glass window temperatures. The
atmospheric configuration is only just able to meet the 3% pressure drop
limit whereas the pressurized configuration presents several solutions
below the more desirable 1% target.
The results of the design space investigation show that the pressurized
configuration, with the receiver placed in the pressurized section of the
power conversion cycle, is superior to an atmospheric configuration with
the solar receiver placed after the turbine. Therefore, the design p1% shown
in Figure 32 was selected for further investigation as it offers the desired
pressure drop of 1% (or lower). Moving towards the design pmin results in a
small reduction of the pressure drop while the window temperature
increases significantly.
5.1.3 Detailed receiver design analysis (Paper B)
Based on the initial results from the design space evaluation, a detailed
receiver design study was performed to evaluate the receiver performance
in detail while ensuring its thermo-mechanical integrity. The key challenge
of the detailed component design is to maintain all material temperatures
and material stresses below critical limits while keeping the receiver
performance as high as possible. For this design analysis, a coupled multiphysics model was developed, which accounts for optical, heat transfer,
fluid-flow, and mechanical phenomena (presented in section 3.5).
Particular focus was placed on the modeling of the porous absorber and the
glass window as the most critical components. The coupled multi-physics
model can be used to evaluate both the viability and efficiency of solar
receiver designs.
The detailed receiver design study was performed using the internallyfired recuperated MGT layout, which was previously identified to be the
most promising power conversion cycle. For the power cycle and radiative
boundary conditions the same values as in the design space evaluation
were used. The radiative boundary conditions were derived from the
Eurodish parabolic dish concentrator (see section 3.4).
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First, the pressurized receiver configuration p1% as identified in the design
space evaluation was analyzed using the coupled multi-physics model. The
simulation shows that this receiver configuration is able to raise the air
temperature from 740°C to 911°C with a receiver efficiency of 87.4% with
an associated pressure drop of 1.2% (36 mbar). Regarding the thermomechanical integrity of the glass window, it was shown in Paper B that the
stresses are well within permissible limits, with more than 90% of the
observed stress resulting from the pressure difference between the inside
and outside of the solar receiver and the remaining stress from thermal
expansion. Figure 33B presents the stress profiles within the absorber and
the glass window: for the glass window the first principal stress σI is shown,
as this represents the maximum principal stress, while for the absorber the
largest value of all the principal stresses is shown for each point, as both
compressive and tensile stresses can cause material failure (cp. Equation
(26)). The maximum stress within the absorber, on the other hand, was
found to exceed the permissible limit by 25% mainly as a result of large
temperature gradients.

Figure 33: Coupled multi-physics results flat absorber (Paper B)
(A) Fluid flow field velocity magnitude, (B) Material stresses

The maximum stress within the absorber occurs at the centerline close to
the front surface, which corresponds to the region with the highest solar
heat flux. When analyzing the fluid flow field (shown in Figure 33A) it can
be seen that the zone of low flow velocity occurs in this same area, reducing

84 | SUMMARY AND MAJOR FINDINGS

the ability of the receiver to extract heat from the high-flux region. As such,
a localized zone of high temperatures and high temperature gradients
occurs, resulting in high material stresses.
In order to reduce the thermal stresses within the absorber a more
uniform temperature distribution is required, which can be achieved by
various measures. One of the simplest and most practical is to modify the
shape of the absorber in order to increase the fluid flow velocity close to
the centerline and thus increase the heat transfer between the absorber and
the fluid flow. In this design study, a curved shape for the absorber was
implemented, which increases the area of the unrestricted flow between
the window and absorber and yields an increase of the fluid flow velocity
close to the centerline.

Figure 34: Coupled multi-physics results curved absorber (Paper B)
(A) Material temperatures, (B) Material stresses

With this change implemented, the maximum absorber stress was reduced
below the permissible limit. The results of the improved design in terms of
material temperatures and stresses are shown in Figure 34A and Figure
34B, respectively. Compared to the straight absorber configuration, the
receiver efficiency remains almost constant with a value of 86.6% whereas
the pressure drop decreased marginally to 1.1% (34 mbar).
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5.1.4 Scaling evaluation (Paper C)
As was shown in the introduction section, one of the goals of this research
work is the development of a solar air receiver for the integration into the
OMSoP solar dish system and its experimental evaluation in the KTH highflux solar simulator. However, before a solar receiver prototype can be
tested in the KTH HFSS the effects of scaling the receiver between the
integration in the two testing platforms had to be investigated. This is
necessary to ensure that experiments performed in one testing platform
yield representative results when compared to tests in the other platform.
The main challenge arises due to differences of the radiative boundary
conditions, which highly affect the receiver performance as well as material
temperatures and stress.
To analyze the scaling effects, Monte Carlo ray-tracing routines of the
solar dish concentrator and the solar simulator were developed and
integrated with the multi-physics modeling tool used in the previous
section. The multi-physics model was then coupled to the MATLAB genetic
optimization algorithm to identify the most suitable receiver
configurations for testing in the solar simulator which yield representative
results compared to full-scale tests. The scaling methodology developed
and the models used are summarized in section 3.6 whereas Paper C
presents the comprehensive analysis. As part of the scaling evaluation a
reference receiver for the integration into the OMSoP solar dish system was
designed, which served as the basis for the assessment of the scaling
quality.
One of the main results of the scaling evaluation is the identification of
the third principal stress profile inside the absorber as the main scaling
criterion. The main goal is to minimize the difference between the absorber
stress profile of the scaled solar receiver in the HFSS and the solar receiver
mounted in the solar dish system. Additionally, in order to expose the
volumetric absorber to a similar peak mechanical load the difference
between the maximum stress of both systems is to be minimized. In order
to objectively assess the scaling quality a set of scaling indicators was
defined, which were presented in section 3.6.
Harnessing the models developed in combination with these scaling
indicators and the genetic multi-objective optimizer allowed the
identification of suitable receiver configurations for testing in the solar
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simulator, which yield representative results compared to full-scale tests.
The parameters of the receiver configuration and its boundary conditions
are presented in the following section.

5.2 Final receiver design
The next step in the receiver development was the design of a final solar
receiver for the testing in the KTH high-flux solar simulator. In the
previous section a comprehensive receiver design was presented, which
identified design criteria, selected the most optimal receiver configuration
based on a design space evaluation, and ensured the thermo-mechanical
integrity of the receiver using a multi-physics modeling tool. Additionally,
the main receiver design parameters of a solar receiver for testing in the
KTH high-flux solar simulator were identified that yield representative
results compared to tests in the full-scale OMSoP solar dish system.
This section presents the final receiver design for testing in the KTH
HFSS with the main specifications based on scaling evaluation. The main
challenge in the final design arose due to the relative thermal expansion of
the glass window and the porous absorber with respect to their
surrounding components. Therefore, special attention was placed on the
thermo-mechanical design of volumetric absorber and the glass window
mounting to ensure their structural integrity. Ensuring a circumferentially
uniform flow distribution through the absorber presents additional
challenges and thus an inflow mixing box had to be designed.
5.2.1 Boundary conditions and parameters
The scaling evaluation in the previous section was carried out with the goal
of the identifying a solar receiver configuration that can be tested in the
KTH HFSS, which yields representative results compared to tests in the
full-scale OMSoP solar dish system. The analysis allowed the identification
of the following power cycle and radiative boundary conditions, which
ensure representative results.
Table 6 presents the power cycle boundary conditions of the solar
receiver for the integration in the OMSoP solar dish system and the KTH
HFSS, respectively. As was shown in the scaling evaluation, the air inlet
and outlet temperature as well as the receiver operating pressure are kept
constant between the two testing platforms. To achieve the same air outlet
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temperature for different radiative boundary conditions the air mass flow
is adjusted in order to keep the thermal performance comparable.
Table 6:

𝑀𝑀̇
Tin
Tout
prec

Power cycle boundary conditions

Cycle operating conditions
Air mass flow
Receiver inlet temperature
Receiver outlet temperature
Receiver operating pressure

OMSoP
70
540
800
3.0

HFSS
38.4
540
800
3.0

Unit
g/s
°C
°C
bar

The scaling evaluation allowed identifying the position of the solar receiver
in the KTH HFSS and the receiver aperture diameter, which highly affects
the radiative boundary conditions. For the receiver to be tested as part of
this research work an axial offset Δz of 56mm was identified to be most
optimal in combination with a receiver aperture diameter of 152.5 mm.
Figure 35 shows the irradiance at the aperture plane of the solar receiver
integrated in the OMSoP solar dish system and the KTH HFSS,
respectively. In the scaling evaluation it was determined that a receiver
aperture of 200 mm is required for the OMSoP solar receiver in order to
reach an air outlet temperature of 800°C. It can be seen in Figure 35 that
the mean flux within the receiver aperture of both receivers (denoted by
the dashed lines) remains almost constant between the two testing
platforms.

Figure 35: Irradiance at the receiver aperture plane (based on Paper C)
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Table 7 summarizes the main parameters of the solar receiver for the
integration in the OMSoP solar dish system and the KTH HFSS, which
were determined as part of the scaling evaluation (Paper C).
Table 7:

Dap
Lg
Dg
εp
ϕ
La
Δz

Final receiver parameters

Receiver parameter
Aperture diameter
Glass window thickness
Glass window diameter
Absorber porosity
Cell diameter
Absorber depth
Focal plane offset

OMSoP
200
10
300
85
5
50
0

HFSS
152.5
10
240
85
5
50
56

Unit
mm
mm
mm
%
mm
mm
mm

5.2.2 Detailed receiver layout
The final receiver layout is shown in Figure 36, where the porous absorber
(red) is placed behind a transparent glass window (yellow) to separate the
working fluid from the exterior. The absorber is heated by concentrated
solar radiation that passes through the window and is absorbed inside the
volume of the absorber. Preheated air enters the receiver at the side, is
distributed around the circumference in an inflow mixing box and is then
redirected towards the glass window, cooling it. The inflow mixing box was
specifically designed to ensure circumferentially uniform flow distribution
through the absorber. Its design and the results are presented in the
following sections. It can be seen in Figure 36 that flow dividers
(transparent green) are installed at the symmetry plane to improve the flow
distribution. Finally, the air is heated by the porous absorber as it passes
through. Two exemplary streamlines are shown in Figure 36 denoted by
black dotted lines.
Special attention was placed during the final design on the absorber and
the glass window mounting to ensure their thermo-mechanical integrity.
In order to avoid non-uniform deformation of the glass window, distance
washers limiting the axial movement were installed. Moreover, to
minimize thermal stresses within the porous absorber it is mechanically
decoupled from the surrounding components. This allows the absorber to
expand independently with changing material temperatures. The specific
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design and the results of the glass window and absorber mounting are
presented in the following sections.

Figure 36: Final solar receiver design (based on Paper F)

Figure 37 shows the solar receiver during the assembly without the front
window flange. It can be seen that the glass window is held in place by two
gaskets, which are manufactured out of novaMica THERMEX.
Additionally, the distance washers limiting the axial movement of the
flanges are visible.
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Figure 37: Solar receiver for testing in the KTH HFSS (Paper F)

5.2.3 Inflow mixing box
To size the inflow mixing box and to ensure a uniform flow distribution
through the porous absorber a separate 3-dimensional compressible CFDstudy was performed in COMSOL. Figure 38 present the velocity
distribution in the annulus just before the air enters the cavity between the
glass window and the absorber.

Figure 38: Velocity distribution before glass window
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Figure 39: Mean velocity before glass window

Figure 39 shows the angular mean velocity and the total mean velocity. It
can be seen in Figure 38 and Figure 39 that the circumferential flow
distribution is relatively uniform, which ensures uniform heat transfer
within the porous absorber.
5.2.4 Thermo-mechanical design window
A detailed thermo-mechanical design of the glass window holding
structure was necessary in order to ensure an airtight glass window sealing
for changing operating conditions while at the same time keeping material
stresses below critical limits. Stresses within the glass window are a result
of the pressure difference between the inside and outside as well as nonuniform deformation of the metal part surrounding the glass. To maintain
the sealing quality a contact pressure above 15 MPa is required between the
gaskets and the glass window.
The design is based on a 3-dimensional model implemented in
COMSOL, which accounts for the friction contact between the glass
window, the gaskets, and the metal flanges as well as the friction contact
between the distance washers and the flanges for varying material
temperatures. Moreover, the screw connections are modeled by the screw
forces and the pressure difference between the glass window inside and
outside it taken into account. The model is presented detail in section 3.8.
The design analysis showed that distance washers between the flanges
holding the glass window are necessary in order to maintain the glass
window stresses below permissible limits. This is mainly caused by the
axial deformation of the flanges, which induce large stress peaks close to
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the glass window edges. Moreover, the analysis allowed identifying the
exact dimension of the distance washers and the tightening force necessary
to maintain an airtight sealing. The simulations showed that a combination
of a tightening force of 50kN and distances washer which are 1.2 mm
smaller than the gap between the flanges at ambient temperature results
in a contact pressure of approximately 17 MPa between the gaskets and the
glass window. It was also shown that this contact pressure remains almost
constant for various operating temperatures of the solar receiver. For the
bolt connection used, a bolt force of 50kN corresponds to a tightening
moment of approximately 125 Nm.

Figure 40: Material stresses glass: (A) First principal stress, (B) Third principal stress

Figure 40 presents the expected material stresses in the glass window
obtained for the nominal receiver operating point in the KTH HFSS (air
inlet temperature of 540°C, air outlet temperature 800°C, operating
pressure 3 bar). Figure 40A shows the first principal stress while Figure
40B shows the third principal stress. It can be seen, that the maximum first
principal stress in the region of 25 MPa, which results into a factor of safety
larger than 2 c0nsidering a permissible bending stress of 67 MPa [96]. For
silica glass the compressive strength is a factor 10 larger than the bending
strength, and thus the third principal stresses remain below critical limits
too.
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5.2.5 Thermo-mechanical design absorber
In order to minimize stresses within the porous absorber its holding
structure was designed in a way so that it is mechanically decoupled from
the surrounding components. This allows the absorber to expand
independently with changing material temperatures.
The thermo-mechanical analysis of the absorber was performed using
the multi-physics modeling tool for the nominal receiver operating point
in the KTH HFSS (air inlet temperature of 540°C, air outlet temperature
800°C, operating pressure 3 bar). Figure 41 shows the expected material
stresses inside the porous absorber in terms of the first principal stress (A)
and the third principal stress (B) as both compressive and tensile stresses
can cause material failure in a porous absorber (cp. Equation (26)).
For a SiSiC open cell foam with a porosity of 85% the permissible stress
is 7.44 MPa assuming a bending strength of 640 MPa at temperatures up
to 1500°C [100]. The black crosses indicate the location of the largest first
and third principal stress, respectively. The final receiver design shows a
factor of safety of almost 2 even for the stresses inside the porous absorber.

Figure 41: Material stresses absorber: (A) First principal stress, (B) Third principal stress

5.3 Experimental evaluation
In this section, the main results of the experimental receiver evaluation are
presented. As was shown in section 4, the main objective of the
experimental evaluation is to prove the functionality of the receiver
developed and to determine its performance. The main challenge of the
experimental evaluation was the simultaneous measurement of multiple
physical parameters with a high level of confidence. Therefore, special
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attention was placed on the development of a dedicated measurement
strategy as well as determining the boundary conditions in the KTH HFSS.
The development and implementation of the testing facility (KTH highflux solar simulator) is presented in Paper D whereas Paper E presents the
comprehensive characterization of the radiative boundary conditions.
Paper F presents the design and implementation of the receiver test bed,
the measurement strategy, and the receiver prototype testing and
evaluation.
5.3.1 Testing facility (Papers D, E)
As part of this research work, a high-flux solar simulator was designed,
built, and commissioned. The design is based on a circular array of 12 highpower xenon-arc lamps fitted with Fresnel lens concentrators, chosen over
the more conventional approach of using ellipsoidal reflectors to reduce
costs. Furthermore, this approach also allows to avoid lifetime issues
previously encountered and to avoid the magnification effect of the
ellipsoidal reflector causing the focal spot size and the optical efficiency to
be highly dependent on the size of the emitter arc. To ensure stable and
reliable operation conditions as well as to guarantee representative
radiative power at the focal plane, enhancements were designed and
implemented. These efforts are summarized in section 4.1 and are
published in the open access publication Paper 6 (not appended).
For the accurate receiver evaluation, the radiative boundary conditions
in the solar simulator are essential. Therefore, a novel measurement
method was developed to characterize the solar simulator performance
and to obtain flux and power measurements with a high level of confidence.
The method is based on the coupling of three measurements: a radiometric
system using thermopile sensors, a flat-plate calorimeter, and a flux
mapping system utilizing a Lambertian target with a CMOS camera. In
section 4.2, the measurement setup is presented in detail. Additionally, the
calorimetric measurement system was coupled with the front flange of the
solar receiver to quantify the radiative power available at the receiver
aperture precisely.
To achieve a high level of confidence of the characterization results a
comprehensive uncertainty analysis was undertaken based on Monte Carlo
simulations.
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Figure 42 shows the final results of the KTH HFSS flux characterization
obtained by combing the radiometric and calorimetric measurement
methods for the focal plane. The black solid line represents the local flux,
the black dashed line the average flux for that aperture, and the red solid
line is the cumulative power while increasing the aperture size. The peak
flux is 6.8±0.35 MW/m² and the thermal power in an aperture diameter
of 180 mm is 14.7±0.75 kW with a confidence level of 95.5%.

Figure 42: Flux distribution and cumulative power in the KTH HFSS (Paper E)

The results of the flux mapping system are shown in Figure 43 for three
different focal plane offsets (away from the solar simulator lamps). Despite
a larger uncertainty, the flux mapping images are very useful to analyze the
flux shape. It can be seen that for focal plane offsets up to 50 mm the flux
profile is largely rotational-symmetric. However, with increasing axial
offset the flux profile becomes more asymmetric. At a distance of 150 mm
away from the focal plane, the flux presents a hot spot for each lamp, which
was verified by the radiometer. The peak flux values of each plane and their
location are indicated in white.
Overall, the flux characterization performed highlights the feasibility of
the novel HFSS design using Fresnel lens concentrators. It was proven that
the solar simulator provides peak flux and radiative power levels, which are
representative compared to contemporary solar dish concentrators. Thus,
the facility can be used for the experimental evaluation of the final solar
receiver developed as part of this research work.
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Figure 43: Flux mapping result of the KTH HFSS at different focal planes (Paper E)
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5.3.2 Receiver test bed (Paper F)
As part of the experimental evaluation a receiver test bed was developed
and built, which ensures constant and controllable boundary conditions
while reducing the complexity and facilitating system control as compared
to the integration of a real gas-turbine. The test bed is based on the
combination of a mass flow controller upstream and a high-temperature
nozzle operating at choked conditions downstream of the receiver. This
allows adjusting the pressure level and mass flow rate in a precise way
while resembling the operating behavior of a gas-turbine. A detailed
description of the receiver test bed is presented in section 4.3 and Paper F.
5.3.3 Measurement strategy (Paper F)
In order to determine the performance indictors a large number of physical
parameters need to be measured simultaneously. It was also shown in the
introduction that previous receiver development studies neglected to
measure the absorber front surface temperature, which strongly affects
radiation losses and thus the receiver performance. It was concluded that
for a meaningful validation of numerical models the temperature of the
directly irradiated absorber front surface is essential. Therefore, a
dedicated measurement strategy was developed, presented in section 4.4.
The measurement strategy is based on a combination of continuous
point measurements using of K-type thermocouples and pressure
transducers as well as line temperature measurements of the absorber
front surface and the glass window taken at various operating points using
pyrometers. In particular, four thermocouples were installed at the
irradiated front surface of the absorber to provide sufficient information
for the model validation. The continuous point measurements allow
monitoring all relevant material temperatures during the operation while
the line measurements provide additional information about the
temperature profile of the porous absorber and the glass window.
Additionally, the air mass flow through the receiver is monitored upstream
by a mass flow controller.
For all measurements an uncertainty analysis was carried out based on
the ‘Guide to the expression of uncertainty in measurements’ and the
results are summarized in Table 8. The receiver efficiency uncertainty is
based on the uncertainty contributions of the thermocouples, the pressure
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transducers, the mass flow controller, and the radiative power
measurement. To be conservative the values obtained were multiplied by a
factor 3, except the radiative power, which already shows a high confidence
level. The PM measurement uncertainties have been obtained from the
contribution of: the PM calibration, the draw wire, the absorber PM, the
glass window PM, and the thermocouples. To be conservative, the
calculated uncertainties are multiplied by a factor 3, which results in the
values shown in Table 8.
Table 8:

ηrec
Ts
Ta
Tg
Δp

Combined measurement uncertainty values

Indicator
Receiver efficiency
Solid temperatures (TCs)
Absorber temperature (PM)
Glass window temperature (PM)
Receiver pressure drop

Uncertainty
±3.0%
±1.2%
±2.9%
±4.1%
±0.6%

5.3.4 Final receiver testing and evaluation (Paper F)
The main part of the experimental evaluation process is the solar receiver
testing in the KTH HFSS and its performance evaluation. For this purpose,
a final solar receiver was designed and built as presented in section 5.2.
The comprehensive receiver design ensures the thermo-mechanical
integrity of the solar receiver as well as that tests conducted in the KTH
HFSS are representative compared to the full-scale solar dish system. It
was shown before, that a receiver test bed was developed and implemented
to ensure constant and controllable boundary conditions. Moreover, it was
shown that a dedicated measurement system and strategy were designed
and installed.
To quantify the receiver efficiency accurately, the radiative power
available at the receiver aperture was measured precisely, using the flatplate calorimeter previously used for the characterization of the HFSS in
combination with the front flange of the solar receiver. The measurement
setup was presented in detail in section 4.2. The measurement showed that
a radiative power of 12.5±0.23 kW (confidence level of 95.5%) is available
at a focal plane offset of 56 mm. The receiver is placed at this distance from
the focal plane as a result of the scaling evaluation.
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The experimental evaluation inside the KTH HFSS is monitored using the
measurement equipment shown in the previous section. In addition,
controllable cameras are mounted inside the HFSS and inspection
windows made of welding glass are installed to monitor the testing. In
Figure 44 a picture of the solar receiver during operation is shown (taken
through the welding glass). It can be seen that the high-power xenon-arc
lamps are focused onto the solar receiver aperture. This picture portrays
an initial test where the receiver front flange holding the glass window was
not insulated. The results presented in this thesis were obtained with
additional insulation at the front flange (cp. Figure 26).

Figure 44: Solar receiver in operation inside the KTH HFSS

In order to perform a thorough experimental evaluation, the solar receiver
performance was evaluated for a range of operating points using defined
performance indicators. During the experimental evaluation the influence
of varying the air mass flow from 29.5 g/s to 45 g/s was investigated while
keeping the inlet temperature constant at 540°C (labeled as operating
point A-E). The effects of varying inlet temperature are investigated at the
reference air mass flow 38.4 g/s while changing the inlet temperature to
602°C (operating point F) and 450°C (operating point G).
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Figure 45: Receiver testing results for different operating points (Paper F)
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In Figure 45 the main results of the experimental evaluation are
summarized. The plots on the left show the receiver performance
indicators air outlet temperature, receiver efficiency, and pressure drop.
The plots on the right present the material temperatures measured during
the operation. The measurement uncertainty is shown exemplary for
operating point A for all plots in Figure 45.
For an inlet temperature of 540°C and air mass flow of 38.4 g/s a
receiver efficiency of 84.8% is achieved while reaching an air outlet
temperature of 749°C. When using a lower air mass flow of 29.5 g/s, an air
outlet temperature of 800°C is reached with a receiver efficiency of 69.3%.
At the same time, all material temperatures remained below permissible
limits.
A detailed analysis of the experimental results including the pyrometer
line measurements of the absorber front surface temperature is shown in
Paper F. During the operation, all material temperatures remained below
permissible limits and no deterioration or damage to the porous absorber
was found. The results of the experimental campaign prove the
functionality of the final solar receiver design and highlight the feasibility
of using volumetric solar receivers to provide heat input to micro gasturbine based solar dish systems.

5.4 Model validation
As a next step in the receiver development, the receiver modeling tools
established were validated using the experimental results obtained. The
main challenge in the model validation was to achieve a high level of
confidence. Therefore, a multi-point validation process was performed,
which uses multiple measurement and operating points. The model
validation has not been published yet and is therefore presented in more
detail in this thesis.
5.4.1 Validation setup
For the model validation, a complete 3-dimensional multi-physics model
was developed as presented in section 3.7 recreating the exact geometry of
the final receiver design tested in the KHT HFSS including all
measurement points. The model is based on a conjugate heat-transfer
model coupled to Monte-Carlo ray-tracing routines and stochastic heat
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source calculations. Within the full receiver model, the detailed geometry
of the thermocouples measuring the fluid inlet and outlet temperature is
modeled to allow for an accurate comparison with the experiments.
The measurement points used for the model validation are shown in
Figure 46, which are the same measurement points that were taken during
the experimental evaluation (presented in section 4.4). The main
measurements are the air inlet temperature Tf0,in and outlet temperature
Tf0,out taken by sheathed thermocouples, the receiver pressure drop
calculated as the difference between the inlet pressure pin and outlet
pressure pout, the absorber front surface temperatures Ta,1-4, the glass
window flange temperatures Tfl,1-3, and a set of metal temperatures Tp,1-7.
To account for spatially non-uniform fluid flow, the mean air outlet
temperature Tf0,avg is calculated at the receiver exit as the mass averaged
mean temperature (cp. Equation (30)).

Figure 46: Measurement points full receiver model

In order to achieve a high level of confidence in the model validation a
multi-point validation procedure was used. This means that the numerical
model was validated using multiple measurement points and multiple
operating points. A model that is able to accurately predict the behavior of
multiple measurement points at multiple operating points is considered a
robust model.
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The validation was performed using the measurements presented in the
previous section, for operating points A-E where the air mass flow is varied
from 29.5 g/s to 40 g/s. At the same time, the power input to the receiver
by concentrated radiation is kept constant. During the validation process
only the thickness of the insulation layer and the inlet hole in the
thermocouple sheath were adjusted slightly.
5.4.2 Simulation results
The results of the 3-dimensional simulation of the final receiver in the KTH
HFSS for various operation points are shown in Figure 47 and Figure 48
for the operating points A, C, and E in the previous section. These operating
points correspond to an air mass flow of 29.5 g/s, 38.4 g/s, and 45 g/s.
In Figure 47 the total air temperature inside the solar receiver is shown.
Compressed air enters the receiver at the left with a total temperature of
540°C, is distributed around the circumference in the inflow mixing box,
and is then redirected towards the glass window. Before entering the
absorber, the inlet air is heated slightly when passing the glass window,
which is heated by concentrated radiation and thermal radiation from the
receiver inside. This effect gets more pronounced the smaller the air mass
flow is. For all operating points it can be seen in Figure 47 that the air
temperature increases rapidly along the axial direction inside the porous
absorber, which is being heated by concentrated radiation. At the end of
the receiver, the hot air is being expanded through a nozzle to ambient
pressure. The total (stagnation) air temperature at the receiver inlet and
outlet is measured using sheathed thermocouples, which are modeled in
detail in this research work as was presented in the modeling section.
Additionally, the mean air outlet temperature Tf0,avg is calculated at the
receiver exit as the mass averaged mean temperature. The static receiver
pressure drop is calculated using point measurement in the experimental
evaluation and the numerical simulation.
On the other hand, Figure 48 shows the solid temperature of the solar
receiver. The main components are the porous absorber, the glass window,
and the metal casing. Figure 48 shows the location of the temperature
point measurements taken in the experimental evaluation and the
simulation. It can be seen that the air mass flow strongly affects the
temperature level inside the porous absorber and the glass window, which
directly affects the solar receiver performance.
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Figure 47: Receiver air temperatures for various air mass flows
(A) 29.5 g/s, (C) 38.4 g/s, (E) 45 g/s
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Figure 48: Receiver material temperatures for various air mass flows
(A) 29.5 g/s, (C) 38.4 g/s, (E) 45 g/s
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5.4.3 Performance indicator validation
The main results of the model validation are shown Figure 49, where the
plots on the left (A, B, C) show the receiver performance indicators air
outlet temperature, receiver efficiency, and pressure drop and the plots the
right (D, E, F) present the material temperatures. In general, measurement
results are shown in black in Figure 49, whereas results of the complete 3dimensional simulation are shown in red.
In Figure 49A the thermocouple point measurement of the fluid at the
end of the receiver is shown by black crosses for the experiment and by red
crosses for the simulation. The red plus signs indicate the mean fluid outlet
temperature calculated by mass averaging (cp. Equation (30)). It can be
seen that the air outlet temperatures measured by the thermocouples
match excellently between the experiment and the simulation for all
operating points with a maximum deviation smaller than 3K (<0.3%)
which is within the measurement uncertainty. The mass averaged mean air
outlet temperature shows slightly larger deviations of up to 17K (<1.6%) as
compared to the thermocouple point measurements, but remains within
the measurement uncertainty for all but one operating point.
In Figure 49B the receiver efficiency is shown as function of the air mass
flow for both the experiment and the simulation. Similar to Figure 49A, the
efficiency is shown for temperatures obtained by the thermocouple point
measurements (crosses) and the mass averaged outlet temperature (plus
signs). The efficiency of the simulation calculated with the thermocouple
temperatures matches the experimental values excellently with a
maximum deviation below 1.5% for all operating points, which is well
within the measurement uncertainty. The efficiency calculated with the
mass averaged outlet temperature shows slightly larger deviation up to
6.7% but remains with the measurement uncertainty for all but one
operating point (29.5 g/s). It can be seen in Figure 49B that the
thermocouple measurements of the air outlet temperature potentially
underestimate the receiver performance especially for low air mass flows.
In Figure 49C, the static pressure drop over the entire receiver is
presented as a function of the air mass flow. Despite slightly larger
deviations, the overall match between the experimental results and the
simulation results is good. Both experiment and simulation results show
the same trend.
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Figure 49: Receiver model validation for different operating points
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5.4.4 Material temperature validation
Next, the material temperatures measured during the experiment are
compared to the simulation results. Figure 49D shows the absorber
temperature measured at the front surface as a function of the mass flow.
Crosses indicate the mean temperature measures by the thermocouple pair
Ta,1-2 placed at a distance of 20 mm left of the horizontal symmetry line,
whereas plus signs indicate the mean temperature measured by the
thermocouple pair Ta,3-4 placed at a distance of 25 mm right of the
horizontal symmetry line. It can be seen that the measurement and
simulation result of the thermocouples Ta,1-2 match well with a maximum
difference of up to 40K (<3%) for all operating points, whereas the
temperatures Ta,3-4 show a larger deviation. This is due the fact that these
thermocouples are place close to a local peak of the incident radiation in
the KTH HFSS; which is not captured by the ray-tracing routines as was
shown in Paper F.
In Figure 49E, the material temperatures of the receiver piping are
𝑖𝑖
shown. The crosses indicate the mean temperature of the TCs 𝑇𝑇𝑝𝑝,1−2
installed inside the pressurized receiver close to the porous absorber
located below the inlet constriction from the inflow mixing box, whereas
the plus signs indicate the mean temperature of the TCs installed on the
outside of the solar receiver below the insulation (Tp,3-7). It can be seen that
the experimental and simulation data match very well, with deviations
below 22K (<2.5%).
Figure 49F presents the temperatures measured at the front flange
holding the glass window in place. Plus signs denote the flange
temperature Tfl,3 measured inside the flange close to the thinnest part of
the chamfer defining the receiver aperture, while crosses denote the mean
temperatures of the TCs Tfl,1-2 installed on the front surface of the flange
holding the glass window. It can be seen in Figure 49F that the simulation
results of the temperature Tfl,3 matches the experimental results very well
with deviation below 23K (<2%), which is within the measurement
uncertainty for all but one operating point. The mean temperature Tfl,1-2
shows slightly larger variations of up to 30K (<2.6%).
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5.4.5 Model validation conclusion
A multi-point validation of the 3-dimensional receiver model was
performed, using measurement results obtained during the final receiver
testing in the KTH HFSS. It was shown that the performance of the receiver
in terms of air outlet temperature, efficiency, and pressure drop match very
well for all operating points between the experiment and the simulation.
Moreover, it was shown that the simulation is at the same time capable of
recreating the material temperatures of a large number of measurement
points.
Having validated the receiver design model for multiple operating
points (air mass flow) using multiple measurement points results in a high
level of confidence in the accuracy of the design tool.

5.5 Full-scale receiver analysis
Next, the validated receiver design tools were used to calculate the
performance of a full-scale receiver for the integration into the OMSoP
solar dish MGT system.
5.5.1 Boundary conditions
Based on the testing results in the KTH HFSS, the experimental
characterization of the solar dish concentrator by Montecchi [80], and the
OMSoP power cycle boundary conditions [97] a receiver prototype with an
aperture diameter of 200 mm was designed. The design specification are
summarized in Table 9.
Table 9: OMSoP receiver specification

Specification
Inlet temperature
Design outlet temperature
Operating pressure
Nominal mass flow
Design DNI
Aperture diameter
Power within aperture
Mean flux within aperture

Value
540
800
3
7o
800
200
25.3
805

Unit
°C
°C
bar
g/s
W/m²
mm
kW
kW/m²
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It can be seen that for the selected aperture diameter the mean flux density
within this aperture is 805 kW/m², which is larger compared to the mean
flux density of 684 kW/m² within the aperture of the receiver tested inside
the KTH HFSS.
5.5.2 Receiver performance indicators
Applying the validated coupled multi-physics model, the receiver
performance was evaluated for the design operating point. Table 10
summarizes the main performance indicators.
Table 10: OMSoP receiver performance

Indicators
Outlet temperature
Efficiency
Pressure drop

Value
803
82.2
833
0.28

Unit
°C
%
mbar
%

As can be seen in Table 10, the full-scale receiver integrated into the
OMSoP solar dish system is able to reach a receiver efficiency of 82.2%
when raising the air temperature from 540°C to 803°C. The receiver
efficiency is defined as the ratio of the enthalpy increase in the working
fluid and the radiative power available in the receiver aperture. At the same
time the pressure drop across the receiver is 833 mbar or 0.28% of the inlet
pressure which is lower than the design goal of 1%.
5.5.3 Material performance indicators
At the same time, all material temperatures and stresses remain below
critical limits. Figure 50 shows the stress profiles within the absorber and
the glass window: for the glass window the first principal stress σI is shown,
as this represents the maximum principal stress, while for the absorber the
third principal stress σIII is shown as it significantly larger compared to the
first principal stress in this case. It was shown in the modeling section that
it is essential to look at both compressive and tensile stresses as both can
cause material failure in a porous absorber (cp. Equation (26)). It is
important to note that the two zones are shown with different scales: the
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left and right sides of the legend bar indicate the principal stresses within
the absorber and glass window, respectively.
Figure 50 shows that the third principal stresses within the porous
absorber are largest (absolute value) close to the center line, which
corresponds to the region of the highest solar heat flux and the lowest flow
velocity. The largest first principal stress inside the glass window occurs
close the center mainly as a result of the pressure difference between the
pressurized solar receiver and the ambient.

Figure 50: Material stresses OMSoP receiver

Table 11 summarize the main material indicators of the glass window and
the porous absorber. It can be seen, that the glass window temperature
reaches a maximum of 762°C, which is well below the maximum Suprasil
CG continuous operating temperature of 950°C [96]. The maximum first
principal stress (identified as the most critical stress in the window before)
is in the region of 25 MPa, which results into a factor of safety larger than
2 c0nsidering a permissible bending stress of 67 MPa [96]. For the porous
absorber it was shown in the modeling section that both compressive and
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tensile stresses can cause material failure in a porous absorber. For a SiSiC
open cell foam with a porosity of 85% the permissible stress is 7.44 MPa
assuming bending strength of 640 MPa at temperatures up to 1500°C
[100]. Thus, the OMSoP receiver shows a factor of safety larger than 1.5
even for the stresses inside the porous absorber.
Table 11: OMSoP material indicators

Indicators
Maximum window temperature
Maximum absorber temperature
Maximum window stress σI
Minimum window stress σIII
Maximum absorber stress σI
Minimum absorber stress σIII

Value
762
1216
25
-20
3.5
-4.8

Unit
°C
°C
MPa
MPa
MPa
MPa

5.5.4 Full-receiver analysis conclusion
The results of the full-scale receiver analysis highlight the feasibility of
using the designed volumetric solar receivers to provide heat input to the
OMSoP micro gas-turbine based solar dish system. It was shown that a
receiver can be designed that operates under the radiative boundary
conditions provided by the OMSoP solar dish concentrator while raising
the working fluid temperature from 540°C to 803°C with a receiver
efficiency above 82%.
The receiver concept shows the potential for even higher efficiencies
when a higher average flux density is provided at the receiver aperture.
When using the validated receiver design tools to analyze a solar receiver
operating at the same power cycle boundary conditions but receiving
power input from the Eurodish concentrator an efficiency close to 90% is
achieved.

5.6

Economic potential

In this last section, the main results of the economic evaluation are
highlighted. The economic potential of a small-scale stand-alone off-grid
installation was investigated in Paper G, whereas a large-scale
configuration was evaluated in Paper H.
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5.6.1 Stand-alone configuration (Paper G)
In this work, the optimal design and sizing of a solar-assisted MGT based
polygeneration system was investigated by a techno-economic analysis.
The design goal of the system was to meet the electricity, hot water, and
cooling demand of a small remote village 24 hours a day. The analysis was
performed with the goal of satisfying the demand at the most competitive
cost possible while emitting a minimum of carbon dioxide. More details on
the demand profiles can be found in Paper G.
To assess the system performance, the economic and environmental
benefits of the solar-assisted MGT system were compared to competing
diesel generator technology. Therefore, techno-economic performance
indicators were defined: the equivalent annual cost (EACs) and the total
carbon dioxide emissions. The EAC gives an economic assessment of the
cost of meeting the required demand, accounting for the total costs over
the lifetime of the installation. This metric is used instead of the LCoE as
the system provides several energy services.
To meet the electricity, hot water, and cooling demand a multitude of
system configurations can be imagined. In this study three main system
configuration were considered: firstly, a configuration where electricity
from a diesel generator is used as the main energy carrier, secondly, a
configuration utilizing centralized absorption cooling technology and
finally the solar case where a solar hybrid MGT is added to the centralized
absorption case to gradually replace the diesel generator.

Figure 51: Electrical case layout

In the electrical configuration shown in Figure 51, a diesel generator
produces electricity, which is used to provide electrification and to power
individual air-conditioning units. Hot water is produced by a standard
diesel-fired hot water heater and is distributed to the users through hot
water pipes in a district energy network.
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The second configuration used as the base configuration in this work
consists of a more advanced system employing a diesel generator and a
centralized absorption chiller to separately meet the electricity and cooling
demands. These components are shown in black in Figure 52.
The solar case can be seen as an extension of the base configuration,
with the addition of a hybrid solar MGT, whose flue gasses are redirected
to the hot water heater and absorption chiller (illustrated by the black and
grey components in Figure 52). Depending on the sizing of the MGT, the
diesel generator can be completely replaced by the MGT or both
components can work in parallel.

Figure 52: Solar case layout (Paper G)

The techno-economic study performed as part of Paper G clearly showed
that transitioning from a system where electricity is used as the main
energy carrier to a system in which cooling services are provided centrally
by an absorption chiller significantly reduces both costs and carbon dioxide
emissions. System configurations where a solar-assisted MGT is integrated
and used to replace the conventional diesel generator showed additional
benefits. Depending on the design, the carbon dioxide emissions are
reduced by up to 25.5% (from 651 t/yr to 485 t/yr) and annual operating
costs are reduced by up to 9% (from 138 k€/yr to 126 k€/yr) compared to
the base polygeneration configuration without a solar MGT. Compared to
the system where electricity is used as the main energy carrier a reduction
of carbon dioxide emissions of up to 33.5% (from 729 t/yr to 485 t/yr) and
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a reduction of the EACs of up to 20% was achieved (from 157 k€/yr to
126 k€/yr).
As part of this thesis, the performance of the solar-assisted MGT was
compared to a polygeneration system where the diesel generator is
replaced by a solar photovoltaic system coupled with battery storage as
shown in Figure 53. The hot water and cooling demand are met by a
centralized hot water heater and an absorption chiller, respectively. The
techno-economic study is based on optimistic values for the PV-battery
installation. The investment cost of the PV panels and the battery storage
where considered to be 1200 €/kWpeak and 300 €/kWh, respectively [68].
It was assumed that the batteries need to be replaced every 7 years, which
corresponds to approximately 2500 cycles. Additionally, losses in the
charging and discharging of the battery storage were considered negligible
and a 100 percent discharge depth was assumed. Furthermore, cosinelosses of the PV-panels were neglected and a constant efficiency value of
22% was considered, which is an optimistic value [101].

Figure 53: PV-battery case layout

In order to meet the electricity demand during all 24 hours per day a PV
installation with a peak capacity of 289 kW is needed coupled to a battery
storage with a capacity of 1125 kWh. The techno-economic analysis showed
that the EACs for the PV-battery system are in the region of 200 k€/yr,
which is approximately 65% more than the most cost-effective solarassisted MGT configuration and approximately 30% more than the
electrical case based on diesel generators. On the other hand, carbon
dioxide emissions can be reduced by up to 85% (from 510.4 t/yr to 78 t/yr)
compared to the solar assisted MGT.
With simultaneous reductions in both costs and emissions compared to
the prevailing diesel generator technology, polygeneration systems based
around solar-assisted MGTs appear to be a promising option to meet future
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off-grid energy demands in a clean, sustainable and cost-effective manner.
PV-battery technology shows potential but is currently economically not
competitive to meet the demand 24 hours a day.
5.6.2 Large-scale configuration (Paper H)
In this work, a detailed techno-economic analysis was performed for a
novel 150 MWel hybrid solar dish micro gas-turbine combined-cycle
(MGTCC) power plant. The system is based on the use of a coupled network
of hybrid solar-dish micro gas-turbines connected to a centralized heat
recovery steam generator and steam-cycle. The main motivation of using
such a concept, is the aim to combine the high efficiency of the solar dish
collector with the high-efficiency and low-cost of a combined-cycle power
block. A typical layout of the MGTCC power plant is shown schematically
in Figure 54. A piping network is used to collect the exhaust gases from the
array of hybrid solar MGTs and deliver them to a conventional heat
recovery steam generator and dual-pressure steam-cycle; to minimize
water consumption the steam-cycle is dry-cooled.

Figure 54: Schematic layout of a solar dish micro gas-turbine combined cycle power plant
(Paper H)

The techno-economic investigation performed in Paper H showed that the
layout considered results in higher capital costs and levelized electricity
costs as compared to contemporary central-tower, molten-salt CSP plant.
This is mainly due to the higher specific cost of the micro gas-turbine units
and the lower power block efficiency of the novel cycle concept. With
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current technology, the micro gas-turbine combined-cycle appears to be
economically unattractive. A key challenge of the hybrid solar combinedcycle is that the subsystems are currently at a prototype stage, and
considerable effort is needed to bring them to maturity. Significant cost
reductions have been observed for central receiver systems in recent years
as deployment has accelerated, and it is likely that mass production would
yield similar costs reductions for solar dish systems. Furthermore,
advances in solar micro-turbine technology, such as closer receiver
integration, will increase power block performance and bring down costs,
allowing the true potential of hybrid solar dish micro gas-turbine
combined-cycle power plants to be unlocked.
5.6.3 Economic potential conclusion
The techno-economic evaluation showed that hybrid micro gas-turbine
based solar systems are ideally suited for small-scale stand-alone and offgrid applications. Moreover, solar dish micro gas-turbine technology
shows potential for large-scale power production when higher levels of
maturity and cost reductions will be achieved.

6 Conclusions
Small-scale concentrating solar power plants such as micro gas-turbine
based solar dish systems have the potential to harness solar energy in an
effective way and supply electricity to customers in remote areas. The solar
receiver is one of the key components in such a solar dish system, as it is
exposed to high light fluxes and needs to operate at high temperatures to
achieve a high conversion efficiency. The main challenge for the design of
solar air receivers is the requirement to use air from the compressor as the
heat transfer fluid, which presents a poor heat transfer even at high
pressures. As a result, the material temperatures in the receiver are
significantly higher as compared to the fluid temperature, which leads to
increased thermal losses. In order to overcome this limitation and ensure
efficient and reliable operation innovative designs are needed.
This research work focused on the systematic development and
experimental verification of an efficient high-temperature solar air receiver
for the integration into a micro gas-turbine based solar dish system and the
development of a novel and fully validated receiver design process. Special
focus was placed on the thermo-mechanical design to ensure the structural
integrity of all receiver components.
First, a comprehensive receiver design process was developed and
carried out. Therefore, technical specifications, requirements and
evaluation criteria for the design of an efficient high temperature solar air
receiver for micro gas-turbine coupling were identified. It was shown that
an efficient solar receiver for the integration into a solar micro gas-turbine
power plant needs to provide an air outlet temperature of at least 800°C
while having a pressure drop of less than 1%. Moreover, design tools for
different investigation levels were developed and coupled with multiobjective optimization tools to explore the design space. To ensure that
experiments conducted the in the KTH high-flux solar simulator are
representative compared to test in the full-scale solar dish system scaling
effects were analyzed.
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As a result of the design analysis a final receiver design was established,
which presents material temperatures and stresses below critical limits
while respecting the design specification. Special attention was placed on
the design of the volumetric absorber and the glass window mounting to
ensure their thermo-mechanical integrity.
Third, an extensive experimental evaluation process was established
and applied. Therefore, the KTH high-flux solar simulator was enhanced
to provide a stable and reliable testing facility, and the boundary conditions
were determined with a novel flux characterization method. Additionally,
a receiver test bed was designed and built that simulates the behavior of a
gas-turbine while reducing the system complexity as compared to using a
real MGT. The performance of the final solar receiver design was evaluated
in the KHT high-flux solar simulator for a wide range of operating points.
During the operation, all material temperatures remained below
permissible limits and no deterioration or damage to the porous absorber
was found. For an inlet temperature of 540°C and air mass flow of 38.4 g/s
a receiver efficiency of 84.8% was achieved while reaching an air outlet
temperature of 749°C. For an air mass flow of 29.5 g/s, an air outlet
temperature of 800°C was reached with a receiver efficiency of 69.3%. The
results of the experimental campaign highlight the feasibility of using
volumetric solar receivers to provide heat input to micro gas-turbine based
solar dish systems and no major hurdles were found.
Fourth, the measurement results obtained from the prototype testing
were used to perform a multi-point validation of the receiver design tools.
The receiver performance and material temperatures were shown to match
well between the experiment and the simulation for a wide range of
operating points. A model validation, which uses multiple measurement
points and multiple operating points, results in a high level of confidence
in the accuracy of the design tool.
Fifth, the validated models were harnessed to calculate the performance
of a full-scale solar receiver integrated into the OMSoP solar dish system.
It was shown that a solar receiver could be designed, which delivers air at
803°C with a receiver efficiency above 82% for the nominal operating
point.
Finally, the economic potential of micro gas-turbine based solar
systems was investigated. It was shown that they are ideally suited for
small-scale stand-alone and off-grid applications, whereas large-scale
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power production shows potential when higher levels of maturity and cost
reductions will be achieved.

6.1 Discussion and future work
This research work presented a comprehensive solar receiver development
and experimental verification in the KTH high-flux solar simulator, which
is a crucial step in the development process of small-scale hybrid solar
micro gas-turbine systems for off-grid generation. Special focus was placed
on the thermo-mechanical design to ensure the structural integrity of all
receiver components and the validation of the receiver design tools.
The next step towards the deployment of small-scale hybrid solar micro
gas-turbines systems is to demonstrate the solar receiver developed as part
of this research work in the full-scale OMSoP solar dish system.
Furthermore, future work should include lifetime investigations of the
entire solar receiver for a wide range of operating points including
transient operation. A special focus should be placed on the lifetime
prediction of the glass window and the porous absorber. In order to
improve the economic competitiveness, detailed investigations regarding
mass production of the solar receiver should be conducted.
Another aspect of future work should be the detailed technical analysis
and development of hybridization and thermal energy storage for solar
micro gas-turbine systems. These technologies are essential to ensure
dispatchable power generation in order to compete successfully with the
prevalent diesel generator technology used in off-grid power generation.
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