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Abstract

The growing concern for the climate change has led to an increasing research
effort in renewable energy technologies in order to achieve a more sustainable elec-
tricity production. Concentrating Solar Power (CSP) is identified as a promising
technology to deal with part of the future electricity production. In CSP tech-
nologies, a solar receiver converts the concentrated sunlight into high temperature
heat. The solar receiver is one of the most critical CSP components as it must
provide high thermal power collection efficiencies while operating under very high
temperatures and heat fluxes. Thereby, improving the solar receiver efficiency and
endurance would benefit the technical and economic viability of CSP.

This PhD thesis aims at improving the efficiency and endurance of a typical
solar cavity receiver for the dish-Stirling CSP technology. This research work in-
cludes new experimental and numerical analyses contributing to the state of the
art of solar receiver design. The efficiency is improved through the analysis of
the receiver cavity shape, geometry, operating conditions, and radiative properties,
whereas the durability improvement is achieved through the study of advantageous
receiver support structures using Finite Element Analysis (FEA). Moreover, a solar
laboratory was developed and characterized to conduct representative experiments
of the cavity receiver. Multiple parametric experiments were conducted in order to
perform a comprehensive validation of the simulations.

During the development of the solar laboratory, it was observed that the com-
monly utilized flux mapping system (CMOS camera-Lambertian target) should
not be used for the characterization of Fresnel lens-based solar simulators. Due
to this, the lab characterization was approached combining measurements from a
thermopile sensor (radiometer) and a self-designed flat plate calorimeter. Further-
more, a detailed Monte Carlo uncertainty analysis allowed an accurate evaluation
of the uncertainty propagation. All the experiments were designed and conducted
to increase the accuracy of the final results.

Regarding the cavity receiver design for a dish-Stirling system, the aperture
diameter is the most important parameter towards improving the cavity receiver
efficiency. The reverse-conical cavity shape provided higher efficiencies (up to 2 %)
than the cylindrical shape. Additionally, a potential efficiency increase of 0.6 %
could be achieved by using a cavity material/coating with optimal radiative prop-
erties (high emissivity/absorptivity ratio). Finally, the studies suggested that con-
vection has a negligible influence on determining the optimum aperture diameter,
whereas the Direct Normal Irradiance (DNI) has little influence. The simulations
yielded a cavity receiver with a maximum total receiver efficiency of 91.5 %.

Experimental measurements of the receiver displacements under thermal ex-
pansion allowed finding realistic mechanical boundary conditions of the receiver.
Further structural simulations suggested that thermomechanical stresses can be re-
duced by setting the receiver supports to certain positions, which can be achieved
with the application of external forces and torques. Moreover, the peak stresses
can be moved to colder regions to improve the lifetime of the receiver. By shifting



the support positions, the receiver simulations calculating creep lifetime under no
relaxation showed a potential lifetime improvement of 57 %.



Sammanfattning

Den växande oron för den globala uppvärmningen har lett till en ökad forsk-
ningsinsats i förnybar energiteknik mot en hållbarare elproduktion. Koncentrerad
solenergi (CSP) identifieras som en lovande teknik för att hantera en del av den
framtida elproduktionen. I CSP-tekniken konverterar en solfångare det koncen-
trerade sollujset till högtemperaturvärme. Solfångaren är en av de kritiska CSP-
komponenterna eftersom den arbetar under väldigt höga temperaturer och termisk
flöde. Därigenom har solfångarens verkningsgraden och uthålligheten en direkt på-
verkan på CSP-tekniken och dess ekonomiska genomförbarhet.

Denna doktorsavhandling syftar att förbättra verkningsgraden och hålligheten
hos en typisk solkavitetsfångare för dish-Stirling CSP-tekniken. Detta forsknings-
arbete innehåller nya experimentella och numeriska analyser som inriktar på att
förbättra designen. Verkningsgraden förbättras genom analys av solfångarkavitets
form, geometri och strålningsegenskaper. Hållfasthetsförbättringen uppnås genom
studier av fördelaktiga stödstrukturer för solfångare. Dessutom har ett sollabora-
torium utvecklats och karakteriserats för att genomföra representativa experiment.
Multipla parametriska experiment andvändes för att validera de numeriska simule-
ringarna.

Under sollaboratoriets utveckling konstaterades att det allmänt använda CCD-
kamera-Lambertian-mål systemet inte kunde användas för sollaboratorikarakterise-
ringen med Fresnel-linser. På grund av detta utfördes laboratoriekarakteriseringen
med en termopil-sensor (mätning av termisk flöde) och en platt kalorimeter. Dess-
utom gjorde en detaljerad Monte Carlo-osäkerhetsanalys det möjligt att utvärdera
osäkerhetskedjan. Experimenten utformades för att öka noggrannheten i de slutliga
resultaten

I den studerade kavitetsfångaren var öppningdiametern den viktigaste para-
metern för dess verkningrad. Den koniska kavitetsformen gav den högsta verks-
ningsgraden medan verkningsgraden potentiellt kan ökats 0.6 % genom idealiska
kavitetstrålningsegenskaper (hög emissivitet/absorptivitet förhållande). Studierna
antyder att konvektion har en försumbar inverka för att bestämma den optimala
öppningsdiametern och DNI-värdet har liten påverkan. Slutligen gav simuleringarna
en kavitetsfångare med en maximal total verkningsgrade av 91.5 %.

Experimentella mätningar av solfongarens utböjning andändes för att hitta rea-
listiska mekaniska randvillkor. Ytterligare strukturella simuleringar antydde att de
termomekaniska spänningarna kan minskas genom justering av solfångarens stöd-
punkter. Detta kan uppnås med tillämpningen av krafter och vridmoment. Dess-
utom kan toppspänningarna flyttas till kallare regioner för att förlänga solfångarens
livslängd. Med nya stödpositioner kan livslängden mot creep öka 57 % för det stu-
derade fallet.
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Symbols
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Bk emission fraction in a wavelength range (W/m2)
bn constant value (exponent) (-)
Bn constant value (factor) (-)
C correction factor (-)
cp specific heat capacity (J/kgK)
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D diameter (m)
F view factor (-)
Gλ spectral irradiance (W/m3)
h convection coefficient (W/m2K)
J radiosity (W/m2)
k thermal conductivity (W/mK)
L length (m)
m mass (kg)
N number of simulated scenarios (-)
P pressure (Pa)
Pe probability (-)
q̇ heat flux/irradiance (W/m2)
¯̇q mean heat flux/irradiance (W/m2)
Q̇ power (W)
r radius (m)
R radius (m)
t lifetime/time (s)
T temperature (K)
x position/displacement along x axis (mm)
y position/displacement along y axis (mm)
z position/displacement along z axis (mm)
X rotation around x axis (°)
Y rotation around y axis (°)
Z rotation around z axis (°)

Greek symbols

α absorptance/absorptivity (-)
β angular coordinate (°)
βi constant coefficient (K−1)
∆ increment (-)
ε emittance/emissivity (-)
η efficiency (%)
θ angular deviation (mrad)
λ wavelength (m)
Φ angle of incidence (rad)
ρ reflectance/reflectivity (-)
σ Stefan-Boltzmann constant (W/m2K4)
σ stress (MPa)
σ1 first principal stress (MPa)
σ3 third principal stress (MPa)
σeq,VM equivalent stress (Von-Mises) (MPa)
σBQ beam quality (rad)
τ transmittance/transmissivity (-)
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Subscripts

amb ambient
abs absorber
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av average
C cooler
ca calorimeter
cav cavity
cd conduction
CR cavity receiver (surfaces)
cv convection
e electrical
fit fitting curve
ge generator
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i,j node/lamp denotation
inter interception
irr direct irradiance
I time reference
II six months after
k wavelength range
max maximum
me mechanical
out outer surface
ra rediation
rec receiver
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rr re-radiation
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sys system
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Chapter 1

Introduction

For 30 years the Intergovernmental Panel on Climate Change (IPCC) has been
providing reports proving the climate change and assessing its causes and conse-
quences. In the last report [1], the IPCC highlights the need for the reduction of
green house gas emissions in order to control the climate change. The global con-
cern for this issue has led to a strong international support to produce electricity
with renewable technologies, such as solar, wind, and biomass, in order to fight the
consequences of global warming. Among the renewable technologies, Concentrating
Solar Power (CSP) has been acknowledged by the International Energy Agency [2]
as an important candidate to produce part of the future electricity needs. How-
ever, CSP needs to improve its competitiveness by producing cheaper electricity to
assume a more important role in the future electricity market. To decrease the elec-
tricity production cost, the technology could reduce construction and maintenance
costs, or produce more electricity for the same cost (higher efficiency). Among the
multiple ways to achieve these goals, improving the efficiency and durability of a
CSP component (keeping costs constant) will directly benefit the competitiveness
of CSP. In light of the above, two projects (see Preface) were funded to develop a
higher-performance solar receiver for the dish-Stirling CSP technology.

1.1 Concentrating Solar Power (CSP)

CSP technology uses a four-stage process to produce electricity. Firstly, the
solar radiation is concentrated by mirrors. Secondly, the concentrated sunlight is
converted into high-temperature heat in a solar receiver. Thirdly, the heat is stored
either as latent or sensitive heat. This stage is theoretically optional, but necessary
in practice since it provides the main advantage of CSP (dispatchability). Fourthly,
a conventional thermal cycle is run to generate electricity. Additionally, CSP can
also provide other services for polygeneration technologies, such as cooling, heating,
or water purification.

Based on the type of mirrors concentrating the sunlight, mainly four CSP tech-
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2 CHAPTER 1. INTRODUCTION

nologies are usually considered: central tower, parabolic trough, linear Fresnel and
parabolic dish (Fig. 1.1). Linear Fresnel and parabolic trough are line-focusing
(2D concentration), whereas parabolic dish and central tower are point-focusing
(3D). Point-focusing concentration can achieve higher concentration ratios, which
increases the system efficiency and operating temperature, but generally, at a higher
cost. Nowadays, parabolic trough is considered the most mature CSP technology
but point-focusing technologies have higher potential, which still has to be further
developed. A tendering Levelized Cost of Electricity (LCoE) of 0.07 $/kWh [3] has
recently been offered for the DEWA IV power plant, which comprises a 100 MWe
central tower and a 600 MWe parabolic trough.

Figure 1.1: CSP technologies

This thesis was originated by a Swedish Energy Agency project in collaboration
with the company Cleanergy AB, which was a dish-Stirling (Fig. 1.2) manufacturer.
Due to this, the studies of this thesis are performed for a dish-Stirling receiver. The
two main parts of a dish-Stirling system are the dish and the Power Conversion Unit
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(PCU). As depicted in Fig. 1.2, the dish is a paraboloid reflector that concentrates
the sunlight, whereas the PCU converts the high-temperature heat into electricity
by using a solar receiver in combination with a Stirling engine-generator system.
In the case under study, the dish is made of mirror facets and the concentrated
radiation is directly absorbed by the Stirling engine heater tubes in the solar re-
ceiver. Thereby, the system is studied without thermal storage, which would add an
intermediate heat exchanger to the analysis. As the receiver design is significantly
different for point and line focusing technologies, no further review of line focusing
technologies is presented.

Figure 1.2: Cleanergy’s dish-Stirling system (Courtesy of Cleanergy)

1.2 Solar receivers for point focusing systems

A solar receiver is the component in charge of converting solar radiation into
high-temperature heat. As there are a lot of types of solar receivers for point
focusing systems, this thesis categorizes them (Fig. 1.3) in order to define the
working physical characteristics of the receiver under study. The categorization
classifies the receivers according to the heat carrier (blue) and where the heat is
absorbed (red). The heat carrier’s physical state can be gas, liquid or solid whereas
the type of heat could be sensitive or latent. The heat can be transferred to the
heat carrier either by being directly absorbed (mainly for solid particle receivers)
or by conduction-convection (evaporation, fusion, impingement jet, direct flow,
oscillating flow, etc.). The last heat carrier category differentiates when heat carrier
is contained in an opaque container (closed) or a transparent one (volumetric),
either because it is open or it has a glass window. Regarding the heat absorption, it
can happen on many different surfaces, such as tubes, plates, foams, or fins. Finally,
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the heat absorption surface could be openly exposed to the external air (external),
or could have an enclosure (cavity) to improve the receiver performance. This
enclosure can be either open or close to the external air. The cavity can be formed
by a single active part, or could additionally have a non-active region, depending
on the design. The active part is in contact with the heat carrier (induced cooling),
whilst the non-active part is not (no induced cooling).

Figure 1.3: Solar receiver classification

The dashed and dotted black boxes allocates the receiver under study according
to the criteria just defined. The black dotted boxes refer to the main studied
parameters, which are analyzed from a thermal and mechanical point of view.
Thereby, this thesis pays special attention to the green boxes.

According to the classification from Fig. 1.3, the receiver under study would be
a cavity receiver made of opaque tubes where an oscillating flow of a gas (typically
H2 or He) collects sensitive heat. As example, Fig. 1.4 depicts the tubular Dish-
Stirling receiver together with the typical central tower receiver and a volumetric
dish receiver. However, there are many more different combinations of the receiver
classifications, and even many different receiver designs for each of them. A detailed
schematic of the receiver under study is presented in section 4.1.

The main challenge when designing solar receivers lies in the coupling of multiple
subsystems and physical processes, leading to a complex thermomechanical analysis.
Additionally, the high operating temperatures and thermal gradients expose the
materials to very harsh operating conditions. Thereby, the experimental validation
becomes of great importance. However, the experimental work presents significant
difficulties owing to the combination of high temperatures, high thermal gradients,
strong external irradiances, and relatively small components.

Multiple receiver types are compatible with various CSP technologies, but the
design changes depending on the characteristics of the concentrated sunlight. Fur-
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Figure 1.4: Examples of solar receivers

thermore, the design of any solar receiver always aims at the same objective: collect
high temperature heat as efficiently as possible assuring a long receiver lifetime.
Consequently, the study of a specific receiver type usually contains conclusions ap-
plicable to other receiver concepts. Thus, the applicability of the results to other
point focusing technologies is presented in section 5.2.6.

1.2.1 Cavity receiver thermal design

Harris and Lenz [4] presented in 1985 the first analysis identifying the critical
parameters to design cavity receivers (CRs). After this study, a lot of papers have
been published suggesting design improvements for CRs. Some of them focus on
the optical analysis (i.e. Refs. [5], [6] and [7]), overlooking the thermal analysis.
Other papers, for example Refs. [8] and [9], model the thermal heat transfer but do
not consider the optical analysis. A third group of studies efficiently couples the
thermal and optical models, such as Refs. [10], [11], [12] and [13]. However, previous
literature does not present a proper coupled analysis for the geometrical design of a
non-active cavity (cavity with no induced cooling). Moreover, only López et al. [14]
and Wang et al. [15] analyze the impact of the radiative properties, but they utilize
simplified thermal models, and only consider the absorber. Thereby, there is a lack
of validated opto-thermal analyses for receivers with a non-active cavity.

The literature for experimental studies of CRs is much more limited than for nu-
merical simulations. Some experiments measure only the receiver thermal efficiency:
Pozivil et. al [16] and Wang et. al [17] for pressurized-air receivers, and Reddy et.
al [18] and Pye et. al [11] for non-Stirling tubular receivers. In other experimen-
tal research, the absorber temperatures are also measured (Refs. [16], [19], [20],
and [21]). Hischier et. al [22] and Loni et. al [23] additionally include the test of
various receivers, and Najafabadi et. al [24] suggest a cavity with an adjustable
aperture mechanism. However, none of these experimental studies focus on non-
active cavities.
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Consequently, cavity receivers with a non-active cavity have not been fully in-
vestigated yet, neither experimentally nor numerically.

1.2.2 Receiver thermomechanical design
CSP receivers operate under very high temperatures, thermal gradients and,

sometimes, high pressures. Due to this, previous numerical research on thermome-
chanical analyses usually focuses on the influence of these three parameters. More-
over, the complex receiver geometries usually lead to geometry simplifications, thus
modeling a tube segment under no constraint or weak springs instead of considering
the entire receiver. Irfan and Chapman [25] and Marugan-Cruz et al. [26] analyze
the thermal gradient influence on the stresses in a tube; Kim et al. [27] focuses
on off-design operation; Rodríguez-Sánchez et al. [28] present design guidelines for
tubular receivers; Logie et al. [29] propose a plain strain model to compare the
stresses in a tube when using different working fluids; Liao et al. [30] and Neises
et al. [31] estimate the maximum allowable flux for various tube geometries and
operating conditions; Du et al. [32] study fatigue fracture to determine the maxi-
mum allowable flux; and Nythyanandam et al. [33] and Ortega et al. [34] calculate
creep/fatigue damage for a specific receiver.

On the other hand, other studies include the receiver supports in the simulations.
Alonso et al. [35] model an entire dish-Stirling receiver defining fixed supports with
the goal of finding the positions of the peak stresses; Uhlig et al. [36] simulate
a CFD-FEA analysis of a central tower panel to compare the stress state during
solar operation and filling. In the analysis, the circumferential and longitudinal
directions of the end face of the inlet header are fixed; and Montoya et al. [37]
study the influence of adding fixed supports at different positions of a central tower
receiver tube.

Thus, the thermomechanical simulations of solar receivers always assume the
support boundary conditions (BCs). Moreover, there is no experimental research
to determine more realistic BCs. Finally, the error committed when assuming
different BCs has not been investigated yet.

1.3 Solar simulators

Solar furnaces and solar simulators are the most common facilities to conduct
CSP experiments (Fig. 1.5). In solar furnaces, the sunlight is concentrated by mir-
rors, whilst it is artificially created by lamps in solar simulators. Solar furnaces
provide the advantage of more realistic boundary conditions, whereas solar sim-
ulators can generate more controllable and stable conditions. In both facilities, a
precise knowledge of the flux boundary conditions is crucial to create representative
experiments. Thus, reliable simulators accurately characterized (low uncertainty)
are necessary to validate advanced simulations that can propose further improve-
ments to the receiver performance.
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Figure 1.5: Sketch of a solar simulator (left) and a solar furnace (right)

According to recent publications (Refs. [38] and [39]), there are 27 solar labo-
ratories in the world. These simulators were initially characterized (i.e. Refs. [40]
and [41]) using a CCD camera-Lambertian target system (flux mapping system)
combined with a flux measurement, generally acquired by a radiometer. However,
after reporting systematic errors of the flux measurement up to 15 % (Refs. [42], [43]
and [44]), the new laboratory characterizations included extra calorimetric measure-
ments to verify the results (Refs. [45], [46] and [47]). The accuracy and suitability
of the flux mapping system were also further analyzed for solar laboratories [48]
and for external solar radiation measurements [49]. In these papers, the error of the
flux mapping system reaches values up to 30 %, which is mainly caused by the high
sensitivity of the CCD camera to the spectral distribution of the light. Thereby,
the uncertainty estimation was found to be significantly higher than the initial es-
timation reported by Ulmer et. al in [50] and [51]. In light of this, the existing
measurement methods need to be further developed and the uncertainty analy-
sis calculation scrutinized, since the uncertainty propagation was always roughly
estimated in these papers.

1.4 Objective

This thesis aims at improving the efficiency and durability of a dish-Stirling
solar cavity receiver. To reach this objective, four research goals were defined:

1. Acquire accurate and meaningful experimental data of the solar receiver
operation under stable and realistic conditions in a solar laboratory.

2. Collect a broad parametric set of experiments for multipoint simulation vali-
dation in order to increase the reliability of the results.
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3. Identify the most critical parameters towards improving the cavity receiver
efficiency, quantify the potential efficiency increase, and determine how to
achieve it.

4. Determine the influence of geometry simplifications and constraint definition
on stress and durability calculations.

These research topics deal with the following research questions:

• What strategy and methods should be used to conduct more meaningful ex-
periments where the measurement uncertainty is reduced? Which measurable
parameters should be selected to improve the simulation validation? How can
we increase their measurement accuracy?

• What research approach can develop simulations that accurately predict the
real system operation?

• Can the dish, the receiver, and the engine be studied decoupled? What is the
influence on the final result as compared to a coupled model?

• What are the most important cavity receiver design parameters towards in-
creasing the receiver efficiency? How and how much can we improve the
efficiency?

• How do the receiver geometry and clamping assumptions affect the receiver
lifetime under strong thermal gradients? How can the receiver lifetime be
increased?

• Are the results applicable to other solar receivers?

1.5 Thesis outline

This thesis comprises six sections (including the introduction) explaining the
work developed in four journal publications and one manuscript. The publications
are related to three topics: solar laboratory measurement methods, cavity receiver
efficiency studies, and durability analysis. Section 2 provides a general overview of
the thesis. It also describes the papers appended to the thesis and their contribution
to the state of the art. Section 3 presents the experimental setups and procedures
followed during the experiments. Section 4 describes the simulations developed
for this thesis. Section 5 summarizes the results of the papers and discusses the
applicability of these results to other cavity receiver designs for point focusing
technologies. Finally, section 6 gathers the final conclusions and suggested future
work.



Chapter 2

General methodology and
publications

This section is intended to provide a general overview of the thesis by linking
the numerical analyses with the conducted experiments. Moreover, it locates the
appended publications within the thesis context.

2.1 General methodology

As explained in Section 1.4, this thesis combines experiments and simulations.
The methodology flow followed during this thesis is depicted in Fig. 2.1. This
methodology is used in each analysis included in Fig. 2.2 (red boxes). As seen in

Figure 2.1: Methodology flow chart

Fig. 2.1, simulations and experiments are linked to provide meaningful information
to each other. Thus, the simulations identify what, where and how to measure,
whereas the experimental results are utilized to validate the simulations. Both sim-
ulations and experiments are then refined until proper experimental and numerical

9
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models are achieved. In the end, the design results are obtained from both the sim-
ulations and the experiments. The software utilized by each simulation is included
in brackets.

Fig. 2.2 depicts a more detailed scheme of the work performed. Red refers to
analyses, blue to models/simulations, green to experiments, black to data flows and
purple to the publications dealing with each analysis.

Figure 2.2: PhD scheme

After building the KTH HFSS (publication A, not included in Fig. 2.2), the
solar simulator flux and power were characterized in order to know the radiative
boundary conditions provided by the KTH solar simulator (publication B). The
thermal cavity receiver (CR) design was then addressed (publications C and D)
analyzing the influence of the most important CR design parameters. Finally,
studies evaluating the receiver stress state and lifetime were performed with an FEM
analysis (paper E). Additionally, the FEM calculations were also utilized to improve
the thermal model since they provide more accurate results of the temperature
distribution and gradients.

The main codes developed during this thesis were Monte Carlo (MC) simulations
in Matlab, and a heat transfer code in EES. The Matlab codes deal with the
uncertainty propagation and the ray-tracing (RT) for the dish and the simulator,
whereas the EES code solves the radiative, convective and conductive heat transfer
in the CR. Finally, ANSYS structural mechanical model was utilized for the FEM
calculations in order to suggest improvements to the receiver mechanical design.
The combination of all these analyses led to the final cavity receiver design and
conclusions proposed in this thesis.
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2.2 Appended publications

A brief description of the papers together with the contribution to the state of
the art is given below.

A) Development of a Fresnel lens based high-flux solar simulator
Description: a high-flux solar simulator is developed using parabolic back
reflectors and Fresnel lenses in order to reduce costs. This simulator is in-
tended to resemble the type of light concentration happening in a parabolic
dish.
Contribution:

• Development of the first Fresnel lens-based high-flux solar simulator
• The simulator overcame lifetime issues previously encountered using el-

lipsoidal reflectors
• A significant cost reduction was achieved owing to the use of only com-

mercially available components

B) Characterization of the KTH high-flux solar simulator combining
three measurement methods
Description: A new measurement strategy to characterize HFSSs is devel-
oped. Modifications to the traditional methods are presented together with a
detailed uncertainty analysis to quantify the uncertainty contribution of the
measurement methods and strategy.
Contribution:

• New measurement methods are presented to improve the characteriza-
tion of solar simulators

• The experiments are planned to reduce the measurement uncertainties
• A detailed Monte Carlo uncertainty analysis is proposed to calculate the

uncertainty propagation and contribution
• The CMOS camera-Lambertian target method (flux mapping) is not

suitable to measure flux distribution profiles in Fresnel lens-based solar
simulators

• The simulator characterization is achieved with a calorimeter and a ra-
diometer

C) Experimental and numerical performance analyses of a Dish-Stirling
cavity receiver: Geometry and operating temperature studies
Description: Experimental and numerical results are presented for a Dish-
Stirling cavity receiver. The paper studies the influence of the cavity receiver
geometry and operating temperature. Various efficiency concepts are defined
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to analyze the influence of the geometry and temperature on each efficiency
definition.
Contribution:

• The simulations are validated for multiple experiments
• Parametric experimental and numerical studies are presented to assess

the impact of the cavity geometry and receiver operating temperature
on the different receiver efficiencies

• The cavity receiver efficiency was analyzed taking into account its inter-
action with all the other relevant subsystems/components

• Reverse-conical cavity shape showed higher efficiency than the nearly-
cylindrical one

• Higher temperatures (in the range under study) provide higher total
system efficiencies even if the receiver efficiency decreases significantly

D) Experimental and numerical performance analyses of a Dish-Stirling
cavity receiver: Radiative property study and design
Description: Numerical simulations and experiments are applied to assess
the influence of the radiative properties and input power in a cavity receiver.
A receiver design for a well known parabolic dish (EuroDish) is presented.
Contribution:

• The cavity radiative properties and input power are analyzed through
parametric experimental and numerical studies

• The simulations are validated for all the experiments conducted for this
paper and paper C

• The higher the ratio emissivity/absorptivity (ε/α) of the cavity, the
higher the receiver efficiency (for typical operating conditions and de-
sign)

• Regarding the absorber radiative properties, the emissivity has very little
influence on the receiver efficiency, and the efficiency is less sensitive to
the absorptivity variations than in other receiver types

• The optimum aperture diameter is almost invariant for different envi-
ronmental conditions

• A peak total receiver efficiency of 91.5 % is achieved operating at 780 °C

E) Influence of the mechanical boundary conditions on the stress state
and creep damage in a Dish-Stirling receiver
Description: The influence of the boundary condition definition is exper-
imentally and numerically assessed for the thermomechanical analysis of a
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dish-Stirling receiver. The simulations show that the experimentally mea-
sured boundary conditions are not the most advantageous. Adjusting the
position of the receiver supports can improve the receiver stress state and
shift the location of the peak stress in order to improve the creep lifetime.
Contribution:

• First experiments measuring displacements in a solar receiver
• Evaluation of the mechanical boundary condition influence on the stress

state and creep lifetime
• Precise boundary conditions must be known to create accurate simula-

tions, even for analyses of simplified geometries
• The results suggest that the application of external torques and forces on

the supports can improve the stress state and the lifetime of components
under strong thermal gradients





Chapter 3

Experimental evaluation

All the experiments presented in this thesis were conducted in the KTH high
flux solar simulator (Fig. 3.1). It has twelve 6-kWe xenon-arc lamps arranged to
resemble a parabolic dish system. Each lamp uses a parabolic back mirror and a
Fresnel lens to concentrate the light emitted by the xenon-arc bulb. Fig. 3.2 shows
the lab in operation during an experiment.

Figure 3.1: KTH high-flux solar simulator

As the development of the KTH HFSS is part of this thesis, the first set of
measurements was taken to characterize the solar simulator (Section 3.1). After
this characterization, many different dish-Stirling (DS) CRs were tested (Section
3.2). The CR experiments consisted of multiple experiments varying the cavity

15
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Figure 3.2: KTH high-flux solar simulator in operation

aperture, cavity shape, cavity coating, working fluid (WF) operating temperature,
and thermal power delivered by the HFSS. Moreover, displacement measurements
of the Stirling heater (solar absorber) manifolds were collected for the validation
of an FEA. Further information on the experiments can be found in the appended
papers.

3.1 KTH high-flux solar simulator characterization

In order to increase the reliability and accuracy of future experiments, three
measurement methods were utilized to characterize the KTH HFSS. Thus, a flux
mapping system (CMOS camera-Lambertian target), a radiometer (thermopile sen-
sor setup), and a flat plate water calorimeter were utilized to collect multiple mea-
surements of fluxes and thermal power. The systematic and precision uncertainties
were comprehensively evaluated paying special attention to the uncertainty intro-
duced by the measurement process. This evaluation aimed to minimize the mea-
surement uncertainty from the beginning of the experiment planning and design.
The measurement data and their associated uncertainties were analyzed with a
Monte Carlo analysis (Section 4.2.1) to obtain the final results of the KTH HFSS
characterization. The equations related to these experiments are also presented in
section 4.2.1.

3.1.1 Radiometer (Thermopile sensor setup)
The thermopile sensor setup (Fig. 3.3) consists of two thermopile sensors in-

stalled on a water-cooled copper plate with two apertures of 5 mm diameter (holes
in Fig. 3.3). The copper plate is used as a radiation shield to narrow down the
aperture size of the thermopile sensors, which measure the thermal power. The
measurement values (average flux over the aperture area) are obtained as the ther-
mal power measured by the thermopile sensor divided by the aperture area. Using
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these measurements, a 2D function was fitted so the averaged experimental fluxes
were congruent with the 2D function. Thus, the average flux values over the aper-
ture area were corrected to obtain point wise values. Compared to the other mea-
surement methods utilized in this work, the thermopile sensor offers the advantage
of being capable of measuring very high fluxes accurately due to its little sensitivity
to the light spectrum.

Figure 3.3: Thermopile setup

3.1.2 Flux mapping system
The flux mapping system (Fig. 3.4) comprises a Lambertian target and either a

CMOS or CCD camera with light filters. The Lambertian target diffusely reflects
the radiation, and the camera measures the intensity of that reflected radiation to
provide the shape of the flux distribution. As the image collected by the camera
during the experiments was slightly shaking (a few mm) owing to the vibration of
the lamps, 10-second videos were recorded and the values averaged in time. Further-
more, various measurements were taken changing the camera filters to accurately
measure at different flux intensity ranges, thus reducing the uncertainty due to the

Figure 3.4: Flux mapping system: CMOS camera and Lambertian target
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CMOS camera bit resolution. The filters had different transmissivities to adjust the
thermal flux delivered to the CMOS camera sensors. Higher fluxes require filters
with lower transmissivities to keep the fluxes within measurable ranges.

3.1.3 Calorimeter
A self-designed calorimeter was built to measure the thermal power within a

300 mm× 300 mm area. Multiple holes were drilled on the sides of a copper plate
to create water channels in order to extract the heat. The front part was coated with
Pyromark (a commercial high-absorptance coating) to increase the heat collection,
and to have homogeneous and well-know radiative properties. Seven thermocou-
ples were installed in and on the copper plate to measure its temperature. The
two thermocouples positioned to measure the inlet and outlet water temperature
were calibrated in a thermal bath to decrease the measurement uncertainty. The
calibration was performed from 10 to 60 ◦C, and the water temperatures during the
experiments ranged from 12 to 45 ◦C. Finally, the losses of the calorimeter were
measured by inducing different high-temperature air flows through the calorimeter
and calculating the air enthalpy loss. The goal of this experiment consisted of char-
acterizing the average calorimeter temperature with the associated thermal losses.
The hot air was used as a heat source to keep the calorimeter at high tempera-
ture. During this characterization, the temperatures along the calorimeter were
very constant (less than 5 ◦C difference) due to the high conductivity of copper.

Figure 3.5: Calorimeter setup: back (left) and front (right)

3.2 Cavity receiver experiments

Fig. 3.6 shows the power conversion unit of a dish-Stirling system (C11S Clean-
ergy module) on the left, and the cavity receiver analyzed in this thesis on the
right. As mentioned in the beginning of this chapter, a parametric experimental
study of the cavity geometry and coating (Fig. 3.7) was performed at three different
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Figure 3.6: Experimental setup of the receiver: C11S Cleanergy module (left) and
cavity receiver (right)

operating temperatures (700 ◦C, 740 ◦C, and 780 ◦C). Fiberfrax is the raw material
of the cavity, ZrO has low emissivity and absorptivity, and Pyromark is a black
coating with both high absorptivity and emissivity. Cavities 1-3 have a reverse-
conical shape with aperture diameters of 150 mm, 170 mm, and 190 mm whereas
cavity 4 has the same diameter as cavity 2 with a nearly cylindrical shape. All the
cavities have a depth of 150 mm. A section of the tested cavities is also seen in
Fig. 3.7. Fig. 4.2 shows a CR schematic with all the parameters of interest (further
explained in section 4.1). The results comparing different coatings always consider
an aperture diameter of 170 mm (depicted on the right of Fig. 3.7). Moreover, all
the coatings were tested with two different thermal powers from the HFSS (9 and
12 lamps on). When operating with 9 lamps, the lamps were selected to have a flux
distribution as even as possible.

Figure 3.7: Cavities tested: geometries (left) and coatings (right)

The main parameters measured during the experiments were the electric output
of the Stirling-generator and temperatures inside and outside the CR. The electric
output is measured as an indirect measurement of the receiver performance, which
cannot be directly measured. Thereby, the electric output is corrected with the
generator, mechanical and Stirling efficiencies to obtain the receiver heat collection.
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Fig. 3.8 shows the position of the thermocouples installed on the absorber (red) and
inside the cavity (green) between every two cavity quarters. These thermocouples
(green) are located as close as possible to the external surface (less than 1 mm), but
never being exposed to the external irradiance. The figure also defines the reference
system for the CR.

Figure 3.8: Cavity temperature measurements and reference system

Besides the measurements explained before, four high accuracy laser meters were
mounted on the side of the CR case in order to measure the displacements of the
receiver manifolds (Fig. 3.9). During these measurements, the case temperature did
not exceed 45 °C in order to minimize the error due to the case thermal expansion.
Moreover, the engine vibration did not influence the measurement because the CR
case and the receiver manifolds vibrate congruently since they are clamped to the
same supports. A separate experiment was conducted to conclude this.

Figure 3.9: Laser meter setup



Chapter 4

Receiver design methodology and
models

A brief explanation of the PhD methodology and simulations was previously
described in Fig. 2.2. This chapter provides a more detailed explanation of the
specific models and methodology developed in this thesis.

4.1 Methodology and receiver concept

As mentioned before, this thesis combines experiments and simulations to evalu-
ate the impact of various CR influencing parameters. Fig. 4.1 depicts the modeling
framework. Yellow and orange refer to the input conditions, blue to the models,
green to the experiments and red to the results. Four models were developed in
this thesis: optical model to compute the ray tracing in order to set the radiative
boundary conditions; thermal model to determine the temperature distribution and
efficiencies; mechanical model to calculate the stress state and creep lifetime; and
the uncertainty model to couple the experimental results with the other models.
These models are also utilized to design the experiments and to determine the
design space. The design space defines the most relevant variables for validation
(experiments) and for the sensitivity studies. Finally, multiple sensitivity studies
are evaluated with the models leading to the CR final design and conclusions.

The parameters listed with bullet points have been analyzed both in parametric
experiments and sensitivity studies. The plus symbol refers to those assessed in
sensitivity studies, but only with a single experiment to validate the simulations.
The light gray letters denote that the absorber geometry and materials cannot be
changed since it is the heater of the Stirling engine. A geometrical modification
of the Stirling heater would alter the performance of the engine, which is out of
the scope of this thesis. Finally, the parameters with a dash have been taken into
account, but not presented in the results since they do not provide any innovative
result, except for the cavity depth. The cavity depth is a very important parameter,

21
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Figure 4.1: Modelling framework

but its design is strongly dependent on the absorber geometry, which cannot be
adjusted. Therefore, the cavity depth was set so the maximum irradiance on the
absorber equals the maximum allowable irradiance. These influencing parameters
are represented in Fig. 4.2. The figure also shows a schematic of the CR under

Figure 4.2: Schematic of the parameters of interest

study. Even if the absorber is not exactly axis-symmetric (Fig. 3.8), it resembles a
circular plane configuration. The cavity refers to the insulating material (no induced
cooling) that creates an open enclosure (cavity), whereas the absorber comprises
the working fluid passages. The main objective of the cavity consists of decreasing
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reflection, radiation and convection losses in order to increase the heat collection
efficiency. The absorber is insulated at the non-irradiated part (back insulation).

The modeling framework shown in Fig. 4.1 focuses on two goals: improving the
reliability and representativeness (accuracy to capture real values) of the results
through a comprehensive experimental validation; and assessing the potential im-
provement and sensitivity (importance) of each influencing parameter. Thereby,
optimization studies have been avoided since they do not evaluate the importance
of the influencing parameters.

4.2 Models and simulations

In this section, a summary of the utilized models and simulations is presented.
Fig. 4.3 illustrates the simulations modeled in this thesis showing how they are cou-
pled. Firstly, an uncertainty model evaluates the uncertainty propagation for the
solar simulator characterization. Secondly, a Monte Carlo Ray-Tracing (MCRT)
Matlab code calculates the incident concentrated irradiance, both for the solar sim-
ulator and the parabolic dish. That concentrated irradiance sets the radiative BC to
the thermal analysis developed in EES software. Finally, after calculating tempera-
tures and heat fluxes across the receiver absorber, a Finite Element Analysis (FEA)
calculates the stresses and creep lifetime under no relaxation. As mentioned before,
these simulations are validated with multiple experiments in order to increase the
reliability and representativeness of the results. A more detailed explanation of the
models is gathered in the following subsections.

Figure 4.3: Simulation schematic

As clarification when describing radiative properties, emittance, transmittance,
and reflectance refer to the spectral radiative properties, whilst emissivity, absorp-
tivity, reflectivity, and transmissivity denote the values weighted with the appropri-
ate spectral distribution. Emissivity is the emittance weighted with a black body
emission spectrum, whereas absorptivity is the emittance weighted with either the
solar or the lamp spectrum.
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4.2.1 Uncertainty analysis
The uncertainty analysis consists of an MC simulation that estimates the fi-

nal uncertainty of the results based on the systematic and precision uncertainties
together with the errors due to the measurement processes. An MC analysis was
utilized since the analysis has non-linear equations with non-Gaussian probability
functions.

In an MC simulation, multiple individual feasible scenarios are stochastically
generated, and the result is calculated from the mean and the standard deviation
of those scenarios. Fig. 4.4 shows the workflow of the MC method utilized for
the uncertainty calculation. Firstly, the Probability Density Functions (PDFs) of
each variable are defined and the Cumulative Distribution Functions (CDFs) are
calculated from the PDFs. The CDF is the integral of the PDF (Eq. 4.1) and it is
utilized to generate random values with the probability distribution defined by the
PDF.

CFD(x) =
∫ x

−∞
PDF (X) dX (4.1)

Secondly, many cases/scenarios are created by generating a random value of each
variable for each case. Finally, the mean and standard deviations are calculated
using all the simulated scenarios. In the analysis, the number of simulated cases
was doubled until the standard deviation of the mean was negligible compared to
the standard deviation of the result.

Figure 4.4: Flow chart of a Monte Carlo analysis

Thereby, the MC analysis only needs the governing equations of the physical
processes (Eqs. 4.2-4.8). Eqs. 4.2-4.5 apply to the thermopile sensor,

¯̇qap = Q̇tps − Q̇rr
Aap

Cλ,1 (4.2)

Cλ,1 = 1
αtps

=
∑2200nm

300nm εbulb(λ) ρmirror(λ) τlens(λ) ∆λ∑2200nm
300nm εbulb(λ) εtps(λ) εbulb(λ) ρmirror(λ) τlens(λ) ∆λ

(4.3)

Aap = πDxDy

4 (4.4)
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Q̇t(R) = 2π
∫ R

0
q̇fit(r) r dr (4.5)

where ¯̇q is the calculated average flux, Q̇ power, A area, α the absorptivity, Cλ,i
a correction factor, ε the emittance, ρ the reflectance, τ the transmittance, D the
diameter, and r and R the radius. The sub-index tps refers to the measurement
provided by the thermopile sensor, rr re-radiation from the copper shield (numeri-
cal analysis), ap the aperture of the copper shield holes, bulb the lamp light bulb,
mirror the lamp back reflector, lens the Fresnel lens of the lamp, t total, and fit
the curve fitting the radiometer values. Thus, q̇fit(r) is the axis-symmetrical radius
dependent flux function that captures all the radiometric measurements (¯̇qap). Fi-
nally, Q̇t(R) refers to the integral radius-dependent thermal power calculated from
the radiometric measurements.

Eqs. 4.6-4.7 refer to the calorimeter,

Q̇ca = mw cp,w ∆Tw/∆t+ Q̇loss
αca

− Q̇side (4.6)

Q̇side =
#lamps∑

q̇i,max(r = 150mm) cos(Φ)αcopper Aside (4.7)

wherem is the mass collected in a certain time interval, cp the specific heat capacity
at constant pressure, ∆Tw the temperature increase of the water flowing through
the calorimeter, ∆t the time interval collecting water, and Φ the angle of incidence
of the light. The sub-index ca refers to the calorimeter, w water, loss thermal losses,
side the sides of the calorimeter, i the lamp index, max the maximum, and copper
the copper material of the calorimeter. The calorimeter thermal loss (Q̇loss) was
obtained experimentally as described in section 3.1.3. The maximum irradiance
of each lamp at a radius of 150 mm (q̇i,max(r = 150mm)) is calculated with the
ray-tracing simulation of the solar laboratory.

Finally, various uncertainty sources were analyzed for the flux mapping system,
namely, the bit resolution of the CMOS camera, the camera alignment, the pixel
size averaging, and the image rectification. However, the main uncertainty source
was the spectral weighting factor (Eq. 4.8), which is defined analogously to Eq. 4.3
but including the CMOS camera emittance (εCMOS) and the transmittance of the
camera filter (τfilter) instead of the thermopile coating emittance (εtps).

Cλ,2 =
∑2200nm

300nm εbulb(λ) ρmirror(λ) τlens(λ) ∆λ∑2200nm
300nm εbulb(λ) εCMOS(λ) τfilter(λ) εbulb(λ) ρmirror(λ) τlens(λ) ∆λ

(4.8)

The uncertainty values for the measurement variables are gathered in Tables
4.1-4.4. The PDF ’Unif-reg’ refers to splitting the spectrum into four parts and
applying the same deviation for all the values in each part. If the deviations
(stochastic error) were applied to each wavelength, the uncertainty contribution
would be much lower than the real uncertainty value. The confidence interval of
the uncertainties reported is 95.5 %. The values of the uncertainties were calculated
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Table 4.1: Uncertainties common to all experimental setups

Variable Symbol Uncertainty PDF
Bulb emittance εbulb(λ) ±50 % Unif-reg
Mirror reflectance ρmirror(λ) ±1 % Unif-reg
Lens transmittance εbulb(λ) ±1 % Unif-reg
Coordinate x x ±2 mm Uniform
Coordinate y y ±2 mm Uniform
Coordinate z z ±2 mm Uniform

Table 4.2: Uncertainties specific to the radiometer

Variable Symbol Uncertainty PDF
Power sensor Q̇tps ±2.5 % Gaussian
Diameter x Dx ±34µm T-student
Diameter y Dy ±23µm T-student
Re-reflexion - +0 %/-4 % Uniform

Table 4.3: Uncertainties specific to the calorimeter

Variable Symbol Typical value Uncertainty PDF
Temperature difference ∆T 30 °C ±0.3 °C Gaussian
Power loss Q̇loss 175 W ±50 % Uniform
Power sides Q̇side 80 W ±60 % Gaussian
Absorptance Pyromark αc 0.97 ±1 % Gaussian
Water mass mw 17 kg ±0.15 kg Uniform
Time t 110 s ±1 s Uniform

combining the precision, accuracy and process uncertainties, which were obtained
from manufacturers, literature, simulations and system analysis.

4.2.2 Optical analysis

In an ideal specular reflection, the ray is reflected symmetrically. Thus, the
direction reflected ray is calculated with the formula −→o ideal = 2 (−→n · −→i )−→n −−→i ,
where −→i is the direction of the incident ray, −→n the surface normal vector, and −→o
the reflected ray. However, a ray deviation (θ) is observed in non-ideal reflections
(Fig. 4.5).
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Table 4.4: Uncertainties specific to the flux mapping system

Variable Symbol Uncertainty PDF
CMOS camera - ±2 % Gaussian
Filter transmittance τfilter(λ) ±0.5 % Unif-reg
Sensitivity CMOS αCMOS ±1 % Unif-reg
Lambertian reflectance ρ(λ,Φ) +5 %/-2 % Unif-reg
Image rectification - ±2 % Uniform
Alignment - ±1.25 % Uniform

Figure 4.5: Ray reflection

The optical analysis is an MCRT simulation where the ray deviation (∆θ) is
defined as a PDF dependent on the system under study (laboratory or real dish). A
typical PDF of the deviations on a dish was experimentally measured by Johnston
[52], defining the probability distribution as,

dPe
dθ

= θ

σ2
BQ

e−θ
2/2σ2

BQ (4.9)

where dPe/dθ is the probability of having an angular deviation θ, and σBQ the
beam quality. The beam quality gathers all the deviation sources generated at the
mirror surface, which are mainly deviations due to manufacturing, assembly, and
operating conditions. On the other hand, for the solar lab MCRT calculation, a
new PDF was deduced to fit the experimental values of the flux at three different
planes [13].

4.2.3 Thermal analysis
The thermal analysis consists of an EES model that calculates the radiative,

convective and conductive heat transfer in the CR. The model discretizes the CR as
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depicted in Fig. 4.6. The cavity has 3 axial discretizations (red), three radial (blue)
and 4 azimuthal (green), whereas the absorber (in orange) is split in four concentric
regions. Even if more nodes could be added, the final discretization depicted in
Fig. 4.6 sufficed to accurately capture all the CR parametric experimental results.
Moreover, discretizations with more nodes were also simulated obtaining results
with negligible variation.

Figure 4.6: Cavity discretization

Each node satisfies the steady-state thermal balance of Eq. 4.10,

Q̇cv,i + Q̇ra,i + Q̇cd,i + Q̇cvW F ,i = 0 (4.10)

where Q̇ refers to power, and the sub-indexes cv, ra, cd and cvWF to convection,
radiation, conduction, and convection to the working fluid, respectively. The sub-
index i denotes the node under analysis. The radiation sub-index includes the
external irradiance, and Q̇cvW F ,i only applies to the absorber. Each parameter of
Eq. 4.10 is defined as the sum of the contributions from each adjacent node j (if
applicable), analogously to Eq. 4.11.

Q̇cd,i =
∑

Q̇cd,i→j (4.11)

Conduction

Conduction is analyzed with Eq. 4.11, whose formulation depends on whether
cylindrical or planar conduction is assessed. k(T ) is the temperature-dependent
thermal conductivity, L the contact length, T the temperature and ∆x the distance
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between nodes.

Q̇cd,i→j =


∑ 2π k(T )L (Tj−Ti)

ln(ri/rj) , cylindrical

∑ Aij k(T )L (Tj−Ti)
∆xij

, planar
(4.12)

Radiation

The radiation analysis divides the spectrum into three wavelength regions to
improve the accuracy of the radiative heat transfer calculation. The first region
analyzes the external irradiance, either from the sun or the solar simulator. Regions
two and three deal with the CR emitted radiative power for λ ≤4µm and λ > 4µm,
respectively. The reflectivity value is weighted as recommended in [53] solving
Eq. 4.13,

ρi,k =
∑
λk
ρ(λk)Gλ(λk) ∆λk∑
λk
Gλ(λk) ∆λk

(4.13)

where ρ is the reflectivity/reflectance and Gλ is either the spectral irradiance or
black body emission, depending on the spectral range k analyzed. Radiation is
calculated by applying Eqs. 4.14-4.17,

Q̇ra,k,i→j = Ai Fij (Jk,i − Jk,j) (4.14)

Q̇ra,k,i = (B∗k(Ti)σT 4
i − Jk,i)Ai

(1− εk,i)/εk,i
(4.15)

Q̇ra,k,i + Q̇∗irr,i =
∑
i 6=j

Q̇ra,k,i→j (4.16)

Q̇ra,i =
∑
k

Q̇ra,k,i (4.17)

where F is the view factor, J the radiosity, Bk(Ti) the emission fraction of a black-
body at temperature Ti in the spectral range k, and the sub-index irr refers to the
external irradiance. The asterisk symbol ∗ was included to indicate that B∗k(Ti)
only applies to k = 2, 3 and Q̇∗irr,i to k = 1. With this approach, the radiation
and reflection losses (Q̇ra,loss and Q̇refl,loss) can be calculated with Eqs. 4.18-4.19,
where the sub-index amb refers to the ambient.

Q̇ra,loss =
∑
k=2,3

Q̇ra,i→amb (4.18)

Q̇refl,loss =
∑
k=1

Q̇ra,i→amb (4.19)
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Convection

There are two convection processes affecting the system: convection to the am-
bient air Q̇cv,i (Eq. 4.20) and convection to the WF Q̇WF,i (Eq. 4.23). The formulas
found in the literature could not capture accurately the multiple values measured
experimentally, so a slightly different formulation is utilized. In the case of Q̇cv,i, the
new formulation preserves the variable dependency described in [54], but includes a
constant reference value for convection coefficient (hi,ref ), which is appropriate for
the system under study. Thus, the convection coefficient is defined (Eq. 4.21) as a
constant value (hi,ref ) multiplied by correction factors dependent on the aperture
diameter (Dap), and the average CR temperature (TCR). Eq. 4.22 defines the av-
erage reference convection coefficient (hav,ref ), which is utilized to define different
convection scenarios by proportionally adjusting each hi,ref to obtain the desired
hav,ref value.

Q̇cv,i = Aihi(Ti − Tamb) (4.20)

hi = hi,ref

(
Dap

Dref

)b1 (TCR
Tref

)0.51

(4.21)

hav,ref =
∑
Ai hi,ref∑
Ai

(4.22)

In the case of the convection to the WF, 4.24 determines the convection coef-
ficient, which depends on the working fluid pressure (PWF ) and a reference value
(hWF,ref ) deduced from simulations and experiments.

Q̇WF,i = Ai hWF (Ti − TWF ) (4.23)

hWF = hWF,ref

(
PWF

Pref

)b3

(4.24)

When assuming Dref=170 mm, Tref=1073 K, hWF,ref=7400 W/m2K, and Pref
=150 MPa, the values fitting all the experiments are hav,ref=9 W/m2K, b1=0.4 and
b3=0.95.

Efficiencies

The literature gathers many different efficiency definitions related to receiver
performance, sometimes even different definitions for the same name. Due to this,
this section suggests a set of efficiency definitions that are utilized in this thesis in
order to clearly establish the difference among them.

Fig. 4.7 depicts the power flows and efficiencies, and Eqs. 4.25-4.26 the formulas
for the figure. The total system efficiency (ηt,sys) is equal to the multiplication of the
total receiver efficiency (ηt,rec), the Stirling engine efficiency (ηst), the mechanical
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efficiency (ηme) and the generator efficiency (ηge). The mechanical and generator
efficiencies were provided by the manufacturer. The total receiver efficiency is the
multiplication of the interception efficiency and receiver efficiency (ηinter and ηrec).
The interception efficiency is defined as the fraction of sunlight that goes through
the receiver aperture, whereas the receiver efficiency is the thermal power collected
by the WF (Q̇WF ) divided by the intercepted solar power (Q̇inter).

Figure 4.7: Power flows and efficiencies

ηt,sys = ηt,rec ηst ηme ηge (4.25)

ηt,rec = ηinter ηrec =
(
Q̇inter

Q̇irr,t

) (
Q̇WF

Q̇inter

)
(4.26)

Based on the theoretical idealized Stirling cycle efficiency [55], and in order to
obtain a more accurate validation of the model, Eq. 4.25 is proposed for the Stirling
engine efficiency,

ηst = B2
1 + TC/TH

1 +B3 (1− TC/TH)

(
TH
Tref

)b4

(4.27)

where B2, B3, and b4 are constant values adjusted to the Stirling engine utilized
in the experiments. TC and TH refer to the cooler temperature and the average
WF temperature in the heater, respectively. When Tref=838 K, the best fit is
obtained for B2=0.46, B3=0.8543 and b4=1.05. These coefficients were obtained
for TC=20-40 °C, and TH=740-930 K. These performance parameters are specific
to the Stirling engine utilized during the experiments.

4.2.4 Thermomechanical structural analysis
The thermomechanical structural analysis consists of an FEA performed in AN-

SYS coupling the steady-state thermal and mechanical modules. The boundary
conditions of the thermal module are defined to provide the same results as the ex-
periments and the thermal analysis (section 4.2.3). Temperature-dependent prop-
erties of the receiver material (Inconel 625) [56] are included in the model.
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Geometry and boundary conditions

A whole receiver (Fig. 4.8) and a single tube (Fig. 4.9) were modeled for result
comparison. In the figures, the regions of interest are marked in red and green,
being R receiver, S surface (inner and outer), P point, and T tube. Thus, RS3 would
mean ’receiver surface 3’. The figures also show the positions where the BCs are
applied. Three types of supports are considered in the analyses: elastic, fixed and

Figure 4.8: Whole receiver geometry and boundary conditions

Displacement-Rotation (DR). Elastic simulates springs connected to the support;
fixed does not allow rotations or displacements (all degrees of freedom locked); and
DR defines a certain displacement and rotation for each direction (including ’free’
option not to set any restriction). DR BC is described as xd1 − yd2 − zd3 −Xr1 −
Y r2 − Zr3 where d1, d2, and d3 provide the value of the displacements along x, y
and z, and r1, r2 and r3 the rotations. The experimental WF (internal) pressures
are 40 bar for the solar simulator and 150 bar for the dish analysis.

Figure 4.9: Single tube geometry and boundary conditions

For the sake of simplicity and comparison, the irradiance on the front of the
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tubes is defined constant along 180° (azimuthally) and equal to the peak value.
The impact of this assumption is presented in [29], where a stress error of 10-20 %
is estimated. As this definition generates more thermal power, the WF convection
coefficient was modified to achieve the same temperature values as those measured
experimentally. Table 4.2.4 shows the most important values of the thermal BCs.

Simulator Dish
Solar flux (kW/m2) 220 800
Convection to the WF (W/m2K) 2200 9200
TWF (◦C) 630 630

Mechanical damage on the receiver

Low Cycle Fatigue (LCF) and creep are commonly identified as the main pro-
cesses causing mechanical damage to a solar receiver. LCF occurs in solar receivers
mainly during start-ups. However, it is very sensitive to the receiver heat-up tran-
sients, which are very variable along the receiver lifetime. Due to this and the lack
of appropriate experimental data, LCF was omitted in this study. Therefore, the
durability analysis focuses on steady-state creep damage under no relaxation. The
creep damage is obtained as the inverse of the creep lifetime (t), which is calculated
using the Larson-Miller model [57] with Eq. 4.28,

log(t) = β0 + β1

T
+ β2

T
log(σ) + β3

T
log2(σ) (4.28)

where T is the temperature in ◦C, σ the stress in Pa, and βi the coefficients to
fit the creep behavior for Inconel 625, which is provided by ASME Boiler and
Pressure Vessel Code [58]. In the FEA, Eq. 4.28 is calculated using the Von-Mises
equivalent stress σeqVM (Eq. 4.29), which depends on the first, second and third
principal stresses (σ1, σ2 and σ3).

σeqVM =
√

(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2

2 (4.29)

Mesh

ICEM was used to generate the mesh. The final mesh combines hexahedrons
and tetrahedrons to efficiently mesh the tubes and the manifolds. The final mesh
has 2.2× 106 nodes, with 2.5× 105 Hexa-20, 5.4× 105 Tetra-10 and 5× 103 Pyra-
13 elements. Thus, quadratic elements were utilized (mid-side nodes). The mesh
convergence (Fig. 4.10) study was focused on the regions with critical creep lifetime
and stresses, which are located in the tubes. In the final convergence step, the
relative error was below 0.5 % when doubling the number of tube nodes in all the
discretizations at the same time. Fig. 4.11 depicts the final mesh showing the
tube-manifold contact (left) and a tube section (right).
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Figure 4.10: Maximum relative error of the equivalent stress due to the mesh in
the critical regions

Figure 4.11: Mesh: tube-manifold (left) and tube section (right)



Chapter 5

Results and discussion

This chapter provides a summary of the main results from the appended pa-
pers, whose main objective consists of enhancing the dish-Stirling cavity receiver
efficiency and lifetime without increasing the manufacturing cost. This chapter is
recommended to be read alongside the appended publications for a better under-
standing. The simulation validations are omitted in this chapter since they do not
provide any meaningful result, but they are included in the appended publications.
All the given uncertainty values have a confidence interval of 95.5 %.

5.1 Solar simulator characterization results (Papers A & B)

After calculating the uncertainty propagation, the experimental setups present a
total measurement uncertainty of 4.6 % for the radiometer, 2.3 % for the calorime-
ter, and 52 % for the flux mapping. All the variables from Table 4.2 contribute
similarly to the total uncertainty of the radiometer; the time, temperature differ-
ence and water mass are the most important uncertainties for the calorimeter; and
the spectral unevenness of the light source (included in εbulb(λ)) is the main con-
tributor for the flux mapping system. When comparing the results from each setup,
the traditional CMOS-Lambertian target method has very large uncertainty for the
KTH HFSS. Point wise relative errors up to 45 % (Fig. 5.1) were observed when
compared to the thermopile measurements (both calibrated for the same power in
a circular area of 300 mm diameter). Consequently, the characterization was based
on radiometric and calorimetric measurements due to their higher accuracy. The
calorimeter was then utilized to calibrate the cumulative power calculated from the
thermopile sensor (Eq. 4.5). This formula is applicable since the flux distribution
at the focal plane was found to be symmetrical with a maximum error of 6 %.
Fig. 5.2 shows the final results of the flux, the average flux, and the cumulative
power at the focal plane of the KTH HFSS. According to the figure, the KTH so-
lar simulator provides a peak flux of 6.80± 0.35 MW/m2 with a thermal power of
14.70± 0.75 kW within a diameter of 150 mm.

35
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Figure 5.1: Comparison of the flux measured by the flux mapping system and the
radiometer

Figure 5.2: Flux and cumulative power at the KTH HFSS focal plane

Finally, the repeatability and stability of the KTH HFSS were also tested in
order to prove the reliability of the experiments. After an initial ramp-up, the
lamps have a steady electric consumption with a variation lower than 1 % during
a 50-minute period. Experiments using different lamp combinations led to the
conclusion that the thermal power at the focal plane is 25.8 ± 0.3 % the electric
consumption of the lamps (Fig. 5.3). This figure presents various power values
of the lamps measured individually and in groups. Additionally, a detailed view
of the results around 70 kWe is depicted in Fig. 5.4. The figure shows the sum
of the electric and thermal powers measured with different combinations of lamps
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on/off. For example, 2x6L means that the result is the sum of 2 measurement
groups of 6 lamps each. The sub-indexes I and II refer to two sets of experiments
where II occurred 6 months after I, and after replacing some components due to
maintenance.

Figure 5.3: Thermal and electric power for different groups of lamps

Figure 5.4: Detailed view of the thermal and electric power for various lamp mea-
surement combinations

5.2 Cavity receiver design (Papers C, D & E)

This section presents the most important results obtained in papers C, D, and
E. These results are related to: the absorber temperature measurement and control;
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the influence of the cavity geometry, the cavity/absorber radiative properties, and
the external conditions on the CR design; and receiver durability. Subsection 5.2.2
considers the KTH HFSS radiative BCs, whilst subsection 5.2.3 and subsection
5.2.4 use the solar radiation concentration from a real parabolic dish as BC. The
EuroDish dish was chosen as a reference for the results in nominal real operation.

5.2.1 Measurement and control of the absorber temperature
(Paper C)

The operation of a dish-Stirling system is traditionally controlled by thermo-
couple (TC) measurements on the back of the absorber. However, this control
approach overlooks the real temperatures on the irradiated zone, where tempera-
tures measurements would have a very large measurement uncertainty. Thermal
FEM simulations of the receiver tubes together with experimental measurements
showed that the temperature difference between the irradiated (front) and non-
irradiated (back) parts is nearly proportional to the incident concentrated solar
irradiance, and the WF operating characteristics have little influence on this tem-
perature difference (Fig. 5.5). Thus, the temperature on the front can be easily
calculated by adding a correction factor to the temperature measurement on the
back. This behavior was observed in a tube whose thickness is approximately 25 %
of its diameter. This study was used to correct the temperature measurements
in order to have more representative temperature values for the validations of the
models.

Figure 5.5: Temperature difference back-front on the receiver tubes

The maximum temperature on the irradiated zone is a critical parameter to
determine the receiver durability. Fig. 5.6 depicts the maximum temperature on
the irradiated zone (Tmax), the TC temperature measurement (Tcontrol), and the
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working fluid temperature (TWF ) for two types of temperature control strategy:
constant Tmax (blue) or constant Tcontrol (red). Thus, the figure shows how the TC
temperature measurement on the back of the absorber should evolve with regards to
the Direct Normal Irradiance (DNI) level in order to keep the receiver temperature
constant within safe limits. On the other hand, if the control temperature of the
TC is maintained constant, the temperature at the irradiated zone would increase
critically.

Figure 5.6: Peak absorber temperature control based on thermocouple measure-
ments

5.2.2 Cavity geometry (Paper C)

In parabolic dish systems, the light concentration is so strong that the absorber
must be placed at an off-plane to let the concentrated irradiance spread before
being absorbed. As the thermal losses of a CR are highly dependent on the area
directly exposed to the exterior, the cavity has the function of narrowing the CR
aperture. Thus, the thermal losses occur in a smaller area, whilst the thermal power
collection happens on a wider surface. Consequently, the cavity must be designed to
optimize the trade-off between the intercepted solar power and the thermal losses,
which depend on the CR operating temperature and the concentrated irradiance.
The use of a non-active cavity will be recommendable when the absorber cannot
create a whole enclosure itself, or when the solar irradiance is so low that the use
of a larger absorber is not economically justified.

From the design space parameters listed in Fig. 4.1, this section analyzes the
shape and the aperture diameter. The results of this subsection consider a reverse-
conical fiberfrax cavity under the KTH HFSS operation. The efficiency definitions
utilized in this section were previously presented in section 4.2.3.
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Figure 5.7 depicts the different efficiencies as a function of the operating tem-
perature and the aperture diameter. The highest total system efficiency ηt,sys,max

Figure 5.7: Efficiencies dependent on the aperture radius in the KTH solar simulator

(marked with the vertical brown line) is obtained for a quite large aperture di-
ameter (270 mm) at the highest operating temperature (1020 K), having a total
receiver efficiency of 73.5 %. Such large aperture is a consequence of the type of
light concentration in the KTH HFSS (not very strong concentration), whereas the
high temperature is justified by the engine efficiency. In the case under study, the
figure shows that the interception efficiency is dominant over the thermal losses
until it reaches values close to 96-99 %. Moreover, the thermal engine efficiency is
also more important than the thermal losses. Consequently, the receiver (thermal)
efficiency is a parameter that does not suffice to determine the optimum receiver
design as it overlooks the interaction with the surrounding components.

Regarding the cavity shape, two shapes were considered in order to analyze the
influence of the inner cavity wall angle. Thus, a nearly cylindrical cavity shape and
a reverse-conical shape were tested (cavities 4 and 2 from Fig. 3.7). Both cavities
have the same aperture and radiative properties, so the difference in performance
is only caused by the shape. Figure 5.8 shows that the thermal losses in cavity 4
are higher than in cavity 2, so the efficiency of the reverse-conical cavity (cavity 2)
is higher. It was observed that cavity 4 generates higher losses even having lower
temperatures, as shown in Fig. 5.9. The figure depicts the mean cavity and receiver
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Figure 5.8: Total thermal losses of each cavity geometry

Figure 5.9: Cavity and absorber mean temperatures for various cavity geometries

temperatures dependent on the cavity type and operating temperature (reference
temperature). We can observe that the cavity temperature is very high considering
that it only receives a direct irradiance of 20-40 kW/m2 from the simulator lamps.
This is explained by the fact that the cavity not only receives the direct concentrated
irradiance, but also the solar irradiance reflected from the absorber and other parts
of the cavity. Thus, the total irradiance on the cavity walls is significantly higher
than the direct irradiance. As the cavity does not have any induced cooling, very
high steady-state temperatures can be reached.

Comparing the loss breakdown for cavities 2 and 4 (Figure 5.10), cavity 4 has
the same radiation losses and higher convection losses even for lower average cavity
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temperature. The higher convection losses are caused by larger surfaces in contact
with the external air, whereas the radiation losses are the same because the highest
temperatures in cavity 4 appear where the view factors are higher (zone close to
the absorber). In other words, the combination temperature-view factor in cavity
2 is better to reduce radiation losses. Therefore, the experimental and numerical
results suggest that the reverse-conical cavity leads to a higher receiver efficiency.

Figure 5.10: Loss breakdown of each cavity geometry for Tref = 1020K

5.2.3 Cavity receiver radiative properties (Paper D)
This section analyzes the most favourable radiative properties for the non-active

cavity and the absorber when designing a CR. Consequently, the results are not
applicable to other types of receivers, such as external receivers.

Dish radiative BCs are considered for this section. Then, the absorptivity is
obtained by weighting the material emittance with the spectral solar irradiance
(ASTM G173-03 AM 1.5 standard), whereas the emissivity is weighted with the
black body irradiance at the average component temperature.

The steady-state cavity temperature (non-controllable) is very important in
this analysis because the relative temperature cavity-absorber (Tcav and Tabs) de-
termines the direction of the thermal radiation flux, which will determine the ideal
radiative properties (Fig. 5.11). The figure on the left shows the operation with
high DNI and low convection losses, whilst the figure on the right is obtained from
low DNI and high convection losses. The crosses illustrate the weighted radiative
properties at the cavity average temperature (red) and absorber average temper-
ature (black). As can be seen, different radiative properties provide the highest
efficiencies depending on the operating conditions. However, the figure on the left
is more likely to be a typical operation. Therefore, the cavity should have low
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Figure 5.11: Simulated receiver efficiency dependent on the cavity radiative prop-
erties for: DNI 850 W/m2 and hav,ref 7 W/m2K (left), and DNI 500 W/m2 and
hav,ref 20 W/m2K (right)

absorptivity and high emissivity. Low absorptivity will reflect the sunlight to the
receiver, whereas high emissivity will improve the radiative heat transfer with the
absorber. It is also observed that the efficiency depends on the ratio ε/α, obtaining
higher efficiencies for higher ratio values. Thus, ε = α = 0.2 has similar efficiency
to ε = α = 0.8 but lower than ε = 0.6 & α = 0.3. Among the cavity coatings tested,
the original cavity material (Fiberfrax) provides the highest receiver efficiency.

Regarding the absorber radiative properties, both emissivity and absorptivity
should be as high as possible (Fig. 5.12), contrary to other receiver types. The figure
also shows four possible material/coating radiative properties with the emissivity
weighted for the average absorber temperature. The asterisk indicates that the
characterization was performed at ambient temperature with the material fully
oxidized. However, the degree of oxidation is unknown. Analogously to the cavity
reasoning, high emissivities enhance the radiative heat transfer with the cavity.
Although high emissivities also increase the radiative heat transfer to the ambient,
the receiver view factor to the ambient is much smaller than the view factor to
the cavity. Consequently, at a certain cavity temperature, the absorber has a
positive radiative balance in the thermal spectrum range, as occurs in the case
under study. Finally, Fig. 5.12 also shows that 1 % of efficiency is lost when the
absorber absorptivity decreases 2.5-3 %. Therefore, cavity receivers are much less
sensitive to the absorber absorptivity loss than external receivers.
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Figure 5.12: Simulated receiver efficiency dependent on the absorber radiative prop-
erties for DNI 850 W/m2 and hav,ref 7 W/m2K

5.2.4 External conditions and final cavity receiver design
(Paper D)

This section evaluates how the external conditions (DNI and wind) influence
the CR aperture sizing and efficiency. Moreover, it suggests a CR design for the
EuroDish system exceeding the efficiency values reported in the literature.

Fig. 5.13 shows the influence of the aperture diameter and reference convection
coefficient hav,ref (as defined in subsection 4.2.3) on the total receiver efficiency.
The crosses depict the aperture diameter with the optimum efficiency for a cer-

Figure 5.13: Total receiver efficiency dependent on the aperture diameter and the
convection loss coefficient
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tain hav,ref . As explained before, hav,ref represents different convection scenarios
caused by possible wind conditions. According to the figure, the wind conditions
does not affect the optimum aperture diameter. However, the convection model is
not detailed enough to assert this result for all possible cases and further studies
are needed to confirm it.

Regarding the DNI level, Fig. 5.14 presents the influence of the aperture diam-
eter and the DNI on the total receiver efficiency. As observed in the figure, the

Figure 5.14: Total receiver efficiency dependent on the aperture diameter and DNI

DNI has little influence on determining the optimum aperture size. It is important
to consider that high DNI values have more importance since they deliver more
power, and are usually more frequent than low values.

Finally, a receiver efficiency map (Fig. 5.15) is presented based on the final
cavity receiver design proposed for the EuroDish. This figure was obtained for an
uncoated cavity (Fiberfrax material) with an aperture diameter of 150 mm and
reverse-conical shape. The absorber is considered to be coated with deteriorated
Pyromark (see Fig. 5.12) and operates at a peak temperature of 770 ◦C. Under
these assumptions, a maximum total receiver efficiency (which accounts for the
interception efficiency) of 90.5 % is reached. If the Pyromark was not deteriorated,
the peak total receiver efficiency would reach 91.5 %.
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Figure 5.15: Total receiver efficiency map for the EuroDish solar concentration

5.2.5 Receiver durability (Paper E)

This section presents the stress and creep lifetime results of the thermomechan-
ical structural analysis under dish operating conditions. The study analyzes the
impact of the BC definition, the influence of geometrical simplifications, and ideal
BCs that can improve the receiver stress state and creep lifetime. As the main goal
is to increase the receiver creep lifetime, stresses and temperatures are combined
to determine the receiver durability when modifying the BCs. The results from the
experimentally validated BC (validated DR) are utilized as reference to calculate
the potential improvement of the lifetime and stress state.

Fig. 5.16 shows a comparison of the stress and lifetime obtained at various
positions of the receiver for three different BCs (see Fig. 4.8 for nomenclature
reference). As can be seen, the stress in RS5 is the highest, but it has little interest
from a lifetime point of view due to the lower temperatures in that zone. In general,
elastic and DR provide quite similar results as both simulations obtain similar
receiver expansion, but different rotation of the manifolds. Comparing RP1 and
RS1 for the validated DR BC, it is observed that the critical equivalent stress is
located in RP1, but it is not a critical position for the lifetime calculation due to
the uneven temperatures. This result leads to the idea of shifting the position of
the peak stress in order to extend the receiver lifetime.

Fig. 5.17 analyzes the maximum stress and minimum lifetime when setting the
receiver right support at different x positions. ’out’ in the legend denotes that only
the outer surface is considered (instead of both inner and outer). The magenta
vertical line represents the position of the validated RD BC. The green lines depict
how the stress evolves for a single node in the analysis. Analyzing the light and
dark red lines, it can be deduced that the maximum equivalent stress is located in
the inner part of the tube between x = 2− 4.7 mm. Nonetheless, the outer part is
always more critical from a lifetime point of view. The light blue line is included
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Figure 5.16: Influence of the boundary condition type on the maximum equivalent
stress (left) and creep lifetime (right) at various positions

Figure 5.17: Influence of x-displacement BC on the maximum equivalent stress
(left) and minimum creep lifetime (right)

to show that RS1 is always more critical than RS3 since the manifolds adjust their
rotation for different x-displacements. Finally, the results suggest that imposing an
x-displacement of 3.2 mm (instead of having the ’free’ expansion of 1.8 mm) could
improve the receiver creep lifetime by 57 %, from 10 000 h to 15 700 h.

Regarding the receiver geometry simplification, Fig. 5.18 presents the stress
results for a tube and the whole receiver when changing the right x-displacement
BC. In addition to the results of this figure, the fixed BC for the tube produces a
peak stress of 288 MPa in TS1, the elastic BC 201 MPa, and the DR y0-z0 (free x
and rotations) 717 MPa. Thereby, the tube BC type defined for the FEA analysis
strongly influences the stress state calculation. Moreover, increasing the degrees of
freedom of the support does not necessarily imply lower stresses. As observed in
the figure, as long as similar BCs are applied to the tube, similar stress values and
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Figure 5.18: Maximum equivalent stress for the whole receiver and a single tube
using various BCs

trends are expected. Therefore, realistic BCs are necessary to predict the stress
state of a solar receiver tube. Finally, each x-displacement can also be achieved
through the application of forces/torques as BC instead of setting a fixed position.
For instance, a free end with a force of 34.5 N in x, 0.5 N in y and -1.8 N in z would
generate the same result as the DR BC x1.8y0z0. Consequently, the results suggest
that external forces and torques could reduce thermally-induced stresses.

5.2.6 Discussion: applicability of the results to other cavity
receiver designs

In point focusing technologies, the light concentration can reach so high values
that it cannot be directly handled by the absorber from a durability point of view.
Then, the concentrated light is either spread (off-planes), or a specific mirror aiming
strategy is used. In the case of CRs for point focusing CSP plants, they always
follow the same strategy: the solar radiation is concentrated as much as possible at
the receiver aperture, and the solar rays spread inside the CR to reduce the direct
irradiance on the absorber (otherwise the absorber would quickly break). Thereby,
CRs have a heat sink (better or worse depending on the absorber characteristics)
with or without an insulating material (referred as cavity in this thesis) at the zones
with low direct irradiance. Considering cavity receivers with a reasonably similar
configuration to the CR under study, the following results could be applicable:

1. Cavity receiver analyses/optimizations must include the interception and en-
gine efficiencies.

2. The reverse-conical cavity shape distributes the irradiance more evenly along
the cavity (preventing hot spots), reduces the area for convection, and im-
proves the ’combination’ temperature-view factor to reduce radiative losses.
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3. The cavity absorptivity should always be as low as possible, whereas the
optimal emissivity depends on whether the cavity temperature is higher than
the absorber temperature. High cavity emissivities are recommendable when
the cavity temperature is higher than the receiver temperature.

4. Cavity receivers are less sensitive than external receivers to absorber absorp-
tivity loss. Thereby, the thermal receiver efficiency is not strongly affected by
the degradation or quality of the absorber coating.

5. The receiver efficiency and radiative losses are very slightly affected by the
absorber emissivity. Consequently, cavity receivers eliminate the need for
selective absorber materials with high absorptivity and low emissivity.





Chapter 6

Conclusions and future work

6.1 Conclusions

This thesis presents experimental tests and numerical analyses with the ob-
jective of enhancing the design of cavity receivers for CSP. The thesis focuses on
dish-Stirling systems, although some conclusions are also applicable to receivers
for other CSP technologies. Parametric experimental studies were conducted to
improve the simulation validation. Hence, the simulations utilized in this thesis are
validated with multiple experiments. The most critical experiments were verified
with additional experiments, or were conducted twice to corroborate the results.

The major findings can be sorted into three blocks: solar laboratory character-
ization, cavity receiver thermal design, and thermomechanical structural receiver
analysis. The main conclusions from the characterization of the KTH HFSS are:

(1) A new design of a calorimeter with low measurement uncertainty is proposed

(2) A new radiometer concept is presented combining a thermopile sensor and a
copper shield. It provides the advantage of being able to measure very high
flux levels with low uncertainty

(3) A comprehensive Monte Carlo uncertainty analysis is applied to improve the
uncertainty propagation calculation

(4) The KTH HFSS showed very stable and reliable operating conditions allowing
a precise repeatability of experiments

(5) The CMOS-Lambertian target system should not be used in the characteriza-
tion of Fresnel lens-based solar simulators due to its high uncertainty. This
high uncertainty is caused by the spectral sensitivity of the CMOS camera sen-
sor in combination with uneven spectral distributions. The uneven spectral
distribution onto the Lambertian target is thought to be produced by the ray
refraction in the Fresnel lenses (among other possible sources)
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The cavity receiver analyses led to the contributions:

(I) In the absorber tubes under study, the absorber temperature difference be-
tween the front and the back mainly depends on the solar irradiance, and
not on the working fluid operating conditions

(II) The cavity receiver is designed to improve the total system efficiency instead
of the component efficiency

(III) From a system efficiency point of view, the operating temperature of a dish-
Stirling system should be as high as possible when operating in the tempera-
ture range of 600-800 °C. Then, the maximum temperature is limited by the
receiver material properties

(IV) The reverse-conical cavity shape provides better performance than the nearly-
cylindrical shape

(V) The interception efficiency has a dominant role in cavity receiver design,
so the highest system efficiencies are usually achieved for high interception
values (around 99 %). Consequently, the optimum receiver aperture is very
dependent on the quality of the ray concentration

(VI) Higher ratios ε/α for the cavity radiative properties obtain higher receiver
efficiency values

(VII) In cavity receivers, the total receiver efficiency is expected to increase for
higher absorber emissivities and absorptivities

(VIII) An efficiency map of the final cavity receiver design is presented, reaching a
maximum total receiver efficiency of 91.5 %

The thermomechanical structural analyses contributed to the state of the art as
follows:

(a) The first experiment conducted to measure receiver displacements (thermal
expansion) in a solar receiver operating at nominal conditions

(b) The BC definition has a very strong influence on the receiver stress state and
lifetime calculations, so experimental results measuring the receiver BCs are
needed

(c) Realistic receiver support BCs should be known in order to accurately calculate
the stresses and lifetime in simulations modeling a single absorber tube

(d) Induced forces and torques can be adequately applied to improve the stress
state of a solar receiver. At the same time, the peak stresses can be shifted
from hot regions to colder ones in order to further extend the receiver’s lifetime

(e) Thermomechanical structural simulations of the receiver under study obtained
that the creep lifetime under no relaxation can be increased 57 % by adjusting
the receiver expansion (support position)
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6.2 Future work

Based on the work and results presented, the following analyses are suggested
as future work:

1. In light of the flux mapping system limitations, a more reliable flux mapping
system should be developed

2. Due to initial restrictions in the absorber geometry and cavity length, these
parameters were not comprehensively studied. Therefore, they should be
included in future cavity receiver design studies

3. A cost analysis should be performed. This analysis is especially interesting
for a cavity receiver design whose absorber can be modified. The cost analysis
will allow determining the most cost-efficient configuration for the non-active
cavity and the absorber. In other words, there is probably a lower limit
of direct concentrated solar irradiance for which it is not worth having an
absorber, being then a non-active cavity more cost-efficient at that position

4. There is still insufficient experiments measuring convection in cavity receivers,
which hinders the receiver design and adds significant uncertainty to the stud-
ies

5. In previous literature (Refs.[59]-[60]), an air curtain is investigated to decrease
convection losses. A proper air curtain design has the potential to increase
the system efficiency by 1-3 %

6. More accurate models for low cycle fatigue and creep under relaxation are
needed to have a proper evaluation of the receiver lifetime. Therefore, more
experiments are required to determine the real time-dependent evolution of
the receiver’s structural conditions

7. In combination with the previous point, the maximum allowable flux on a
receiver should be calculated including realistic boundary conditions of the
receiver supports
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