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cución de la parte experimental de ésta, y de muchas otras tesis en el IES.

A Estrella, Rosa, Montse, Maria Helena y Ricardo, que siempre han cuidado tan bien de

nosotros.

A mis amigos, que han sido testigos de la evolución de esta tesis y que sin su apoyo, nunca le

hubiera encontrado el sentido. Especialmente quiero agradecer a Jose, el interés tan intenso que

ha demostrado en mi trabajo y las eternas discusiones sobre ciencia, y a mis compañeros de piso
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RESUMEN
Esta tesis aborda el análisis, tanto teórico como experimental, de los sitemas termofotovoltaicos

solares. En estos sistemas, un material (emisor) se calienta hasta la incandescencia mediante ra-

diación solar. La radiación térmica emitida por dicho material se dirige hacia una célula foto-

voltaica, que convierte dicha radiación en electricidad. En esta configuración, se pueden emplear

elementos de control espectral para lograr que los fotones no útiles para el proceso de conversión

fotovoltáica sean devueltos al emisor.

En la primera parte de la tesis (capı́tulos 2-4) se presentan diversos modelos analı́ticos de

sistemas termofofovoltaicos solares. En el capı́tulo 2 se analiza un sistema ideal con el fin de

determinar la eficiencia lı́mite máxima, que resulta ser del 85.4%. Desafortunadamente, dicha

eficiencia sólo se logra para densidades de potencia eléctrica despreciables y bajo una serie de

condiciones demasiado restrictivas. En el capı́tulo 3 se presenta un modelado multivariable más

completo, basado en la teorı́a del balance detallado, en el que se contemplan (entre otras cosas)

posibles pérdidas ópticas. Con dicho modelo se ha demostrado que se pueden alcanzar eficiencias

y densidades de potencia electrica por encima de 30% y 50 W/cm2, repectivamente. Para ello se

requiere de una elevada concentración solar (1000-2000 soles) y de un método para aumentar la

transferencia de energı́a del emisor a las células (tı́picamente, mediante el aumento del área del

emisor respecto al área del absorbente solar). Finalmente, en el capı́tulo 4 se presenta un modelo

más realista de un sistema con geometrı́a cilı́ndrica. Con esta configuración, se ha demostrado

que se pueden lograr eficiencias y densidades de potencia electrica de 10-12% y 1-3 We/cm2

empleando componentes disponibles actualmente (células de germanio con reflectores traseros y

emisores de tungsteno recubiertos con capas antireflectantes).

En los capı́tulos 5-8 se describe el desarrollo y caraceterización de un sistema termofoto-

voltaico solar completo, que consta de un concentrador solar refractivo, un emisor cilı́ndrico de

tungsteno recubierto con HfO2 y un array de células de Germanio. En esta tesis se presta especial

atención a la carecterización del sistema de concentración y de los emisores (capı́tulo 6), a los

procesos de fabricación de los arrays (capı́tulo 7) y a la caracterización del sistema completo en

condiciones reales de operación (capı́tulo 8). Este sistema ha proporcionado densidades de corri-

ente en las células de hasta 0.95 A/cm2, densidades de potencia eléctrica de 120-140 mW/cm2 y

una eficiencia de conversión del 0.8%. La temperatura estimada de los emisores está en el rango de

1300-1500oC. La baja eficiencia se debe principalmente al calentamiento excesivo de las células

(hasta 120oC) y a las pérdidas ópticas en el concentrador, que impiden alcanzar la temperatura

de emisor óptima. Se ha estimado que mejorando ambos aspectos se podrı́an lograr eficiencias

superiores al 5%.





ABSTRACT

This thesis presents a theoretical (Part I) and experimental (Part II) analysis of solar ther-

mophotovoltaic systems. In these systems an intermediate material (emitter) is heated to incan-

descence by solar radiation. The thermal radiation emitted by that material is directed to a photo-

voltaic cell that converts this radiation into electricity. In this configuration, the photons that are

not efficiently used by the cells can be redirected to the emitter using spectral control elements.

The first part of the Thesis (chapters 2-4) present various analytical models of solar thermopho-

tovoltaic systems. In chapter 2 an ideal system is analyzed and the maximum efficiency limit is

determined, which turns out to be 85.4%. Unfortunately, such efficiency is achieved for negli-

gible electric power densities and under severe restrictive conditions. Chapter 3 presents a more

complete multivariable model, based on the detailed balance theory, which contemplates (among

other things) possible optical losses. The model shows that efficiencies above 30% and electric

power densities above 50 W/cm2 are achievable. This requires high solar concentration (above

1000 suns) and a method to enhance the energy transfer from the emitter to the cells (typically,

by increasing the emitter area to the solar absorber area ratio). Finally, chapter 4 presents a more

realistic model of a system with cylindrical geometry. With this configuration it was demonstrated

that efficiencies of 10-15 % and electric power densities of 1-5 W/cm2 can be achieved using

currently available components (Germanium cells with back-side reflectors and tungsten emitters

coated with anti-reflective coatings).

Chapters 5-8 present the development and characterization of a complete solar thermophoto-

voltaic system, consisting of a refractive solar concentrator, a cylindrical tungsten emitter coated

with HfO2 and an array of germanium cells. In this thesis, special attention is paid to the charac-

terization of the concentrator system and the emitters (chapter 6), to the manufacturing processes

of the cell-modules (chapter 7) and to the characterization of the complete system under real oper-

ating conditions (chapter 8). This system has provided cell short-circuit current densities of 0.95

A/cm2, electric power densities of 120-140 mW/cm2 and a conversion efficiency of 0.8 %. The es-

timated temperature of the emitter is in the range of 1300-1500◦C. The low efficiency is mainly due

to overheating of the cells (up to 120oC) and to optical losses in the concentrator, which prevent

the achievement of the optimum emitter temperature. It has been estimated that an improvement

in both of these aspects would allow the achievement of efficiencies above 5%. The improvement

of the photon recycling process between the emitter and the cells could lead to efficiencies close

to 10%.
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Chapter 1

Introduction

In a Solar Thermophotovoltaic (STPV) system, an intermediate material is heated by the

sun, re-radiating the absorbed energy towards a PV device (TPV cell). The spectrum

of the radiation impinging on the TPV cells can be tunned to match the cell spectral

response using a special kind of spectrally selective emitters (the intermediate material

surface facing the TPV cells). Alternatively, the non useful photons can be redirected

back to the emitter using spectral filters between the emitter and the cells or reflectors at

the back side of the cells.

The STPV technology has one of the highest solar-to-electricity conversion efficiency

limit among the other photovoltaic approaches (up to 85.4% [LH03]). Besides, the pres-

ence of an intermediate high temperature material allows the combination of this tech-

nology with thermal storage systems and an alternate fuel/gas input. Therefore, the main

attractiveness of the STPV technology is that it can enable a high efficient, stable (non

intermittent), modular and scalable solution to generate electricity from the solar energy.

Figure 1.1: Scheme of the STPV solar-to-electricity conversion concept
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Chapter 1. Introduction

Figure 1.2: Number of papers/year listed in the ISI Web of knowledge corresponding to the term ”Ther-

mophotovoltaic”

In this chapter, a brief historical review of the STPV technology is presented. A

description is given of the state-of-the-art of the development of the main components of

STPV systems (TPV cells and spectral control components), as well as a brief review of

the main competing technologies (the Stirling engine and thermoelectric devices).

1.1 Historical review

The Thermophotovoltaic (TPV) energy conversion1 was proposed in 1956 by Dr. Henry

H. Kolm at MIT’s Lincoln Laboratory (Lexington, MA), illustrating the conversion of the

radiative energy emitted by a Coleman camping lantern into electricity by means of a sili-

con photovolatic cell. Later (early 60’s), Prof. Pierre Aigrain (usually cited as the inventor

of TPV in the literature) proposed this direct conversion during a series of lectures given

at MIT (Cambridge, MA) (Figure 1.2). As a consequence, the MIT faculties White and

Wedlock authored the basic reference papers for TPV research activity [Wed63]. Most of

1A detailed history of the thermophotovoltaic development can be founded in [Nel03, Cou99]
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1.1. Historical review

the early TPV research was carried out under US Army contracts, with the aim of develop-

ing portable and low weight/noise electrical generators. Also General Motors Corporation

evaluated the TPV technology for the generation of electricity in vehicles. Unfortunately,

in the mid 70’s TPV research slowed significantly because the US army ruled out the TPV

technology for the older and more robust thermoelectric (TE) technology. General Motors

Corporation also abandoned that research line pushed by the energy crisis of the 70’s.

However, other effect of the energy crisis of the 70’s was the shift of the worldwide in-

terest towards renewable energy sources, among them, the solar energy. This fostered the

proposal of several concepts to efficiently convert the sun energy into electricity. Among

them the solar thermophotovoltaic system, proposed for the first time by Swanson in

1979 [Swa79] (Figure 1.3(a)). Subsequent studies appeared to show the high potentiality

of the STPV technology [Bel79, DMM80, Ede80, WR80, HWR83, HPRW83, SR85] and

in 1982 Horne [Hor82] patented the first STPV prototype (Figure 1.3(d)).

Most of the early designs pointed out the relevance of a very high sunlight concen-

tration factor [Bel79, DMM80, Ede80] (figures 1.3(a) and 1.3(b)). In contrary, other au-

thors proposed system arrangements to avoid the necessity of high concentration by using

angle-selective absorbers [WR80, HWR83, Hor82] (figures 1.3(c) and 1.3(d)). In these

approaches, the rays leaving the absorber with angles above a certain threshold are turned

back to the absorber by means of a spherical/ellipsoidal mirror.

Despite the several theoretical analysis conducted, no practical designs were imple-

mented at that moment, presumably because of the absence of a high quality TPV cell.

Consequently, during the 80’s, the TPV (and STPV) research continued in a low level

development. Nevertheless, a strong renewed interest on TPV technology happened in

the early 90’s, in part due to the development of highly efficient IR sensitive PV cells that

were originally designed as bottom sub-cells for multijunction tandem solar cells. Partic-

ularly relevant results were obtained with GaSb cells developed at Boeing [FAJ+90] and

InGaAs cells developed at NREL [WWE+91] (Figure 1.2).

In the subsequent years, a variety of applications and implementations of the TPV

technology were suggested and evaluated by many research centers and companies. Most

of that work can be found in the proceedings of a series of TPV conferences, promoted

by NREL since 1994 (Figure 1.2). Among these works, we find the first reference to a

practical implementation of a STPV system. This system was carried out in the early

and mid 90’s by the US aerospace manufacturer McDonnell Douglas (later merged with

Boeing, in 1997) in a close collaboration with NASA, NREL and Essential Research

3
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(a) [Swa79] (b) [DMM80]

(c) [HWR83]

(d) [Hor82]

Figure 1.3: The first STPV conceptual designs proposed by Swanson (1979), Demichelis and Minetti-

Mezzetti (1980), Höfler et al. (1983) and Horne (1982)
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Inc. (founded in 1996 as a NASA space technology transfer initiative) [SKD94, SLD94b,

SLD94a, SLK94, SCW95, SLD95, SM95, SDKD96, SFG96, GFJ98, Fat96, Fat98].

The first McDonnell’s STPV testbed unit was built in 1992-93 and a second unit was

fabricated in late 1994 adopting the lessons learned from the first prototype. The initial

McDonnell’s STPV conceptual design included a thermal storage system and an optional

hybrid solar/fuel heat input (Figure 1.4(a)), which offers the possibility to produce elec-

tricity upon demand, not only when the sun shines. However, the experiments carried

out during this period did not include that storage system and the project ended before

the development of any thermal storage system. The McDonnell’s test-bed unit (Figure

1.5(a)) comprised SiC and Er-YAG emitters (the later manufactured by NASA), Si cells

(from Amonix) and both lattice-matched (LM) and lattice-mismatched (LMM) InGaAs

cells (LM cells developed by NASA and the LMM cells developed by NREL).

The unit was tested in a sunlight concentrator comprising 86 mirrored facets of ap-

proximately 1m2 each. After 550 hours of operation, a maximum emitter temperature

of 1360oC was measured (under 1000 W/m2 direct sun irradiance) with only 16 of the

88 mirrors uncovered. Electrical power densities and current densities slightly above 0.2

W/cm2 and 1 A/cm2, respectively, were obtained using the NASA InGaAs TPV cells.

Even tough no overall system efficiencies were reported from these results, Stone et al.

stated that ”Analysis has shown system peak power efficiencies of 20% to 25% can be

achieved with current state-of-the-art technologies and efficiencies above 30% can be ob-

tained with further refinement” [SDKD96]. Further experiments conducted by Essential

Research Inc. [Fat98] with InGaAs MIM2 devices and SiC emitters show a power density

of 0.82-0.9 W/cm2 for an emitter temperature of approximately 1230oC. However, in this

case the system was designed to enhance the electrical power density, but not the overall

system efficiency (the absorber emission losses are expected to be very high).

Independently, Chubb et al., from NASA, proposed a different conceptual design for a

STPV system with thermal energy storage [CGL95] and an auxiliary combustion heating

system. In this approach, the storage material is tapered in going from the absorber to the

emitter (Figure 1.4(b)). This allows the reduction of the temperature difference between

them and also keeps the emitter at a higher temperature for a longer time period during the

solidification of the storage material. Unfortunately, again in this case no real prototypes

were developed.

2Monolithic Integrated Modules
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(a) [SDKD96]

(b) [CGL95]

Figure 1.4: Conceptual designs of STPV systems with thermal energy storage proposed by Stone et al. and

Chubb in the mid 90’s
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(a) [SDKD96]

(b) [YSN+00]

Figure 1.5: Test-bed units for testing STPV components, developed by Stone et al. (1996) and Yugami et

al. (2000)
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In 2000, Yugami et al. conducted some experiments on STPV systems with rare-earth

selective emitters [YSN+00]. However, the main objective of such research was limited

to the evaluation of the sun-heated selective emitters. Therefore, the STPV system design

was not optimized and the resulting system efficiency and electrical power density were

extremely low (around 0.025% and 30 mW/cm2, respectively). Nevertheless, the better

performance of a selective emitter ( Al2O3/Er3Al5O12) relative to a quasi-grey emitter

(SiC) was experimentally demonstrated.

During the early 00’s, EDTECK (founded by Horne in the early 90’s) developed sev-

eral STPV systems. The first one was used to conduct a STPV proof-of-concept experi-

ment and consisted of the practical implementation of the Horne’s patent [Hor82] (Figure

1.3(d)). Although no explicit system efficiency numbers are provided, in this system the

measured electric output power was 0.38 W, using GaSb cells [Hor02] for a 16.6 W so-

lar power impinging the aperture window. This represents an overall efficiency around

2.3%, without considering the concentrator losses. However, the system was not opti-

mized since, for instance, the packing density of the cells within the module was very

low. Thus, higher efficiencies could be expected.

Two additional STPV prototypes were fabricated by EDTECK, with an adapted con-

figuration to be integrated in an hybrid Solar/Gas TPV system (SGTPV). The first pro-

totype did not achieve sufficiently high emitter temperatures (up to 850oC) due to two

reasons: a very small absorber aperture window relative to the sunlight concentrator spot

and because the cavity was air filled, leading to very high convection losses. A second

prototype was designed to overcome these shortcomings, but the tests were delayed and,

to our knowledge, no experimental results have ever been published. Lastly, they fabri-

cated a complete hybrid solar/gas TPV (SGTPV) generator [Hor02] (Figure 1.6). This

system comprised a SiC emitter, 12 modules of 9x2 GaSb cells (total of 216 cells) and

planar interference filters placed on top of each module. Regrettably, due to technical

problems, the actual overall system efficiency was not reported: ”(...) an early failure of

a vacuum seal in the converter thermal control package precluded actual performance

evaluation at full operating power”. However, ”extrapolation from the low power levels

achieved indicted that, at full operating power, a gas-to-electric efficiency of 15.6% and

22.3% solar to electric would be achieved”.

In parallel, during the 90’s and early 00’s several variations of the initial STPV design

were proposed. Davies and Luque introduced a novel geometry of STPV system based on

the bypass concept [DL94] (Figure 1.7(b)). In this approach, the PV cells are firstly illu-
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(a) SGTPV design

(b) Front side (Sunlight

concentrator)

(c) Rear side (SGTPV module)

Figure 1.6: Hybrid solar/gas TPV (SGTPV) generator developed by EDTEK Inc. in the early 00’s [Hor02]
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minated by filtered sunlight and only the photons below the filter cut-off energy (ideally

equaling the band-gap energy) are rejected and used to heat the emitter.

Chaudhuri proposed the use of the very low band-gap energy PbS converters [Cha92]

in conjunction with a hot mirror placed at the sunlight entrance (Figure 1.7(a)). The use

of a hot mirror avoids the emission of the far-IR radiation originating at the absorber (al-

ready proposed in [Bel79]) and allows the use of a lower concentration ratio. Hence, a

lower emitter temperature is obtained and the use of a very low band-gap cell (as PbS)

is required. Nevertheless, the efficiency limit of this concept is lower (around 30%, ac-

cording to [Cha92]) than the one attributed to the original STPV concept. Other authors

stressed the relevance of increasing the absorber-to-emitter area ratio to enhance the en-

ergy transfer from the incident sun energy to the cells [HW03, AVK+07] (figures 1.7(c)

and 1.7(d)).

Finally, in 2001 Harder et al. proposed the Thermophotonic (TPH) concept [HNW+01],

in which a PV device (a LED) was heated instead of the ”conventional” TPV emitter. A

thorough theoretical analysis of this concept is found in [TL02]3.

During the early 00’s, while the TPV research activity was slowing down in the US,

Europe experienced a renewed interest in TPV. As a result, the following TPV con-

ferences, that had been always held in the US, were held in Rome (2002), Freiburg

(2004) and Madrid (2006). The specially active European centers at that moment were

PSI (Switzerland), Fraunhofer-ISE (Germany), IMEC (Belgium) and IES-UPM (Spain),

among others. Also the Ioffe Institute (Russia) had a strong activity on TPV. In late 2003,

some of them rallied around the European funded project FULLSPECTRUM [LM04,

LMB+05] (Figure 1.2) with the aim of fabricating both fuel and solar powered TPV sys-

tems. The present Doctoral thesis is one of the outputs of this project.

Simultaneously, further theoretical works to understand the limitations and potential-

ity of the STPV concept were presented [HW03, AKK+04, Bad01, Bad05, Luq06, DA09,

DA10]. After the end of the FULLSPECTRUM project in late 2008, the research on

TPV slowed down significantly. A symptomatic effect was the low attendance at the last

TPV conferences, that had to be organized in conjunction with the 5th International Con-

ference on Solar Concentrators for the Generation of Electricity or Hydrogen (ICSC-5)

3In distinction to the STPV concept, TPH offers the possibility of high efficiency for emitter tempera-

tures of only 300oC. However, the TPH efficiency drops dramatically if the LED has a quantum efficiency

lower than one
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(a) [Cha92] (b) [DL94]

(c) [HW03]

(d) [AVK+07]

Figure 1.7: Other STPV conceptual designs proposed by Chaudhuri (1992), Davies and Luque (1994),

Harder et al. (2003) and Andreev (2007)
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Figure 1.8: FULLSPECTRUM project coordination for the development of STPV systems

(Palm Desert, 2008) and the 5th World Conference on Photovoltaic Energy Conversion

(WCPEC-5) (Valencia, 2010).

Nowadays, apart from the research carried out during the development of this thesis,

other recent publications reveal a certain activity in the field regarding the modeling of

STPV systems at the School of Power Engineering (Nanjing, China) [CXH08, CXH09,

CXH10, XCH11], at the Stanford University (Stanford, US) [RF09], at the Masdar In-

stitute of Science and Technology (Abu Dhabi, UAE) [ME10] and at the Massachusetts

Institute of Technology (Cambridge, US) [BGC+10] within the frame of the S3TEC 4

center.

1.2 The FULLSPECTRUM project

The experimental part of this thesis has been carried out in the frame of the FULLSPEC-

TRUM project [LM04, LMB+05]. The structure of the STPV activity within this project

is illustrated in Figure 1.8. The initial aim of the project was to develop a full hybrid

solar/fuel TPV system, but this objective was latter abandoned and two separate systems

ended up to be developed. PSI focused on the development of a fuel powered TPV sys-

tem and on the development of rare-earth emitters [DBM+03,BMD+03,DvRT07,TD08],

while Ioffe and IES-UPM focused on the development of STPV systems. Ioffe was also

4Solid state solar thermal energy conversion
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involved in the manufacturing of GaSb ingots, GaSb cells, TPV cell-modules and pure-

tungsten cylindrical emitters [AKK+04,AGK+04,AKV+05,AVK+06,AVK+07,RKK+04,

KGK+06, KKG+06, VKK+06, GEK+07]. CEA manufactured GaSb ingots and wafers

(which were used by the partners to develop GaSb TPV cells). Fraunhofer-ISE devel-

oped both Germanium TPV cells and tungsten-based selective emitters [BS03, SDOB04,

AB04,FDO+06,FDOB07,Fer10] (using both anti-reflective coating and micro-texturing)

and at IES-UPM, we were responsible for the manufacturing of GaSb cells and TPV cell-

modules [DAC+06, DAZ+06, DA09, DA10, MACD07].

1.3 Review of the components of a STPV system

There are two main kinds of components comprising a STPV system: the TPV cells and

the spectral control elements. TPV cells convert the radiation leaving the emitter into elec-

tricity and the spectral control elements are responsible for the photon recycling process.

References [Cou99, Chu07a] provide a detailed review of each type of components of a

TPV system, and reference [LDT+03] presents a specific review of selective emitters for

TPV applications. In this section we provide a brief overview of the main components.

1.3.1 TPV cells

TPV cells, similarly to conventional PV solar cells, consist of a solid-state p-n junction

semiconductor device that directly converts radiant energy into electricity. TPV cells can

be composed of single junction (only one band-gap) or multiple junctions (usually 2 or

3 junctions of semiconductors with different band-gap energies) to make a better use of

the radiant spectrum. Nevertheless, the intrinsic nature of the TPV concept allows the

emitter spectrum to be ideally tunned, so most of the TPV cells are composed of single

p-n junction. Only a few works have been performed so far concerning multijunction TPV

devices [WWW+02, WWW+03, SSV+04]. For single junction TPV cells the election of

the semiconductor band-gap is the key aspect. The optimum band-gap depends on the

spectrum of the light impinging the cells, which is determined by the emitter temperature

and by the spectral properties of the involved surfaces (emitter, filters, reflectors, etc ).

Moreover, it can be stated with generality that in practical applications, where the emitter

temperatures is not extremely high (. 1800 K), low band-gaps (. 1 eV) are required.

13
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Several techniques have been employed so far to growth (LPE, MOCVD and MBE)

or diffuse the different semiconductor layers of a TPV cell on different semiconduc-

tor substrates. The most common substrates used so far are: Ge, InP and GaSb. The

lower cost of Ge substrates (with a band-gap of 0.66 eV) allows the manufacturing of

cost-competitive single junction Ge cells [vdH09, Fer10]. Unfortunately, Ge cells usually

show particularly low voltages due to the high saturation current, resulting from a high

electron effective mass and consequently a very high conduction band density of states

and intrinsic carrier concentration [Cou99]. InP substrates have also been used to growth

InxGa1-xAs, InAsxP1-x and InxGa1-xAsySb1-y materials. This semiconductor substrate is

specially interesting for TPV applications because of its relatively high band-gap energy

(1.34 eV), which allows the manufacturing of back-side reflector TPV cells. Besides, the

existence of semi-insulating InP allows the manufacturing of Monolithic Interconnected

Module (MIM) devices [WWP+03]. MIM devices are specially attractive for TPV appli-

cations because they provide very high voltage, which is relevant for the typically high

current density of TPV systems. Finally, GaSb substrates allow the fabrication of ei-

ther single junction GaSb cells with a band-gap of 0.75 eV or quaternary compounds as

InxGa1-xAsySb1-y, AlxGa1-xAsySb1-y and InAsxSbyP1-x-y for which a wide range of band-

gaps are possible (from ∼ 0.3 to 1 eV).

1.3.2 Spectral control elements

Two different approaches can be employed to perform the spectral control: (I) the direct

modification of the spectral emission properties of the high-temperature emitter and/or

absorber and (II) the recycling of the photons radiated by the emitter that are not efficiently

used by the photovoltaic cell.

The direct modification of the spectral emission properties of the emitter/absorber

can be performed either using inherently selective emitter materials (mostly, rare-earth

composites) or by the micro/nano-engineering of the emitter/absorber surface (Photonic

Crystals).

• Rare-earth materials

The particularity of these materials is that, when combined with other atoms, the

4f valence electrons of the rare-earth ions (responsible for the radiative proper-

ties of the material) are shielded by the 5s and 5p orbitals. Therefore, the rare-

earth ions behave like isolated atoms, emitting and absorbing radiation in narrow
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spectral bands. There are specially interesting rare earth materials like Ytterbium

(Yb), erbium (Er) and thulium (Tm) whose main emission peaks at 960, 1500 and

1700nm, respectively, match with most of the semiconductors used to manufacture

TPV cells. There is also a variety of host materials for the rare-earth ions: pure

oxide (R2O3), Yttrium Aluminium Garnet (YAG, RxY3-xAl5O12), Gadolinium Gal-

lium Garnet (YAG, RxGd3-xGa5O12), Spinel (RxMg1-xAl2O4), Zirconia (RxZr1-xO2),

Yttria (RxY2-xO3), etc. The main disadvantage of this kind of oxide-based emitters

is that they exhibit a high emissivity at long wavelengths (greater than 4-5 µm) due

to resonance with the host material lattice vibration.

• Photonic Crystals

Photonic crystals (PhC) consist of materials with a periodically modulated refrac-

tive index in one, two or three dimensions (named 1D, 2D or 3D PhC, respec-

tively). The periodicity of the refractive index allows the suppression of some opti-

cal modes, defined by their energy and angle, within the material. This can originate

a photonic band-gap in the same way that the periodicity of the electric potential in

a semiconductor originates an electronic band-gap. Therefore, PhCs can be used to

manufacture spectrally or directionally selective surfaces. One of the main advan-

tages of PhCs is that they can be manufactured on metallic substrates (like tungsten)

which exhibit low emissivity in the far-IR. However, the use of metallic substrates

as emitters requires the operation in vacuum or in an inert atmosphere, in order to

prevent them from oxidazing. Another limitation concerns the quite sophisticated

and expensive manufacture techniques that are necesary to engineer the small (on

the order of 0.1-1 µm) features required to tune the PhC spectral response to the

visible and near-IR range.

The recycling of photons is accomplished using either filters or mirrors. The mirrors

(typically surfaces covered with very high reflective metals as gold or silver) can be used

at the back-side of the TPV cells to recycle the sub band-gap photons that are transmitted

across the cells, or to enclose the absorber in an optical cavity, designed to minimize the

absorber emission losses. On the other hand, the filters can be used either between the

emitter and the TPV cells to recycle the sub band-gap photons, or on top of the absorber

to minimize the absorber emission losses.

• Multi-layer interference filters
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These filters exhibit a very tunable spectral response and high transmission in the

in-band spectral region. However, they present important limitations for use in any

TPV system: First, their performance is quite sensitive to the number of layers and

their thicknesses, which mandates the use of highly-precise and thus expensive tech-

nological solutions. Second, their transfer function has a strong dependence on the

radiation angle of incidence; and finally, they show a considerable low reflectivity

at long wavelengths.

• Plasma filters

Plasma filters consist of a thin layer of a conductor or a doped semiconductor (with

a high number of free electrons) on a transparent dielectric substrate. These filters

show a high reflectivity at long wavelengths, but also a considerable absorptance

slightly above the band-pass edge. They can be combined with interference filters

to improve the in-band transmittance of plasma filters and to improve the reflectance

of the interference filters.

• Resonant antennae array filters

These filters consist of periodic metallic patterns, typically composed of small holes

or crosses. The resonant wavelength of the array, for which the optical transmit-

tance is maximum, depends on the specific pattern dimensions. In this regard,

small pattern dimensions are required to match the array resonant wavelength to

the TPV cells band-gap wavelength, which difficults their manufacturing. Besides,

they present a remarkable absorption in the in-band region.

1.4 Competing technologies

In order to identify the competing technologies, we must point out that the STPV tech-

nology is aimed at providing a high efficient solar-to-electricity converter with the pos-

sibility of thermal storage and an alternate fuel (hydrocarbon or hydrogen) input. As

such, the STPV technology stands out among the other PV alternatives in which in-situ

energy storage is difficult. Besides, STPV technology allows the building of low output

power units (0.1-20 kW), enabling scalable and modular power generator systems. There-

fore, STPV technology also stands out among the most common CSP technologies (i.e.

parabolic trough and power tower systems) since even though they allow thermal storage,
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their integration only makes sense in high power (on the order of MW) installations. For

this reason, in this analysis we shall not consider neither conventional PV, nor parabolic

trough nor power tower CSP systems as competing technologies; and we will just fo-

cus on the two main technologies, up to our knowledge, that can achieve similar system

characteristics than STPV systems: (I) the parabolic dish/engine CSP technology (mostly

dish/Stirling) and (II) the solar thermoelectric (TE) technology.

Dish/engine systems convert concentrated solar energy to mechanical energy and then

to electricity. Stirling engines working with high pressurized (about 200 bar) hydrogen

or helium as working fluids are normally used [KW03, TGM03, Mil04, TV08]. In con-

trast to the conventional internal combustion engines, were the heat input consists of the

combustion of a fuel within the body of the working fluid, the Stirling engine encloses

a fixed quantity of gas (working fluid) and the heating process is external to the engine

walls. This solution has made the technology very attractive for several distinct types

of heat inputs, including solar energy. The Stirling engine heat-to-electricity conversion

efficiency ranges from 30 to 40 % at working temperatures typically in the range of 900-

1100K. Note that the Carnot efficiency for such temperatures is barely 70%, so the actual

Stirling engine efficiencies represent a 40-60% of the Carnot efficiency. Moreover, the

highest solar-to-electricity conversion efficiency reported for a solar dish/Stirling system

is 29.4%, one of the highest solar-to-electrical conversion efficiencies reported to date.

Ar present, commertial systems (consisting of 5-25 kW units) provide efficiencies in the

range of 20-30%. However, dish/Stirling technologies are currently faced with the high

Stirling engine costs, estimated to be about 7 $US/Wp [Mil04].

Thermoelectric (TE) power generators are based on the Seebeck effect, which ac-

counts for the direct conversion of temperature differences into electricity. TE-based

generators have been used by NASA for spacecraft missions since early 60’s [YC03]

to convert the thermal energy generated by a radioisotope heat source into electricity5.

Similarly, solar power can be used to create a temperature difference through the TE de-

vice and then generate electricity [XLF07,RSPL99,Che96]. In the simplest configuration,

solar power is concentrated onto an absorber that transmits the heat to a liquid and then

to the TE device. The ideally very high thermal resistance of the TE device causes a high

temperature difference required to generate electricity. The efficiency of a TE device is

5TPV technology have been also evaluated to substitute TE in this systems [TCC+06]
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Figure 1.9: Competing technologies to convert solar-thermal energy into electricity

strongly dependent on the dimensionless merit function ZT 6. To date, the best thermo-

electric materials developed at laboratory scale are super-lattice nano-wires with a ZT of

2.5 to 3. However, most of the available TE devices show a ZT in between 0.7 and 0.9,

efficiencies lower than 10%, and they can not operate at very high temperatures.

Figure 1.9 shows an schematic representation of the three technologies (TE, Stirling

and STPV) depending on the energy source. The origin of the STPV technology dif-

fers with respect to the others. On the one hand, both TE and Stirling technologies were

conceived to convert the heat produced in different thermal processes (fuel combustion,

radioisotope heat sources, etc.) into electricity. Since these thermal processes represented

the most common energy source in the past, both TE and Stirling technologies were the

focus of many research fundings and they are presently consolidated as mature technolo-

gies. Besides, the adaptation of these technologies to use solar energy instead of other

heat sources did not represent a fundamental issue. On the other hand, STPV technol-

ogy derives directly from solar PV technology. The fact that solar-PV technology started

to develop later than TE and Stirling is one of the reasons of the present lower level of

maturity of TPV and STPV.

However, the STPV technology presents some advantages: First, as well as TE tech-

nology, it consist of solid-state devices. Therefore, it does not require moving parts so a

6ZT is the product of the average temperature between the hot and cold surfaces (T ) and the merit

function Z, defined as Z = σS2/k where σ is the electrical conductivity, k is the thermal conductivity and

S is the Seebeck coefficient.
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1.4. Competing technologies

Figure 1.10: Current state-of-art of the thermal-to-electricity conversion efficiency for each of the competing

technologies, as a function of the hot reservoir temperature. The calculated efficiency of TE devices for

several values of ZT (merit function) are superimposed

larger lifetime and less maintenance issues are expected. Second, the current TPV tech-

nology has demonstrated to produce higher heat-to-electricity conversion efficiency than

TE 7 [WSL+04] (Figure 1.10). Third, since TPV technology is based on radiative heat ex-

change (rather than conductive/convective) the converter (TPV cell) and the hot material

are not in physical contact. The results is that a much higher temperature can be achieved

and, consequently, the limiting Carnot efficiency is enhanced. Finally, the simpler config-

uration of STPV systems enables STPV technology to reduce the costs of the produced

energy with respect to those of the current Dish/Stirling systems. However, to be com-

petitive, the STPV technology must face the current very high conversion efficiency of

the Dish/Stirling technology and the possible lifetime issues related to the high operation

temperature of the intermediate material.

7The maximum TPV thermal-to-electricity conversion reported to date is of 23.6% and 0.79 W/cm2

[WSL+04]
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1.5 Motivation and objective of this thesis

The STPV research is aimed at providing a high efficient solar-to-electricity converter

with the possibility of thermal storage and an alternate fuel input. This technology should

be able to build low-scale output power units (0.1-10 kW). Therefore, the main attrac-

tiveness of STPV is that it could allow a stable (non intermittent), modular and scalable

solar solution to generate renewable energy, with a large number of applications: off-grid

(remote applications), small grid (village power) and utility-scale.

From the historical review presented in section 1.1 we realize that very few experimen-

tal data have been published so far regarding the performance of actual STPV systems. In

addition, these data are unclear. Most of the experiments have been carried out on STPV

test-bed units, but not on complete STPV systems [SKD94, SLD94b, SLD94a, SLK94,

SCW95, SLD95, SM95, SDKD96, SFG96, GFJ98, Fat96, Fat98, YSN+00]. Such experi-

ments are valuable to test STPV components and to identify practical issues, but they do

not serve to predict the actual performance of a full STPV system. This is mainly be-

cause in a STPV system the emitter temperature results from a complex energy balance in

which all the integrating components play an important role. Consequently, all these com-

ponents must be included in the real prototype to evaluate the actual performance of the

system. Therefore, most of the published data regarding the actual overall STPV efficien-

cies are the result of guesses and extrapolations from the experimental results obtained in

the STPV test-bed units 8.

On the other hand, due to the complexity of the STPV concept and the number of

parameters affecting the system performance, a thorough theoretical analysis is mandatory

to identify the key aspects to design high efficient STPV systems and understand the

reasons of the huge difference between the ultimate efficiency limit of STPV systems

(85.4%) and the practical efficiencies expected in the mid/long-term (around 20-30%).

In this regard, most of the theoretical analyses found in the literature are idealized ther-

modynamic studies [Bel79,DMM80,Ede80,WR80,HWR83,HPRW83,SR85] or specific

analysis of a particular system configuration [CGL95,CXH08,CXH09,XCH11]. Besides,

in both cases, several of the key parameters defining the STPV system (band-gap energy,

emitter-to-absorber area ratio, cells area, cavity losses, etc.) are fixed from start, either to

8The system fabricated by EDTECK [Hor02] aimed at providing a realistic overall system efficiency but,

unfortunately, the project ended without solving the technical problems that precluded the measurement of

the actual system efficiency at full operating power conditions
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simplify the analysis or because of the restrictions of the specific system design. Since

all these parameters are strongly correlated the optimization of a STPV system requires a

multi-variable treatment which has not been found yet in the existing literature, up to our

knowledge.

Therefore, it is the aim of this thesis to analyze, both theoretically and experimen-

tally, the actual potentiality of the STPV technology. More specifically, we focus on three

aspects: First, the construction of theoretical models for STPV systems, in order to under-

stand their basic operation principles. Second, the performance of a multi-variable system

optimization to identify the optimum system designs. Finally, to build and test a complete

real STPV system, in order to learn about the major practical issues. The optimization of

a real STPV system is out of the scope of this thesis.

1.6 Thesis outline

This thesis is divided in two clearly differentiated parts:

Chapters 2 to 4 (Part I) present the theoretical models of STPV systems developed

in this thesis. In Chapter 2 we analyze the monochromatic STPV system in order to

obtain the ultimate efficiency limit and understand the physical constraints that affect

such limit. Chapter 3 presents a multi-variable global optimization of STPV systems,

in this case, taking the more realistic scenario of a broad-band emitter. This analysis is

based on the detailed balance theory and points out the key designs aspects. Chapter

4 describes a particularized model of a cylindrical STPV system, elected as one of the

optimum configurations and used in the experimental approach.

Chapters 5 to 8 (Part II) presented the experimental developments. In Chapter 5 we

briefly describe the specific STPV system design that have been developed in this thesis.

In Chapter 6 we present the practical implementation and characterization of the sun-

light receptor system, which comprises the sunlight concentrator and the absorber/emitter

cylindrical component. Chapter 7 describes the development and characterization of a

high packing-density TPV cell-modules. Finally, in Chapter 8, we present the outdoor

characterization of the complete STPV system, comprising the components referred in

Chapters 6 and 7.

Additionally, several appendices are provided to complement the contents of this the-

sis. Appendix A presents a brief theoretical background, useful to understand the theo-

retical part of this thesis (Part I). Appendix B presents the modeling of STPV systems
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taking into account not only the radiative exchange, but also the the thermal conduction

within the STPV components. This analysis is, in fact, the continuation of the modeling

activity presented in the first part of the thesis (chapters 2 to 4), and it could be useful

as the starting point for future research in this topic. Appendix C presents the Nelder-

Mead algorithm, mostly used in chapter 3, to optimize the STPV system. Appendix D

describes the proposed method to model TPV cells under variable irradiance conditions.

This model has been used in chapter 4 to model realistic TPV cells. Appendix E explains

the details of the implementation of a constant-voltage multi-flash IV tester, which has

been used to measure the TPV cells and TPV cell-modules. Finally, Appendix F presents

the development of a specific TPV cell-module that was aimed to be used in a micro-TPV

generator.

1.7 Timeline

Figure 1.11 shows the timeline of the activity carried out during this thesis. This shows

the order in which the contents presented in this thesis have actually been developed. The

first part of the thesis, which presents the theoretical analysis of STPV systems, was devel-

oped during the last years of the thesis. However, the development of a real STPV system

was, in fact, carried out in the beginning of the thesis within the frame of the FULL-

SPECTRUM project. Therefore, we want to clarify that not all the conclusions extracted

from the theoretical analysis could be considered to design the STPV prototype that was

implemented in practice, which is described in the second part of this thesis. Therefore,

the usefulness of the theoretical part is the understanding that it provided concerning the

performance of the whole STPV system, as well as a tool to analyze the losses limiting

the performance of practical systems.
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1.7. Timeline

Figure 1.11: Timeline of the activity carried out in this thesis. The shadowed zone contains the activity

carried out during this thesis. TPV-7, TPV-8 and TPV-9 are the Thermophotovoltaic World conferences that

were held at El Escorial (Spain), Palm Desert CA (USA) and Valencia (Spain), respectively.
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Chapter 2

Ultimate efficiency limit of STPV

systems

In this chapter, the upper bound for conversion efficiency of STPV systems is derived.

We describe the implications on the system design that have to be accounted for in order

to approach such limiting efficiency. Since a STPV system represents a practical imple-

mentation of a solar-thermal engine, we start this chapter with a short description of an

ideal solar-thermal engine. After that, the monochromatic STPV system is analyzed to

identify the specific requirements of this system to approach the efficiency of an ideal

solar-thermal engine. Finally, a summary is presented of the different approaches that

have been proposed to date to meet these requirements.

2.1 The ideal solar-thermal engine

The ideal solar-thermal engine consist of a Carnot engine working between two heat reser-

voirs, one heated by the sunlight and the other assumed to be at 300K (Figure 2.1(a)).

There are two main sources of losses for this system: the energy lost by the absorber

and the energy not converted to useful work by the Carnot engine, which is transferred to

the cold reservoir. Therefore, the efficiency of an ideal solar-thermal engine (ηST) can be

formulated as the product of two efficiencies: the thermal efficiency (ηth) and the Carnot

efficiency (ηcarnot):

ηST = ηth · ηcarnot (2.1)

where the efficiency of a Carnot engine is:
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Chapter 2. Ultimate efficiency limit of STPV systems

(a) (b)

Figure 2.1: The ideal solar-thermal engine, (a) thermodynic diagram and (b) the efficiency of an ideal

solar-thermal engine as a function of the temperature

ηcarnot = 1− Tenv

Th
(2.2)

and the thermal efficiency can be easily derived from a heat balance at the absorber. As-

suming a black-body absorber illuminated by full-concentrated sunlight we can write:

ηth =
σT 4

sun − σT 4
h

σT 4
sun

= 1−
(
Th

Tsun

)4

(2.3)

From equations (2.2) and (2.3) we realize that the temperature Th has opposite effects

on both the thermal and Carnot efficiencies. High Th provides high Carnot efficiency

(Equation 2.2) but low thermal efficiency (Equation 2.3), and vice-versa. Consequently,

there must exist an optimum value of Th which maximizes the product given by equation

(2.1). This temperature is 2544 K and the corresponding maximum efficiency results in

85.4% (Figure 2.1).

2.2 The monochromatic STPV system

A STPV system consists of a solar-thermal engine in which PV cells produce the useful

work (Figure 2.1(a)). Besides, it should be noted that the maximum efficiency of PV cells

is obtained when they are illuminated by monochromatic light [LH03]. Accordingly,
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2.2. The monochromatic STPV system

monochromatic radiative exchange between the cells and the emitter must be considered

in order to obtain the ultimate efficiency limit of STPV systems. In this case, the energy

balance at the emitter/absorber component can be expressed as (see Appendix A):

E(0,∞, Tsun, 0, Hsun-abs) + e(ε, Tenv, qV,Hemit-cells) ·∆ε =

E(0,∞, Temit, 0, Hsun-abs) + e(ε, Temit, 0, Hemit-cells) ·∆ε (2.4)

where E(ε1, ε2, T, µ,H) and e(ε, T, µ,H) are given by equations (A.8) and (A.10), re-

spectively. The left side of this equation corresponds to the energy received by the emit-

ter/absorber component from the sun plus that received by the PV cells and the right side

corresponds to the energy leaving the emitter/absorber component towards the sun plus

that emitted towards the PV cells, respectively. Note that the emitter and the PV cells only

exchange photons with energies within the range (ε, ε + ∆ε), being ∆ε → 0. Assuming

Lambertian surfaces (emissivity independent of direction) with unity emissivity, we can

use equations (A.11)-(A.14) to rewrite equation (2.4) as

Hsun-abs

Hemit-cells
· ε

∆ε
·
[
Ė(0,∞, Tsun, 0)− Ė(0,∞, Temit, 0)

]
+

ε · [ė(ε, Tenv, qV )− ė(ε, Temit, 0)] = 0 (2.5)

On the other hand, the generated electric power, ∆w, can be formulated as

∆w = ∆i · V (2.6)

where V is the polarization voltage of the PV cells and ∆i is the extracted current. In the

radiative limit, in which only radiative recombination takes place, the difference between

the number of photons absorbed and emitted by the PV cells must equal the number of

generated electrons that are delivered to the external circuit. Therefore, we can write

∆i = q ·Hemit-cells ·
∆ε

ε
· [ė(ε, Temit, 0)− ė(ε, Tenv, qV )] (2.7)

Substituting equation (2.4) into equations (2.6) and (2.7), and dividing ∆w by the

input sun power (Hsun-abs/π) · σT 4
sun, we obtain the STPV efficiency:

ηSTPV =
qV

ε
· π

σT 4
sun
·
[
Ė(0,∞, Tsun, 0)− Ė(0,∞, Temit, 0)

]
=

qV

ε
·

[
1−

(
Temit

Tsun

)4
]

(2.8)
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Figure 2.2: Equivalent temperature of luminescent radiation: A black-body at 3000K shows the same spec-

tral irradiance at ε = 1eV than an ideal diode at 300K and biased at 0.9 eV

In this equation we identify two terms: the term qV/ε, which represents the ratio

between the energy of the extracted electrons (qV ) and the energy of the incident photons

(ε), and the rest of the equation, representing the efficiency of the thermal transfer process

which results from an energy balance at the absorber (similar to that of equation 2.3).

Consequently, making the equivalence with the efficiency of an ideal solar-thermal engine

(Equation 2.1), the term qV/ε represents the efficiency of the monochromatic PV engine.

ηPV ≡
qV

ε
(2.9)

On the other hand, the PV cells can be considered equivalent, in the monochromatic

regime, to a blackbody at an ”equivalent cell temperature” (Teq) representing the temper-

ature that a blackbody should have to emit the same number of photons than the PV cells

at a specific photon energy (Figure 2.2). Thus, this temperature is obtained by making

ė(ε, Tenv, qV ) ≡ ė(ε, Teq, 0) (Equations (A.3) and (A.4), respectively), resulting in

ε

kTeq
=
ε− qV
kTenv

⇒ qV

ε
= 1− Tenv

Teq
(2.10)

Equation (2.10) states that the efficiency of the monochromatic PV cells (Equation

(2.9)) is the same than that of a Carnot engine (Equation (2.2)) working between two heat

reservoirs: the hot one at temperature Teq and the cold one at Tenv. Therefore, both ideal
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2.2. The monochromatic STPV system

solar-thermal engine and monochromatic solar thermophotovoltaic engine are equivalent

only if Teq = Temit. Unfortunately, this condition implies that Temit = Tsun (which re-

sults from introducing ė(ε, Tenv, qV ) ≡ ė(ε, Teq, 0) = ė(ε, Temit, 0) into equation (2.5))

and therefore, ηSTPV = 0 (Equation (2.8)). Hence, it is not possible to build (even just

theoretically) an ideal solar-thermal engine with STPV systems, because if the PV cells

were forced to work as a Carnot engine with Teq = Temit the resultant equilibrium emitter

temperature would be Tsun, and consequently ηSTPV = 0.

Nevertheless, we shall see how efficiencies approaching those of the ideal solar-thermal

engine are possible with STPV systems without the necessity of Teq = Temit, but with a

Temit value slightly above Teq. In view of that another consequence of making Teq = Temit

is that the cells would be working at open-circuit (∆i = 0 in equation (2.7)), thus no

electrical power would be extracted. In order to obtain the maximum efficiency the cells

can not be polarized at the open-circuit voltage, but rather at the maximum power point

(MPP) of the IV curve. In this case, Temit is no longer equal to Teq and must be calcu-

lated from equation (2.5). From this equation, we note that Temit is a function of only

three parameters: the band-gap energy (ε), the PV cells voltage (V ) and a dimensionless

parameter defined as:

Λ =
Hemit-cells

Hsun-abs
· ∆ε

ε
(2.11)

This parameter represents the ability of the system to transfer the energy from the

absorber to the PV cells, so a high Λ implies that the emission losses from the absorber

are minimized and the energy transfer from the emitter to the cells is maximized. It

should be referred that in the limit when ∆ε→ 0 we would have Λ→ 0, meaning that no

energy would be transferred to the PV cells. However, Hemit-cells/Hsun-abs can be as large as

desired to compensate the very narrow spectral band of emission, for instance, by making

the emitter area much larger than that of the absorber. For this reason, Λ can be very large

while keeping the assumption of ∆ε→ 0.

Let us now analyze the effect of these three parameters, V , ε and Λ, on the resultant

emitter temperature and on the monochromatic STPV system efficiency:

• PV cells voltage (V )

Figures 2.3 and 2.4 show the emitter temperature and the system efficiency, re-

spectively, as a function of the PV cells voltage, for ε =1 eV and Λ =10. Note

that Temit > Teq for every voltage except at open-circuit voltage, where Temit =
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Figure 2.3: The emitter temperature and the equivalent cells temperature as a function of the PV cells

voltage.

Figure 2.4: The monochromatic-STPV efficiency as a function of the PV cells voltage.
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Figure 2.5: The emitter temperature, the cells equivalent temperature and the monochromatic-STPV effi-

ciency as a function of the parameter Λ. All these data are obtained for an optimized cell voltage V = VMPP.

Figure 2.6: The monochromatic-STPV efficiency as a function of the PV cells band-gap ε. All these data

are obtained for an optimized cell voltage V = VMPP.
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Teq = 6000K, ∆i = 0 and consequently ηSTPV = 0. On the other hand, the maxi-

mum STPV efficiency (representing a trade-off between the efficiency of the PV

cells and that of the thermal transfer process) is obtained for VMPP < VOC and

Teq,MPP < Temit,MPP < 6000K.

• Parameter Λ

Large Λ is required in order to enhance the energy transfer from the absorber to the

PV cells, so that the thermal efficiency would be maximized. Figure 2.5 shows the

emitter temperature, the cells equivalent temperature and the monochromatic-STPV

efficiency as a function of Λ for an optimized voltage V = VMPP. When Λ → ∞
two facts can be observed: (I) the STPV efficiency approaches that of an ideal solar-

thermal engine (85.4%) and (II) Teq,MPP approaches Temit,MPP, and both approach the

temperature of an ideal solar-thermal engine (2544K). As a consequence ηSTPV →
ηST (Equation 2.1)1.

• PV cells band-gap (ε)

Figure 2.6 depicts the monochromatic-STPV efficiency as a function of the PV

cells band-gap ε for optimized voltage (i.e. V = VMPP) and different values of

the parameter Λ. It is seen that if Λ is high enough the efficiency limit of 85.4%

becomes independent of the band-gap energy. Nevertheless, low band-gap PV cells

provide this efficiency for a lower, thus less restrictive, value of Λ.

2.3 Practical implications of high-efficient STPV systems

In the previous section it was seen that the efficiency limit of STPV systems is obtained

within a set of very restrictive conditions: (I) ideal PV cells working at the radiative

limit, (II) monochromatic exchange between the cells and the emitter (∆ε→ 0), (III) the

absorber can only exchange energy with the sun and no other portion of the sky, and (IV)

Λ→∞.

None of these conditions is in fact achievable in practice. The first two conditions

represent huge technological challenges: in the case of PV cells, to avoid non-radiative

recombination, reduce ohmic losses, etc. In the case of the emitter, to obtain durable, high-

1Nevertheless, as it was previously discussed, the strict equality Teq = Temit (which would represent the

perfect equivalence between a monochromatic STPV system and an ideal solar-thermal engine) provides

ηSTPV = 0. So, a STPV system can approach, but never be equivalent, to an ideal solar-thermal engine.
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temperature stable monochromatic emitters. The last two conditions do not only represent

huge technological challenges, but they also have some implications on the system design.

Therefore, they provide useful information to attain practical high-efficient STPV system

designs. Let’s analyze each of these conditions separately:

• Minimum absorber losses

In order to minimize the absorber emission losses (condition III) it becomes manda-

tory to minimize the étendue of the radiation emitted by the absorber. In the ideal

limit, the étendue of the incident sunlight and the étendue of the absorber emitted

radiation both coincide; and the absorber exchanges energy with the sun only, and

with no other portion of the sky. Making use of equation (A.15), the conservation of

the étendue, and assuming a refractive index of one surrounding both the receptor

and the absorber areas, this ideal situation results in:

Hsun-abs = Hsunlight ⇒
Arec

Aabs
=

sin2 θabs

sin2 θsun
(2.12)

where Arec and θsun are the area and angular extension of the incident sunlight 2.

Aabs and θabs are the area and angular extension of the absorber emitted radiation.

The ratio Arec/Aabs is known as the geometrical concentration factor (C), and in the

most common case of θabs = π/2 (Lambertian absorber) this condition becomes:

Arec

Aabs

∣∣∣∣
max

=
1

sin2 θsun
≈ 46050 (2.13)

which means that the maximum concentration factor is required to accomplish such

condition if Lambertian absorbers are used. If an angle-selective absorber (θabs <

π/2) is used the required concentration factor would be lower. In the limit of θabs =

θsun, no concentration (C = 1) is required because the absorber emission angle

equals that of the incident sunlight.

• Maximum energy transfer from the absorber to the PV cells (Λ→∞)

In order to maximize the energy transfer from the absorber to the PV cells (param-

eter Λ, equation (2.11)) we need to increase the ratio Hemit-cells/Hsun-abs. Making use

2The radiation intercepted by the Earth’s surface is restricted to a very narrow solid angle that depends

on the Sun-Earth distance (approximately 150 · 106 km) and the sun’s diameter (approximately 1.4 · 106

km), representing an angle of θsun =0.267o.
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Figure 2.7: Strategies to achieve a high Hemit-cells/Hsun-abs

of equation (A.15), the conservation of the étendue, and assuming a refractive index

nemit filling the volume between the emitter and the cells, we have:

Hemit-cells >> Hsun-abs ⇒ n2
emit ·

Aemit

Aabs
>>

sin2 θabs

sin2 θemit
(2.14)

Note that θemit = π/2 helps to satisfy this condition, so Lambertian emitters are

preferable. Besides, equation (2.14) can also be accomplished by:

– Increasing the emitter-to-absorber area ratio (Aemit/Aabs)

– Increasing nemit, either using a material with nemit > 1 filling the volume be-

tween the emitter and the cells (Light-pipe TPV concept [Chu07b]) or en-

hancing the propagation of the evanescent modes from the emitter to the PV

cells by reducing the emitter-to-cells distance to the nano/micro-metric scale

(Micron-gap TPV concept [DGF+01, PCF00])

– Reducing the absorber emission angle θabs [DCA10, FLP+07]

These alternatives are summarized in Figure 2.7 and in Table 2.1. Among them,

the approach consisting in enhancing the emitter-to-absorber area ratio is the only

one without any fundamental limit to increase the energy transfer. However, the in-

crement of the emitter-to-absorber area ratio has the undesirable effect of reducing

the electrical power density (Watts produced per unit of TPV cell area), which im-

plies a potential increment of the system cost. In this regard, the MTPV and LTPV

concepts are preferable since they the enhancement of the energy transfer without

deteriorating the electrical power density. However, they can only enhance the en-

ergy transfer by approximately a factor of ten. On the other hand, angle-selective

absorbers [DCA10] could provide a higher gain of the energy transfer, exceeding
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Concept Actuating Parameter Hemit-cells/Hsun-abs

Micron-gap TPV (MTPV) nemit up to ≈ 10

Light-pipe TPV (LTPV) nemit up to ≈ 10

Angle-selective absorber θabs up to 1/ sin2 θsun ≈ 46, 000

Large emitter-to-absorber area ratio Aemit/Aabs →∞

Table 2.1: Strategies to achieve a high Hemit-cells/Hsun-abs

both LTPV and MTPV limit, while keeping a high electrical power density (depend-

ing on the concentration factor). Furthermore, the use of an angle selective absorber

is remarkably useful because it also helps to satisfy equation (2.12) without the ne-

cessity of maximum concentration optics.
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2.4 Summary and conclusions

In this chapter we have seen how monochromatic STPV systems, in which the emitter-

PV cells energy exchange is strictly monochromatic, approach the efficiency limit of an

ideal solar-thermal engine of 85.4%. Nevertheless, such efficiency is obtained for a set

of very restrictive conditions (in addition to the monochromatic exchange assumption):

First, the PV cells are assumed ideal, with radiative recombination losses only. Second,

the energy transfer from the absorber to the cells is assumed to highly surpass the energy

transfer from the absorber to the sun, to compensate the emitter narrow spectral range

of emission. And finally, the absorber is assumed to exchange energy only with the sun

disk, and no other portion of the sky, in order to minimize the absorber radiation losses.

Several practical approaches have already been proposed to accomplish these conditions:

First, sunlight concentration and/or angle-selective absorbers to avoid excessive absorber

emission losses. Second, large emitter-to-absorber area ratio, micron-gap TPV, Light-pipe

TPV and angle-selective absorbers, to enhance the energy transfer from the emitter to the

TPV cells.
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Chapter 3

Global optimization of STPV systems

In the previous chapter, the ultimate efficiency limit of an ideal STPV system was an-

alyzed assuming monochromatic exchange between the emitter and the cells. In this

chapter we analyze a more realistic STPV design, comprising an optical concentrator,

a cut-off broad band absorber and emitter, and multijunction TPV cells with an integrated

back-side reflector. The analysis includes the effect of multiple parameters on the sys-

tem performance (evaluated by the efficiency, emitter temperature and electrical power

density), such as the concentration factor, the emitter-to-absorber area ratio, the absorber

and emitter cut-off energies, the semiconductor band-gap energy and the voltage of the

cells. Furthermore, the effect of optical losses within the cavity are also included, such as

those attributed to a back-side reflector with reflectivity lower than one or to a semi-open

optical cavity. The complexity of the analysis requires a multi-variable treatment, result-

ing in a useful tool to identify the efficiency limit of different non-ideal STPV system

configurations.

3.1 System description and model assumptions

Figure 3.1 depicts the general scheme of the STPV system analyzed in this chapter. In

this system, the concentrated sunlight heats the absorber which transfers that energy to the

emitter surface with an arbitrarily larger area than that of the absorber. Then, the emitter

radiates towards the TPV cells surrounding the emitter. We assume in an ideal case that

both emitter and absorber temperatures are the same, meaning that an infinite thermal

conductivity is connecting them. The radiation leaving the emitter surface is confined in

the so-called TPV optical cavity. The design of such cavity must be optimized for the
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Figure 3.1: General scheme of a STPV system

conversion of the emitter radiation into electricity at the TPV cells, turning back to the

emitter the photons with energies below the band-gap of the TPV cells. On the other

hand, the radiation leaving the absorber is lost.

In what follows, we review the particular properties of each component of this system,

the sunlight receptor system, the TPV cells and the TPV optical cavity.

Sunlight receptor

The sunlight receptor comprises the optical concentrator system and the absorber. We

assume an ideal concentrator (without optical losses) able to concentrate the incident sun-

light beam (impinging an area Arec and defining an angle θsun) in an area Aabs with an

angle θin > θsun (Figure 3.1). The Aabs to Arec ratio is named concentration ratio (C) and

it can be formulated as a function of the beam angles θsun and θin:

C =
Arec

Aabs
= sin2 θin/ sin2 θsun (3.1)

We also assume a diffuse spectrally selective absorber, with a cut-off energy εca, which

only absorbs (and emits) the photons with energy above εca. Due to the overlap between

the sun and the absorber spectra (Figure 3.2), the choice of εca must be determined by

40



3.1. System description and model assumptions

Figure 3.2: Spectral radiative exchange at the absorber

the trade-off between the absorbed and emitted energy, which strongly depends on the

absorber temperature and on the sunlight concentration ratio. To simplify the analysis, an

absorptivity of one is assumed for photon energies above εca and zero for photon energies

below εca.

Note that both the concentrator and the spectrally selective absorber are used to de-

crease the absorber emission losses; the former by reducing the absorber emission area

and the latter by minimizing the spectral band of emission.

TPV cells

The TPV cells considered in this chapter are monolithically series-connected multijunc-

tion cells (from now on, MJC) consisting of semiconductors with different band-gap en-

ergies εk, with k ranging from 1 to n (number of junctions). Figure 3.3 shows the band

diagram of a dual-junction (n = 2) TPV cell, and Figure 3.4 shows the radiative exchange

within the cell. The front side of the cell is completely uncovered to allow the light to

penetrate into the cell. In addition, the following assumptions are considered:

• Both p and n sides of each sub-cell are of the same semiconductor.
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Figure 3.3: The band-gap diagram of an ideal illuminated dual-junction PV cell with band-gap energies

ε1 > ε2

• The cells work in the radiative limit; i.e., only radiative recombination takes place

and each photon can only generate a single electron-hole pair (and vice versa)

[SQ61, AM94].

• The sub-cells are series connected by means of an ideal tunnel junction, which pro-

vides a non-resistive electrical contact between both sub-cells and can be assumed

as transparent.

• The free electrons and holes have an infinite mobility within the semiconductor

(zero resistance), so the quasi-Fermi level splitting for each sub-cell can be assumed

constant and equal to qVk [AM94] (being Vk the voltage at the kth sub-cell).

• The cells are covered with an ideal anti-reflective coating (ARC); thus, all the pho-

tons impinging on the cell surface penetrate into the semiconductor.

• The cells have a specular back-side reflector (BSR) of reflectivity ρBSR (Figure 3.4).

• The photon-to-electron conversion takes place in certain regions of the semiconduc-

tor referred to as the sub-cell active layers (Figure 3.4), where all the photons with
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Figure 3.4: Radiation exchange within a STPV system using MJC devices

energies above the band-gap of the kth cell (εk) are absorbed and the rest are totally

transmitted. In other words, the sub-cell spectral emissivity/absorptivity αd,k(ε)

equals zero if ε < εk and equals one otherwise.

Since no electrons are lost due to any mechanism besides radiative recombination,

the current delivered to an external load can be directly calculated as the balance of the

photon fluxes at the sub-cells. The flux of delivered electrons (electrical current) equals

the balance between the absorbed photon flux (generation) and the emitted photon flux

(radiative recombination). Note that in the case of series-connected MJCs, the voltage of

each sub-cell is automatically tuned in order to provide the same current (electron gen-

eration rate minus electron recombination rate at each sub-cell). Moreover, the electron

generation rate at each sub-cell is affected not only by the external irradiance, but also

by the radiative recombination in other sub-cells, specifically those with higher band-gap

energy. Thus, the generation rate at each sub-cell also depends on the voltage of the other

sub-cells. Finally, the output voltage of the cell equals the sum of the quasi-Fermi levels

splitting at each sub-cell (Figure 3.3).

TPV optical cavity

In a TPV system, the TPV cells enclose the emitter forming an optical cavity which con-

sists in the emitter, the cells and the inactive areas or open holes (Figure 3.1). In this

chapter we assume that the emission from the emitter is restricted to photons with ener-

gies above εce, the emitter cut-off energy (Table 3.1). In other words, the emitter spectral
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Source H ε1 ε2 T µ

Sun πArec sin2 θsun = πAabs sin2 θin 0 ∞ 6000 0

Absorber πAabs εca ∞ Temit 0

Emitter πAemit εce ∞ Temit 0

TPV sub-cells πAcellsn
2
int εk > εk+1 ≥ εce ∞ 300 qVk

Table 3.1: Parameters defining the radiation originating from each component of an idealized STPV system

emissivity/absorptivity αe(ε) is zero if ε < εce and one otherwise. For this cavity we

assume that:

• Every surface (except the BSR) emits and reflects in a diffuse manner.

• The BSR is a perfectly specular reflector with reflectivity ρBSR.

• All of the surfaces are isothermal.

• The emission originating from surfaces at room temperature and with µ = 0 is

negligible. This refers to the BSR and inactive areas within the cavity.

• The emitter is convex (it cannot see itself) and opaque.

The first assumption allows us to simplify the cavity analysis because the fraction of

the energy flux leaving a surface x that impinges a surface y when surface z is a shadowing

obstacle can be expressed by a purely geometrical factor, the view factor F (z)
xy [SH72].

3.2 Model Formulation

The emission from every surface in a STPV system is described by means of five param-

eters: H , ε1, ε2, T and µ (equations (A.11)-(A.14)), which depend on the nature of the

radiation source. Table 3.1 summarizes these parameters for the four sources existing in

a STPV system, i.e. the sun, the absorber, the emitter and the TPV cells.

The radiative energy fluxes that exist in the STPV system are shown in Figure 3.4.

According to the notation used in this thesis, the spectral energy flux (see table A.1)

impinging the + side of a surface x is denoted as qi+
ε,x.
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The light impinging the absorber qi
ε,a heats the absorber/emitter component increasing

its temperature. Consequently, it radiates from both the absorber (qo
ε,a) and the emitter

(qo
ε,e) sides. Part of the emitted radiation impinges the cells (qi

ε,c) and penetrates into the

semiconductor, illuminating the top-cell (qi+
ε,d1). The photons with energies below the

band-gap of the top-cell (ε1) pass through this cell and illuminate the next one, and so on.

Finally the part of the spectrum that was not absorbed by any cell (qo-
ε,dn) is reflected in

the BSR (qi-
ε,dn) and is turned back. At the same time, when a sub-cell is forward biased

it emits photons with chemical potential µ = qVk (luminescent radiation [Wür82]) from

both sides (+ and -) of its active layer, contributing to the energy fluxes outgoing from

these layers (qo-
ε,dk andqo+

ε,dk). Part of these fluxes is absorbed by the adjacent cells and an

other part comes out of the cell (qo
ε,c) and illuminates the emitter surface (qi

ε,e). The net-

radiation method [SH72] is used to calculate all these fluxes. The fluxes inside the cells

(see Figure 3.4) are obtained by solving the following system of 4n equations (k goes

from 1 to n):

qo-
ε,dk(ε) = πn2

intαdk(ε) · ė(ε, Tsubcell, qVk) + (1− αdk(ε)) · qi+
ε,dk(ε) (3.2)

qo+
ε,dk(ε) = πn2

intαdk(ε) · ė(ε, Tsubcell, qVk) + (1− αdk(ε)) · qi-
ε,dk(ε) (3.3)

qi+
ε,dk(ε) = qo-

ε,d(k−1)(ε) (3.4)

qi-
ε,dk(ε) = qo+

ε,d(k+1)(ε) (3.5)

where ė(ε, T, µ) is given by equation (A.4) and nint is the refractive index of the semi-

conductor, which is around 3.5 for most of the III-V semiconductors commonly used to

manufacture MJCs. To solve the system of equations (3.2-3.5) it should be referred that

the + side of the top-cell (k = 1) is not only illuminated by the incident radiation (qi
ε,c(ε))

but also by the internal total-reflection at the semiconductor/air. Besides, the fraction of

the incident radiation which is reflected at the specular BSR is not internally reflected

at the semiconductor/air interface, but is directly transmitted out of the cell as isotropic

radiation. Therefore, we have:

qi+
ε,d1(ε) = qi

ε,c(ε) + (1− 1/n2
int) ·

[
qo+
ε,d1(ε)− ρBSR · (1− αdn(ε)) · qi

ε,c(ε)
]

(3.6)

Similarly, for the bottom-cell (k = n) it fulfills:

qi-
ε,dn(ε) = ρBSR · qo-

ε,dn(ε) (3.7)
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The fluxes obtained from equations (3.2)-(3.7), i.e. qi+
ε,dk(ε), qi-

ε,dk(ε), qo-
ε,dk(ε) and

qo+
ε,dk(ε) can be expressed as a function of the energy flux impinging the cells surface,

qi
ε,c(ε). For the emitter and the outside boundary of the cells (or AR coating) we can

write:

qo
ε,e(ε) = παe(ε) · ė(ε, Temit, 0) + (1− αe(ε)) · qi

ε,e(ε) (3.8)

qo
ε,c(ε) = (1/n2

int) ·
[
qo+
ε,d1(ε)− ρBSR · (1− αdn(ε)) · qi

ε,c(ε)
]

+

+ρBSR · (1− αdn(ε)) · qi
ε,c(ε) (3.9)

qi
ε,e(ε) = Fec · qo

ε,c(ε) (3.10)

qi
ε,c(ε) = Fce · qo

ε,e(ε) + F (e)
cc · qo

ε,c(ε) (3.11)

The fluxes obtained from equations (3.8)-(3.11), i.e. qi
ε,c(ε), qi

ε,e(ε), qo
ε,e(ε) and qo

ε,c(ε),

are then obtained as a function of qo+
ε,d1(ε). Hence, the combination of equations (3.2)-

(3.11) provides a close solution for all the fluxes between the emitter and the cells. Finally,

for the absorber we have:

qo
ε,a(ε) = παa(ε) · ė(ε, Temit, 0) + (1− αa(ε)) · qiε,a(ε) (3.12)

qi
ε,a(ε) = π(C/Cmax) · ė(ε, Tsun, 0) + π(1− C/Cmax) · ė(ε, Tsky, 0) (3.13)

where Tsky is the temperature of the dark parts of the sky, excluding the sun disc, assumed

to be 300K. These equations provide a close solution for the spectral energy fluxes at the

absorber, i.e. qo
ε,a(ε) and qi

ε,a(ε). It is important to refer that all the fluxes are dependent on

the emitter temperature Temit. This temperature results from the following energy balance

in the emitter/absorber:

∫ ∞
0

[
Aabs · (qiε,a(ε)− qoε,a(ε)) + Aemit · (qiε,e(ε)− qoε,e(ε))

]
dε = 0 (3.14)

Introducing the solution of equations (3.2)-(3.13) into equation (3.14), we finally ob-

tain:
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C

Cmax
·
[
Ė(εca,∞, Tsun, 0)− Ė(εca,∞, Temit, 0)

]
+

+

(
1− C

Cmax

)
·
[
Ė(εca,∞, Tsky, 0)− Ė(εca,∞, Temit, 0)

]
+

+

(
Aemit

Aabs

)
·

[
Fec ·

n∑
k=1

Ė(εk, εk-1, Tcells, qVk)− Ė(εce,∞, Temit, 0)+

+
Aemit

Acells
· ρBSRF

2
ec

1− ρBSRF
(e)
cc
· Ė(εce, εn, Temit, 0)

]
= 0 (3.15)

where Ė(ε1, ε2, T, µ) is given by equation (A.2), C = Arec/Aabs = sin2θin/sin
2θsun is

the sunlight concentration factor, Cmax = 1/sin2θsun is the maximum concentration factor

achievable on the earth surface1, and Fec and F (e)
cc are the emitter-to-cells and cells-to-cells

view factors, respectively.

The first term in equation (3.15) accounts for the radiation exchange between the sun

and the absorber, which is limited to photons with ε > εca and within a cone forming an

angle θin with respect to the surface normal 2 (Figure 3.1). The second term corresponds

to the radiation exchange between the absorber and the dark part of the sky, which usually

represents losses, as long as Tsky < Temit. The third term represents the energy balance at

the emitter surface, which depends on the optical cavity that encloses the emitter. Within

this term, the first term (Fec ·
∑n

k=1 Ė(εk, εk-1, Tcells, qVk)) represent the luminescent radi-

ation originated at the different sub-cells due to radiative recombination, that is absorbed

by the emitter. Note that for the first term of the summation εk-1 = ε0 → ∞. The second

one (Ė(εce,∞, Temit, 0)) represents the total energy flux radiated by the emitter, and the

last term (Aemit
Acells
· ρBSRF

2
ec

1−ρBSRF
(e)
cc
· Ė(εce, εn, Temit, 0)) represents the portion of the emitted radi-

ation that is turned back by the TPV cavity and finally reabsorbed by the emitter. The

solution of equation (3.15) provides the equilibrium emitter temperature (Temit), as long

as Tsun = 6000K and Tsky = Tenv = Tcells = 300K are known.

Once the equilibrium emitter temperature is known, the current generated by the TPV

cells can be calculated. In the radiative limit, the net rate of absorbed photons in each

sub-cell equals the net rate of generated electrons, which determines the electrical current

density:

1Assuming a material with a refractive index of one surrounding the absorber
2θin = arcsin

√
C/Cmax
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Jk =
q

Acells
· [incoming photon flux− outgoing photon flux] =

= q ·
∫ ∞
εk

1

ε
·
[
qi+ε,dk(ε) + qi−ε,dk(ε)− q

o+
ε,dk(ε)− q

o−
ε,dk(ε)

]
dε (3.16)

The photocurrent density generated in each sub-cell Jk is obtained from the solution

of the radiative energy fluxes (equations (3.2)-(3.13)):

J1/q = π
[
(Aemit/Acells) · Fec · Ṅ(ε1,∞, Temit, 0)− (1− F (e)

cc ) · Ṅ(ε1,∞, Tcells, qV1)
]

+

+πn2
int ·
[
Ṅ(ε1,∞, Tcells, qV2)− Ṅ(ε1,∞, Tcells, qV1)

]
(3.17)

Jn/q = π
[
(Aemit/Acells) · Fec · Ṅ(εn, εn-1, Temit, 0)− (1− F (e)

cc ) · Ṅ(εn, εn-1, Tcells, qVn)
]

+

+πn2
int ·
[
Ṅ(εn-1,∞, Tcells, qVn-1)− Ṅ(εn-1,∞, Tcells, qVn)−

−(1− ρBSR) · Ṅ(εn,∞, Tcells, qVn)
]

(3.18)

Jk/q = π
[
(Aemit/Acells) · Fec · Ṅ(εk, εk-1, Temit, 0)− (1− F (e)

cc ) · Ṅ(εk, εk-1, Td, qVk)
]

+

+πn2
int ·
[
Ṅ(εk-1,∞, Tcells, qVk-1) + Ṅ(εk,∞, Tcells, qVk+1)−

−Ṅ(εk,∞, Tcells, qVk)− Ṅ(εk-1,∞, Tcells, qVk)
]

(3.19)

Equation (3.17) gives the current density of the top-cell, equation (3.18) the current

density of the bottom-cell and equation (3.19) the current density of an intermediate sub-

cell, being 1 < k < n. In these equations, the positive terms account for the net generation

rate of electron-hole pairs and the negative ones account for the net radiative recombina-

tion rate from both the + and − sides of the sub-cell active layers. Besides, since the

sub-cells are connected in series they must deliver the same current, resulting in n − 1

additional conditions:

Jk = Jk+1 ∀ k from 1 to n− 1 (3.20)

Lastly, the electrical power density (watts per unit of TPV cell area) and the STPV

system efficiency, defined as the ratio between electrical and incident sun power, are given

by:
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Parameter Symbol Units Constraints

Sunlight concentration factor C = Arec
Aabs

= sin2 θin
sin2 θsun

- 1 ≤ C ≤ Cmax

Absorber cut-off energy εca eV ≥ 0

Emitter-to-absorber area ratio Aemit/Aabs - ≥ 1

Emitter cut-off energy εce eV 0 ≤ εce ≤ εn

PV cell band-gap(s) εi(∀1 ≤ i ≤ n) eV εi ≥ εi+1 > 0

Cell voltages Vi(∀1 ≤ i ≤ n) V 0 ≤ Vi ≤ εi

Reflectivity of the BSR ρBSR - 0 ≤ ρBSR ≤ 1

Emitter-to-cells view factor Fec - 0 ≤ Fec ≤ 1

Cells-to-cells view factor F (e)
cc - 0 ≤ F (e)

cc ≤ 1

Emitter-to-cell area ratio Aemit/Acells - > 0

Table 3.2: Parameters used in this chapter to model a STPV system

Pd = J ·
n∑
k=1

Vk (3.21)

ηSTPV =
Acells · Pd

Arec sin2(θsun) · σT 4
sun

=
Acells

Aemit
· Aemit

Aabs
· Cmax

C
· Pd

σT 4
sun

(3.22)

where σ is the Stefan-Boltzmann constant and J = Jk for all n ≤ k ≤ 1, as stated by

equation (3.20).

3.3 Calculation method

To find the equilibrium emitter temperature requires the simultaneous solution of equa-

tions (3.15) and (3.20), resulting in a total of n equations that can be solved for n unknown

system parameters. In this Thesis, the unknown parameters are taken to be the emitter

temperature Temit and the voltage of the n − 1 first sub-cells, i.e. Vk with k ranging from

1 to n− 1. The rest of variables in the n equations must be fixed to find a unique solution

for the system of equations. These variables are (see Table 3.2): voltage of the nth sub-cell

(Vn), band-gap energy of all the sub-cells (εk, for k ranging from 1 to n), concentration
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factor (C), absorber cut-off energy (εca), emitter cut-off energy (εce), emitter-to-absorber

area ratio (Aemit/Aabs), emitter-to-cells area ratio (Aemit/Acells), BSR reflectivity (ρBSR),

emitter-to-cells view factor (Fec) and cells-to-cells view factor (F (e)
cc ). They represent a

total of n+ 9 variables, which makes the analysis of this kind of systems very complex.

In this chapter, the following assumptions are held: black-body emitter (εce = 0),

that the cells do not see each other (F (e)
cc = 0) and that the cells only see the emitter

(Fce = 1 or equivalently Fec = Acells/Aemit). These conditions eliminate three variables,

remaining n + 6 free parameters, which are: C, Vn, εk, εca, Aemit/Aabs, Fec and ρBSR.

Further assumptions are considered along the chapter to simplify the analysis, and they

are pointed out as they emerge.

Finally, in this chapter a full system optimization is performed, which attempts to find

the optimum set of parameters that maximize the system conversion efficiency. For that,

a multidimensional direct-search Nelder-Mead algorithm (C) is employed.

3.4 Discussion

Figure 3.5 shows that the maximum STPV conversion efficiency (85.4%) is obtained un-

der a set of very restrictive constraints: ρBSR = 1, C = Cmax = 46050, εca = 0, εk → ∞
and Aemit/Aabs → ∞. Maximum concentration and a black-body absorber (εca = 0)

are required to minimize the absorber emission losses and to maximize the sunlight ab-

sorption, respectively. Besides, ultra-high emitter-to-absorber area ratio and band-gap

energy(ies) are required to maximize the energy transfer from the emitter to the cells and

to minimize thermalization losses caused by the absorption of photons with higher ener-

gies than the cell band-gap, respectively. Note that, in these situations, the ideal STPV

system provides the same efficiency and the same emitter temperature (2544K) than the

monochromatic STPV system [LH03, DL94] and the ideal solar-thermal engine. Unfor-

tunately, none of these requirements are achievable in practice.

Figure 3.5 depicts how the efficiency limit of STPV systems is deteriorated in the

presence of cavity losses (ρBSR < 1), and when the emitter-to-absorber area ratio is not

optimized but fixed to one Aemit/Aabs = 1 (planar STPV system). Figure 3.5 also shows

the maximum achievable efficiency as a function of ρBSR when the rest of system pa-

rameters (C, εca, εk and Aemit/Aabs, when applicable) are optimized. The optimal pa-

rameters are shown in Figure 3.6, for the case of a fully-optimized STPV system (with

optimized Aemit/Aabs) and in Figure 3.7 for the case of an optimized planar STPV system
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Figure 3.5: The efficiency limit of STPV systems using single (1JC) and dual (2JC) junction TPV cells, as

a function of the back-side reflector reflectivity ρBSR, for two cases: a fully-optimized STPV system (with

optimized Aemit/Aabs) and a planar STPV system (with Aemit/Aabs = 1).

(Aemit/Aabs = 1). In the former case, the optimum C and εca are C = Cmax = 46050 and

εca = 0 (black-body absorber) for every ρBSR; they are not shown in Figure 3.6 to simplify

the representation. Finally, Figure 3.9 and Figure 3.8 show the electrical power density

and the emitter temperature obtained for the fully-optimized (with optimized Aemit/Aabs)

STPV system and the optimized planar STPV system, respectively.

Table 3.3 summarizes all of these results for ρBSR = 0.3 and ρBSR = 0.8.

3.4.1 The relevance of a high emitter-to-absorber area ratio

Both the emitter-to-absorber area ratio and the band-gap energy(ies) are required to be

very high in order to obtain the highest efficiency (Figure 3.6). The reason is that, for

high band-gap energies, the radiative exchange between the emitter and the TPV cells

becomes almost monochromatic3 and consequently, the thermalization losses at the cells

are minimized. In this case, the use of a large Aemit/Aabs is required to enhance the energy

transfer from the emitter to the TPV cells and therefore compensate the narrow spectral

3ε1/Temit is very high, meaning that most of the photons emitted by the black-body emitter have energies

slightly above ε1
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Figure 3.6: The optimum Aemit/Aabs and TPV cells band-gap energy(ies)(εk) for a fully-optimized STPV

system (with optimized Aemit/Aabs) using single (1JC) and dual (2JC) junction TPV cells, as a function of

the back-side reflector reflectivity ρBSR. The optimum sunlight concentration factor is C = Cmax = 46, 050

and the optimum absorber cut-off energy is εca = 0; they are not shown to simplify the representation.

Figure 3.7: Optimum concentration (C), absorber cut-off energy (εca) and TPV cells band-gap energy(ies)

(εk) for an optimized planar STPV system (withAemit/Aabs = 1), using single (1JC) and dual (2JC) junction

TPV cells, as a function of the back-side reflector reflectivity ρBSR.
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Figure 3.8: Electrical power density and emitter temperature for an optimized planar STPV system (with

Aemit/Aabs = 1), using single (1JC) and dual (2JC) junction TPV cells, as a function of the back-side

reflector reflectivity ρBSR.

Figure 3.9: Electrical power density and emitter temperature for a full-optimized STPV system (with op-

timized Aemit/Aabs), using single (1JC) and dual (2JC) junction TPV cells, as a function of the back-side

reflector reflectivity ρBSR.
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Optimum variables

Conf. ρBSR ηSTPV Pd Temit C εca ε1 ε2 Aemit/Aabs

(%) (W/cm2) (K) (suns) (eV) (eV) (eV)

1JC 0.3 34.1 161.9 3043 Cmax 0 0.659 - 15.5
(fully-optimized) 0.8 45.2 113.3 2872 Cmax 0 0.836 - 29.3

2JC 0.3 44.8 223.5 3051 Cmax 0 0.849 0.496 14.7
(fully-optimized) 0.8 52.8 164.5 2928 Cmax 0 1.007 0.722 23.6

1JC 0.3 22.2 27.1 2023 766 1.04 0.446 - 1 (fixed)
(planar) 0.8 29.7 10.3 1643 218 1.01 0.465 - 1 (fixed)

2JC 0.3 29.2 39.9 2059 857 1.04 0.579 0.345 1 (fixed)
(planar) 0.8 34.5 18.4 1762 334 1.03 0.590 0.422 1 (fixed)

Table 3.3: Summary of the efficiency limit of different STPV systems configurations, for the cases ρBSR =

0.3 and ρBSR = 0.8.

band of the radiative exchange between the cells and the emitter,minimizing the impact

of the absorber emission losses.

However, both the optimum emitter-to-absorber area ratio and the band-gap energy(ies)

decrease in the presence of cavity losses4 (Figure 3.6). This is because the effect of cavity

losses becomes more pronounced when either the band-gap energy(ies) or the emitter-

to-absorber area ratio are high. The cavity is responsible for recycling all the photons

with energies below the band-gap, therefore a high band-gap energy requires a better cav-

ity confinement. Regarding the emitter-to-absorber area ratio, the combination of cavity

losses in a system with high emitter-to-absorber area ratio would result in a considerably

lower emitter temperature, deteriorating the convolution between the emitter spectrum and

the spectral response of the TPV cells. Therefore, the optimum emitter-to-absorber area

ratio and the corresponding optimum band-gap energy(ies) represent the fulfillment of a

trade-off between the maximization of the TPV cells conversion efficiency (minimization

of thermalization losses) and the minimization of the impact of the optical cavity losses.

4Remember that, in this case, the cavity losses consist of optical losses at the BSR of the TPV cells.

However, this conclusion still holds for any other kind of cavity losses.

54



3.4. Discussion

3.4.2 Optimization of a planar STPV system

Despite the fact that very high Aemit/Aabs is required to obtain high system efficiency, a

planar STPV system (Aemit/Aabs = 1) offers great practical benefits relative to the TPV

optical cavity design, avoiding the use of complex 3D-shaped emitter structures [HW03].

From the previous analysis we realize that the optimum Aemit/Aabs is greater than one

for every ρBSR (Figure 3.6). Therefore, in a planar STPV system, the Aemit/Aabs value is

always bellow the optimum. This means that the absorber emission losses are specially

relevant in these systems. As a consequence, the optimum planar STPV system requires a

much lower emitter temperature (Figure 3.8) than that of a fully-optimized system (Figure

3.9) to avoid excessive absorber emission losses. This is accomplished by means of a

lower concentration ratio (much lower than Cmax, required to fully-optimize the STPV

system) and the use of a spectrally selective absorber (εca > 0) (Figure 3.7). Besides, due

to the lower emitter temperature, the band-gap energy(ies) of the TPV cells are also lower

than those of the fully-optimized system (Figure 3.7).

Note that the use of a spectrally selective absorber is only advantageous for sufficiently

low concentration factors, when the reflection losses in the absorber (photons with ener-

gies bellow εca) are not as important as its emission losses (photons with energies above

εca) (Figure 3.2). In that case, the benefits of the reduction of the absorber emission losses

compensate its reflection losses, and therefore, the use of a spectrally selective absorber

becomes useful.

It must be referred that, in spite of the lower efficiency of planar STPV systems, the

less restrictive optimum parameters (specially the concentration ratio and the emitter tem-

perature) and the inherent geometrical simplicity of a planar STPV system, make its prac-

tical implementation much more affordable. However, the efficiency limit of planar STPV

systems is significantly lower than that of a fully-optimized system.

Table 3.4 summarizes the maximum conversion efficiencies, assuming a lossless TPV

cavity (ρBSR = 1 and Fec = 1), for a planar STPV system considering single, dual and

triple junction TPV cells. It must be noted that the maximum efficiency of a planar STPV

system of 1JCs is 45.3%, exceeding the Shockley-Queisser limit of 40.8% [AM94,SQ61].

Importantly, this efficiency is obtained under a ultra-low concentration factor of 4.4 suns,

in contrast to the Shockley-Queisser limit which requires the maximum concentration

factor. Up to our knowledge, this is the highest efficiency limit reported so far for such

low sunlight concentration level and using single junction photovoltaic cells.
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Optimum variables

n ηSTPV (%) Pd (W/cm2) Temit (K) C (suns) εca (eV) ε1 (eV) ε2 (eV) ε3 (eV)

1 45.3 0.32 1060 4.4 1.01 0.605 - -
2 46.1 0.54 1113 7.3 1.01 0.679 0.588 -
3 47.0 0.94 1173 12.6 1.01 0.718 0.627 0.566

Table 3.4: Maximum efficiency of planar STPV systems (Aemit/Aabs = 1) comprising single junction

(n = 1) and multijunction (series-connected) TPV cells (n = 2 and n = 3) with an ideal BSR.

3.4.3 The impact of optical losses

Even minimum presence of optical losses drastically deteriorate the efficiency limit of

STPV systems (Figure 3.5). However, such efficiency barely depends on ρBSR for a rel-

atively wide range of ρBSR values (ρBSR < 0.7). Hence, it becomes necessary to achieve

ultra-low optical losses (ultra-high ρBSR) for the photon recycling process to contribute

significantly to enhance the efficiency limit of STPV systems. Otherwise, the presence

of the photon recycling would barely affect the maximum achievable efficiency. For in-

stance, a system with ρBSR = 0.5 would not provide much higher efficiency limit than

that with ρBSR = 0. The full system configuration (sunlight concentration factor, emitter-

to-absorber area ratio, band-gap energy of the cells, etc.) can be optimized according to

the quantity of optical losses in the cavity, minimizing their impact. As such, and perhaps

contrary to intuition, the optimization of the full system configuration has to be consid-

ered as a priority action for practical STPV systems, rather than the minimization of the

optical losses in the photon recycling system5.

For the same reason, any improvement in the photon recirculation system (increasing

ρBSR) must be accompanied by a re-optimization of the system parameters, in order to

ensure that such improvement significantly increases the efficiency limit of the resulting

system. In a planar STPV system (Figure 3.7), such re-optimization mainly consists in

modifying the concentration factor. However, in a fully- optimized STPV system (Figure

3.6), it would also be required to recalculate the optimum emitter-to-absorber area ratio

and the band-gap energy(ies) of the cells.

5This analysis assumes Fec = 1, so that all the photons originating at the emitter impinge the cells. It is

important to note that the cavity losses represented by Fec < 1 will have a stronger impact on the system

efficiency (note that Fec is squared in equation (3.15)).
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3.4.4 The relevance of using multijunction TPV cells

There are two main benefits of using MJCs: First, they attenuate the impact of the cavity

losses (ρBSR < 1) on the system efficiency limit (Figure 3.5). Second, they provide a

notably higher electrical power density than single junction TPV cells (1JCs) (Figures 3.9

and 3.8).

In the case of 1JCs, a significant part of the emitter spectrum is not properly used by

the cells. Consequently, the photon recycling process, which turns back to the emitter

the sub band-gap photons, becomes specially relevant. MJCs allow for a more efficient

direct-conversion of the emitter radiation into electricity. Therefore, the use of a photon

recycling system is not as important. In fact, the use of MJCs could result in a more effi-

cient approach, to enhance both the conversion efficiency and the electrical power density

of STPV systems, than the incorporation of a photon recycling system. For instance, a

planar STPV system with ρBSR = 0 comprising dual junction TPV cells (2JC) shows an

efficiency limit of 27.7% (Figure 3.5). The same system with single junction TPV cells

would require ρBSR ≈ 0.7 to obtain the same efficiency limit. Moreover, the electrical

power density obtained in the first case (2JC and ρBSR = 0) would be 48.5 W/cm2 (Figure

3.8), while in the second case (1JC and ρBSR = 0.7) would be 13.9 W/cm2, due to the

considerably higher concentration ratio required in the first case (Figure 3.7).

Besides, for a given ρBSR, STPV systems comprising MJCs can output a higher elec-

trical power density than that of 1JCs (Figures 3.9 and 3.8). Importantly, such higher

electrical power density is obtained without requiring a much higher emitter temperature.

In fact, for sufficiently low ρBSR, the required emitter temperature is lower for the case

of using MJCs than for 1JCs (Figures 3.9 and 3.8). The higher electrical power density

obtained for MJCs is mostly attributed to a higher conversion efficiency at the cells. This

is of great relevance for practical STPV systems, because MJCs allows to obtain very high

electrical power densities without needing too high emitter temperatures.

Finally, taken into account the optimum band-gaps for the 2JC device (Figures 3.6 and

3.7 and Table 3.3) we must note that the semiconductor compounds InGaAs, InGaAsSb

or InAsP are good candidates to manufacture 2JC for STPV applications.

3.4.5 Sunlight concentration and spectrally selective absorbers

In the previous analysis concerning planar STPV systems, it was seen that the optimiza-

tion of this kind of systems requires a relatively low concentration factor (much lower
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than the maximum) and the use of a spectrally selective absorber (Figure 3.7). Both

aspects are necessary to minimize the absorber emission losses which are particularly

relevant in planar STPV systems. In the case of a fully-optimized STPV system (with

optimized Aemit/Aabs) a black-body absorber and the maximum concentration ratio are

required. However, since the maximum concentration is not achievable in practice, the

effect of lower concentration factors must be analyzed. In that case, the use of spectrally

selective absorbers is expected to be useful, taking into account the results obtained for

the planar STPV system.

To illustrate this behavior we decided to focus only on single junction TPV cells, for

sake of simplicity. Nevertheless, the same qualitative conclusions are valid for MJCs.

We performed the optimization of two kinds of STPV systems: One with an optimized

εca and the other with a black-body absorber (εca = 0). These systems were optimized

over a broad range of concentration factors and emitter-to-absorber area ratios, assuming

single junction TPV cells, 10% of cavity losses (Fec = 0.9) and an ideal BSR (ρBSR = 1).

The optimization parameters were: the band-gap energy of the TPV cells (ε1) and (when

applicable) the absorber cut-off energy (εca).

Figures 3.10 to 3.13 show, respectively, the optimum εca, the optimum band-gap en-

ergy (ε1), the resultant emitter temperature and the electrical power density of the STPV

system with an optimized εca. Figures 3.14 to 3.16 show the optimum band-gap energy,

the emitter temperature and the electrical power density of the STPV system with a black-

body absorber.

In all these figures, the STPV conversion efficiency is superimposed.

We corroborate that the use of a spectrally selective absorber is required in a broad

range of cases, to optimize STPV systems with relatively low sunlight concentration factor

and emitter-to-absorber area ratios (Figure 3.10), which are common characteristics in

most practical cases.

With spectrally selective absorbers the efficiency limit of STPV systems, assuming

10% of cavity losses and single junction TPV cells, could be in the range of 35% (C ≈ 120

suns, Temit ≈ 1400K, Aemit/Aabs ≈ 3 and Pd ≈ 5 W/cm2) to 40% (C ≈ 1000 suns,

Temit ≈ 1600K, Aemit/Aabs ≈ 10 and Pd ≈ 10 W/cm2). Moreover, the electrical power

density can be increased at the expense of a lower conversion efficiency by reducing the

emitter-to-absorber area ratio. For instance, conversion efficiencies of about 30% are

feasible with electrical power densities above 50 W/cm2 (Figure 3.13) if the emitter-to-

absorber area ratio is reduced from the optimum (in the range of 10 to 50) down to 2-3,
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Figure 3.10: Iso-efficiency curves, as a function of the concentration (C) and the emitter-to-absorber area ra-

tio (Aemit/Aabs) superimposed to the optimum absorber cut-off energy. This simulation uses single junction

TPV cells and Fec = 0.9 (i.e. 10% of cavity losses)

Figure 3.11: Iso-efficiency curves, as a function of the concentration (C) and the emitter-to-absorber area

ratio (Aemit/Aabs) superimposed to the optimum band-gap energy. This simulation uses single junction TPV

cells and Fec = 0.9 (i.e. 10% of cavity losses)
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Figure 3.12: Iso-efficiency curves, as a function of the concentration (C) and the emitter-to-absorber area

ratio (Aemit/Aabs) superimposed to the emitter temperature. This simulation uses single junction TPV cells

and Fec = 0.9 (i.e. 10% of cavity losses)

Figure 3.13: Iso-efficiency curves, as a function of the concentration (C) and the emitter-to-absorber area

ratio (Aemit/Aabs) superimposed to the electrical power density. This simulation uses single junction TPV

cells and Fec = 0.9 (i.e. 10% of cavity losses)
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Figure 3.14: Iso-efficiency curves, as a function of the concentration (C) and the emitter-to-absorber area

ratio (Aemit/Aabs) superimposed to the optimum band-gap energy. This simulation uses single junction TPV

cells, a black-body absorber (εca = 0) and Fec = 0.9 (i.e. 10% of cavity losses)

Figure 3.15: Iso-efficiency curves, as a function of the concentration (C) and the emitter-to-absorber area

ratio (Aemit/Aabs) superimposed to the emitter temperature. This simulation uses single junction TPV cells,

a black-body absorber (εca = 0) and Fec = 0.9 (i.e. 10% of cavity losses)
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Figure 3.16: Iso-efficiency curves, as a function of the concentration (C) and the emitter-to-absorber area

ratio (Aemit/Aabs) superimposed to the electrical power density. This simulation uses single junction TPV

cells, a black-body absorber (εca = 0) and Fec = 0.9 (i.e. 10% of cavity losses)

while keeping a high concentration factor (slightly above 1000 suns). However, in this

case, very high emitter temperature is required (above 2200K)6. High electrical power

density is important to reduce the cost of the produced energy.

It is also important to note that, if a black-body absorber is used instead of a spectrally

selective absorber, the combination of high concentration and high emitter-to-absorber

area ratio is particularly relevant. For instance, with an optimized spectrally selective

absorber, a combination of C = 120 suns and Aemit/Aabs = 3 is enough to provide an

efficiency of 35% (Figures 3.10 to 3.13). In contrast, if a black-body absorber were used

instead, it would be required about C = 800 and Aemit/Aabs = 10 to achieve the same effi-

ciency (Figures 3.14 to 3.16). Finally, another consequence of using black-body absorbers

is that the optimum band-gap energy is slightly lower (Figures 3.11 and 3.14). This is due

to the slightly lower resultant emitter temperature for the case of using a black-body an-

sorber, which can be realized by comparing figures 3.12 and 3.15.

6Note that in this chapter it was demonstrated that higher electrical power density is feasible without

the necessity of increasing the emitter temperature using multijunction TPV cells instead of single junction

TPV cells.
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3.4.6 The relevance of very high emissivity

We remind to the reader that all the results presented in this chapter assume an emissivity

of one. In the case of a full-optimized STPV system a lower emitter emissivity would re-

sult in a higher optimum Aemit/Aabs. This is due to the fact that the total irradiance leaving

the emitter would be given by the product of the emitter area times the emissivity, rather

than by the emitter area alone. Therefore, the emitter area should increase to compensate

the lower emitter emissivity and to avoid excessive absorber emission losses. In addition,

the system would become more sensitive to the cavity losses, since they are more relevant

for high Aemit/Aabs). This points out the importance of high emitter emissivity for STPV

systems.

In the case of a planar STPV system, for which Aemit/Aabs is fixed to one, the lower

emitter emissivity inevitably results in excessive absorber emission losses, deteriorating

the conversion efficiency. Therefore, a high emitter emissivity is particularly important

for planar STPV systems to maximize the energy transfer from the emitter to the cells.

Other alternatives to enhance the energy transfer from the emitter to the cells (specially

relevant for planar STPV systems) are given in section 2.3 of the previous chapter.
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3.5 Summary and conclusions

In this chapter we presented a multi-variable optimization, based on the detailed balance

theory, of a full STPV system comprising multijunction TPV cells. We summarize some

of the main conclusions:

• A very high emitter-to-absorber area ratio and band-gap energy(ies) (tending to

infinity) are required to obtain the highest efficiency (85.4%).

• Even slight optical losses in the TPV cavity drastically deteriorate the efficiency

limit of STPV systems. In this case, the optimal emitter-to-absorber area ratio and

band-gap energy(ies) are significantly lower.

• The full STPV system can be optimized according to the amount of optical losses

in the cavity, minimizing their impact. Thus, the optimization of the full system

configuration must be considered, at least, as important as the improvement of the

photon recycling system.

• For practical systems (10% of optical losses in the cavity and a sunblight concen-

tration ratio of 1000 suns) ultra high electrical power densities (above 50 W/cm2)

are feasible with conversion efficiencies exceeding 30%, using single junction TPV

cells.

• The use of multijunction TPV cells presents two key benefits: First, they signifi-

cantly attenuate the impact of the cavity losses on the system efficiency limit. Sec-

ond, they provide a notably higher electrical power density without the need of a

higher emitter temperature.

• The use of spectrally selective absorbers allows us to maximize the conversion ef-

ficiency of STPV systems with a sunlight concentration factor much lower than the

maximum and a low emitter-to-absorber area ratio (e.g. a planar STPV system),

characteristics which are common to most of the practical cases. However, if a

black-body absorber is used instead, the combination of high emitter-to-absorber

area ratio and an ultra-high concentration ratio become particularly important to

enhance the conversion efficiency.
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Realistic modeling of cylindrical STPV

systems

In the previous chapters STPV systems were analyzed using idealized models. From

these analyses it eas concluded that both high sunlight concentration and large emitter-

to-absorber area ratio are required to obtain the highest conversion efficiencies. In this

chapter we analyze a specific STPV system design which meets such requirements. It

comprises a sunlight concentrator system and a cylindrical absorber/emitter enclosure.

The sunlight is absorbed in the inner walls of that enclosure, which therefore play the

role of the absorber, while the outer walls of the enclosure play the role of the emitter.

This allows the enhancement of the emitter-to-absorber area ratio, because the absorber

only emits by its open hole. Then, the filter and/or the TPV cells are placed around the

cylindrical emitter, forming a concentric cylindrical receptor. In contrast to the previous

analyses, in this chapter we present a realistic modeling of this particular STPV system

configuration, incorporating the non-ideal characteristics of the devices (extracted either

from real experimental data or models) and taking into account the specific system geom-

etry. The goal is to get efficiency predictions and loss analyses of practical STPV systems,

and to provide general guidelines to design efficient practical systems.

4.1 System description

In this chapter we model the cylindrical-geometry STPV system depicted in Figure 4.1. In

this configuration, the concentrated sunlight heats a cup-shape cylindrical element made

of a high-melting point material. Its open aperture plays the role of the sunlight absorber
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Figure 4.1: Cylindrical STPV configuration

(inlet hole) while the outer walls play the role of the emitter. The filter and the TPV

cells are assumed to be very close to each other, forming concentric cylinders around the

emitter. The bottom disc-shape emitter surface is not radiating towards the TPV cells, so

it is termed inactive emitter.

This configuration has two main benefits: (I) it allows large emitter-to-absorber area

ratio, which is directly proportional to the emitter aspect ratio L/R; and (II) it provides

a high absorptivity of sunlight since the absorber consists of a cylindrical enclosure that

confines the incident sunlight.

4.2 Model assumptions

The challenge of realistic modeling of TPV systems is nicely introduced in [AHL03]. The

main objective of this kind of modeling consists in finding the equilibrium temperature

distribution and the radiative energy fluxes distribution at every surface within the system.
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Figure 4.2: Comparison of Monte Carlo and conventional techniques [AHL03] with the approach adopted

in this thesis assuming diffuse and finite surfaces.

In [AHL03] two approaches are studied to perform such analysis: the conventional net-

radiation method and Monte-Carlo method. Concerning the net radiation method, in

[AHL03] it is pointed out that: ”[...] although the formulation of radiation exchange

problems involving directional and spectral property effects is not conceptually difficult, it

is often tedious to obtain solutions to the resulting integral equations. In order to simplify

the equations, it is usually necessary to invoke assumptions and approximations such as

non-directional and/or non-spectral surface properties”. Concerning the Monte-Carlo

method it is noted that ”For simple problems the implementation is too time consuming.

When it comes to expanding the model to surfaces with real optical properties even for

complex geometries, there are no limits for this technique-except computation time. [...]

The value of Monte Carlo method is that program complexity increases in proportion to

problem complexity, while the difficulty of carrying out conventional solutions increases

as the square of the complexity.”. This behavior is illustrated in Figure 4.2.

In this thesis we adopt the conventional net-radiation method and assume diffuse,

isothermal and uniformly illuminated surfaces. These assumptions enable the use of a

relatively simple geometrical parameter, the view-factor F C
AB (given by Equation A.21),

to relate the radiative energy leaving a finite surface A with that which reaches a sur-

face B when surface C is a shadowing obstacle. Besides, stochastic ray-tracing methods
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can be avoided and a mathematical analytical model becomes feasible. The advantage of

this approach falls in the versatility to compare a number of different design configura-

tions without requiring a too long computational time. The assumptions mentioned above

greatly simplify the radiative exchange problem, because both directly emitted and re-

flected energy are uniform along the surface, therefore avoiding the necessity of dividing

each surface in a mesh with large number of portions (see section A.2). However, these

assumptions are not valid in all cases, and they should be validated by comparison with

more complex Monte Carlo models. That could be the subject of future research.

For a more rigorous and general formulation of the problem of radiation exchange

within optical cavities refer to B. This appendix presents the first steps taken in this thesis

to solve the heat transfer problem in a STPV system without assuming neither uniform

temperature nor uniform distribution of radiation, and considering both conduction and

radiation simultaneously at differential portions of each component.

4.3 Analytical model of cylindrical-enclosures as sunlight

absorbers

In this section, a cylindrical-hole sunlight absorber is analyzed. This kind of enclosures

has already been studied in the literature of black-body sources. In this section we ex-

tend this analysis to illustrate their performance when concentrated sunlight impinges the

mouth of the hole. The aim of this section is to understand the effect of the hole aspect

ratio, inner walls emissivity and concentration factor on the absorptivity and emissivity of

the absorber hole.

When a light ray impinges an opaque material, a fraction αmat(λ, θ, φ) of the power

is absorbed and a fraction 1 − αmat(λ, θ, φ) is reflected. Where 0 < αmat(λ, θ, φ) < 1 is

the material directional spectral absorptivity, θ and φ define the direction of the incom-

ing ray and λ is the light wavelength. The absorption of such material is dependent on

the intrinsic material properties, both spectral and directional, and the surface finishing.

However, when a ray impinges the aperture of an enclosure (Figure 4.1) the absorptivity

is higher that that of the material making up the inner walls of the enclosure. This is due

to the light confinement which provides more chance for absorption in one of its multiples

reflections. In this regard, the shape and dimensions of the enclosure play an important

role determining the final absorptivity.
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In this section we analyze the specific case of an isothermal cylindrical enclosure in

which the inner walls are composed of a diffuse material, which means that its absorptiv-

ity/emissivity is independent of the incident light direction. We make use of the analytical

expressions derived in [SAE62] for the apparent emissivity of a given location (dx or dr,

Figure 4.1) within the inner walls of the enclosure:

ελ,ap(x) = ελA + (1− ελA) ·

[∫ Lint
Dint

x̂′=0

ελ,ap(x̂
′) · dFx̂−x̂′ +

∫ 1

r̂=0

ελ,ap(r̂)dFx̂−r̂

]
(4.1)

ελ,ap(r) = ελA + (1− ελA) ·
∫ Lint

Dint

x̂=0

ελ,ap(x̂) · dFr̂−x̂ (4.2)

where dFx̂−x̂′ , dFr̂−x̂ and dFx̂−r̂ are the differential view-factors between infinitesimal

surfaces dx and dr at positions x̂− x̂′, r̂ − x̂ and x̂− r̂, respectively. In these equations,

x̂ = x/Dint and r̂ = r/Rint are the coordinates of the locations dx and dr, respectively.

The magnitudes ελ,ap(x) and ελ,ap(r) represent the ratio between the actual spectral energy

leaving such locations (directly emitted plus reflected), and that of a black body at the

same temperature. Therefore, an observer looking through the hole at the x location will

sense the apparent emissivity ελ,ap(x), rather than the material emissivity ελ,A.

Another relevant quantity, also derived in [SAE62], is the local heat loss at each loca-

tion within the hole (q(x) or q(r)). This represents the difference between the emitted and

absorbed energy at that location, formulated as a function of the apparent emissivities of

equations (4.1) and (4.2), respectively:

q(x) = π

∫
λ

ė(λ, T, 0) · ελA
1− ελA

· [1− ελ,ap(x)]dλ (4.3)

q(r) = π

∫
λ

ė(λ, T, 0) · ελA
1− ελA

· [1− ελ,ap(r)]dλ (4.4)

Note that these quantities vary along the walls. So, in order to fulfill the energy balance

at every location, an infinite lateral thermal conductivity is required to obtain an uniform

temperature distribution. In the absence of longitudinal heat conduction in the wall, the

magnitudes q(x) and q(r) represent the external local heat input required to maintain the

uniform temperature distribution.

When a monochromatic ray of wavelength λ enters the hole at a distance ro from the

center, and forming an angle θ with respect to the normal direction and φ with respect

to the radial direction (Figure 4.1), a fraction αλ,hole(ro, θ, φ) of the power is absorbed.

69



Chapter 4. Realistic modeling of cylindrical STPV systems

According to Kirchhoff law (Equation (A.5)) such spectral-directional absorptivity equals

the directional-spectral emissivity given by equations (4.1)-(4.2) for the specific location

(x or r) corresponding to the observation direction given by ro ,θ and φ 1. Therefore:

ελ,hole(ro, θ, φ) = αλ,hole(ro, θ, φ) (4.5)

Let us now analyze the incidence of a group of sun rays within a spectral interval

dλ impinging an area dA ≈ 2πrodro of the hole aperture within a solid angle dΩ, and

forming an angle θ with respect to the surface normal. In this case, the sun energy rate

can be generally formulated as isun,λ(ro, θ, φ)dA cos θdΩdλ, where isun,λ(ro, θ, φ) is the

incident sunlight spectral intensity (power per unit of area, solid angle and wavelength)2

and dΩ = sin θdθdφ. The total absorptivity of the enclosure, calculated by the convolution

of the directional-spectral absorptivity and the incident sunlight spectral intensity, is given

by:

α∗hole =

∫
λ

∫
ro

∫
θ

∫
φ
αλ,hole(ro, θ, φ) · isun,λ(ro, θ, φ) · ro cos θ sin θdλdrodθdφ∫

λ

∫
ro

∫
θ

∫
φ
isun,λ(ro, θ, φ) · ro cos θ sin θdλdrodθdφ

(4.6)

which represents the fraction of the total sun power absorbed by the enclosure. In prin-

ciple, a high α∗hole is required. Nevertheless, some portion of this absorbed energy is not

transferred to the emitter, composed by the external walls of the cylindrical enclosure, but

is radiated back by the hole. These losses increase with α∗hole, so there is trade-off be-

tween the sunlight absorption and the absorber emission losses. Taking this trade-off into

account, the absorber efficiency, defined as the fraction of the input energy transferred to

the emitter, is given by:

ηabs = α∗hole −
∫
λ
ė(λ, Thole, 0)

∫
ro

∫
θ

∫
φ
ελ,hole(ro, θ, φ) · ro cos θ sin θdλdrodθdφ∫

λ

∫
ro

∫
θ

∫
φ
isun,λ(ro, θ, φ) · ro cos θ sin θdλdrodθdφ

(4.7)

where ė(λ, Thole, 0) represents the spectral intensity of a blackbody at temperature Thole

(Equation (A.20) with ε = 1). It can be seen from equations (4.6) and (4.7) that the
1The correspondence between the coordinates (ro, θ, φ) and (x, y) is obtained from the intersection of

the incident ray, given by equations z/ sinφ = (ro − y)/ cosφ and z/(sin θ sinφ) = x/ cos θ; and both the

cylinder and the bottom disk surface equations given by z2 + y2 = R2
int and x = Lint, respectively. See

Figure 4.1.
2Note that if the Sun were assumed as an isotropic blackbody emitter at 6000K, and the atmosphere

effects were neglected, we could write isun,λ = ė(λ, T, µ) (Equation (A.20)) with T = 6000K and µ =0.
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rigorous calculation of both αhole and ηabs requires the previous knowledge of the functions

isun,λ(ro, θ, φ) and αλ,hole(ro, θ, φ). Nevertheless, the calculations can be simplified by

assuming that the light beam at the focus plane (hole aperture plane) consists of cones of

rays defining an angle θin in which the light intensity is independent of ro, θ and φ, i.e.

isun,λ 6= f(ro, θ, φ). As such, the total absorptivity of the enclosure can be formulated as:

α∗hole =

∫
λ
α∗λ,hole · isun,λ · dλ∫

λ
isun,λ · dλ

(4.8)

where α∗λ,hole is the total spectral hole absorptivity given by:

α∗λ,hole(Lint/Rint, ελA, θin) =
2 ·
∫ Rint

0

∫ θin

0

∫ 2π

0
αλ,hole(ro, θ, φ) · ro cos θ sin θdrodθdφ

πR2
int sin2 θin

(4.9)

From equation (4.9) it can be realized that α∗λ,hole is a function of only the cylinder

geometry (Lint/Rint), the spectral emissivity of the inner walls of the enclosure (ελA) and

the angle of the incident light cone (θin). For an ideal point-focus optical concentrator, the

angle θin is related with the concentration factor by a simple relation, which comes from

the conservation of the incident sunlight étendue (Equation (A.15)):

C =
sin2 θin

sin2 θsun
= Cmax · sin2 θin (4.10)

where θsun = 0.267o is the angle of the sun disc viewed from the Earth surface, and

Cmax ≈ 46050 is the maximum concentration factor achievable on the Earth surface3.

Under the same assumption (i.e. isun,λ 6= f(ro, θ, φ)), the absorber efficiency results in:

ηabs = α∗hole(Lint/Rint, ελ, θin)−
∫∞

0
ε∗λ,hole(Lint/Rint, ελ, π/2) · ė(λ, Thole, 0)dλ

sin2 θin ·
∫∞

0
isun,λdλ

(4.11)

where ε∗λ,hole(Lint/Rint, ελ, π/2) = α∗λ,hole(Lint/Rint, ελ, π/2) is the apparent spectral hemi-

spherical emissivity/absorptivity of the entire hole. Equation 4.11 is composed of two

terms: the first (positive) accounts for the fraction of sunlight absorbed by the hole within

the incident angle θin; the second (negative) accounts for the total thermal emission losses

from the entire hole. Note that this second factor depends on the hole temperature Thole,

equal to the temperature of the inner walls of the enclosure. This temperature results from

3This maximum concentration corresponds to the case of that a material with a refractive index of one

surrounding the focus of the concentrator
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the fulfillment of an energy balance in the entire component (absorber plus emitter) and

therefore it also depends on the energy exchange at the emitter surface. Thus, it is not

possible to compute the absorber efficiency without considering the full STPV system

simultaneously.

4.4 Analytical model of cylindrical STPV systems

In this section, the radiation exchange within a cylindrical TPV cavity is analyzed. The

aim is to describe the radiation confinement within the TPV cavity, in order to provide, for

instance, the fraction of radiation turned back to the emitter or absorbed at the cells. To

solve the problem, two different methods are employed: the ray-tracing method and the

net radiation method. Both methods lead basically to the same results, but the approaches

used to solve the problem are completely different. The main fundamental difference

among them is that the ray-tracing method assumes that every cold surface within the

TPV cavity (reflectors, filter and TPV cells) does not emit radiation (at least, according

to the formulation presented in this chapter). This assumption is valid in most of the

well designed systems, where the components are conveniently refrigerated. However,

in some cases the emission from the quartz/filter or from the cells could affect the final

emitter equilibrium temperature. In these cases the net-radiation method should be used

instead. The main advantage of the ray-tracing method is that it provides a simpler way of

solving the energy balance equation at the emitter. As such, the method elected to analyze

the system depends on the user necesities.

4.4.1 Ray-tracing method

In this section we present an extended version of the analytical ray-tracing method pro-

posed in [Hot94] for TPV systems. This method assumes that (I) the emitter temperature

is uniform and emits in a diffuse manner, (II) the filter is symmetric, i.e. the filter reflec-

tivity is the same in the both faces, (III) all surfaces reflect in a diffuse manner and (IV)

the incident energy flux is uniform on each surface.

For the last two assumptions we consider finite surfaces related to each other by the

view factor parameters (Equation A.21). In order to simplify the calculations, the emitted

power from either the filter or the cells is ignored; i.e. these components are assumed to

be cold compared to the emitter. In situations where such assumption is unreasonable, the
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Figure 4.3: Possible radiation interchanges between surfaces within the TPV cavity when considering the

filter is placed close to the cells (avoiding additional ray paths).

net-radiation method (section 4.4.2) is preferable. Otherwise, the cavity problem is then

simplified to the solution of the energy balance equation at the emitter only.

Figure 4.3 qualitatively shows all the possible paths for the rays coming from each

surface. Note that both the cells and the filter are assumed to be placed very close to each

other in order to avoid any alternative path for the rays. In [Hot94] a multiple reflection

analysis is used to obtain the heat transfer inside a planar TPV cavity. The main difference

between cylindrical and planar systems is that with a cylindrical symmetry each compo-

nent can see itself. This means that the view factor between the inner side of a cylinder

and itself is not zero, and the rays b and b’ in Figure 4.3 are possible.

We adopt henceforth a the ray tracing method similar to that presented in [Hot94], but

adapted to cylindrical geometries. Figure 4.4 depicts the analysis procedure. First, the

radiation interchange between the filter and the cells is analyzed (Figure 4.4(a)). This is

carried out by considering a ray that crosses the filter and is confined between the filter

and cells. Following all the possible paths of this ray we compute the fraction of incident

energy that is absorbed in either the filter (κλF ) or the cells (κλC), or reflected back from

both of them (κλE). Then, the filter-cells sub-cavity is taken to be a new surface with an

equivalent reflectivity (κλE) and absorptivity (κλF +κλC ). These parameters are obtained

from:
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(a) Isolated effect of filter and cells

(b) Total effect of the cavity

Figure 4.4: TPV cavity model based on the analytical ray-tracing method of reference [Hot94] adapted to a

cylindrical geometry. (a) radiative exchange between the filter and the cells due to a single ray originating

at the emitter. (b) total radiative exchange between the emitter and the equivalent filter-cells surface.
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4.4. Analytical model of cylindrical STPV systems

κλC = αλC ·

[
tλF +

∞∑
i=0

(bλi + cλi)

]
(4.12)

κλF = αλF + αλF ·
∞∑
i=0

(aλi +
bλi
tλF

) (4.13)

κλE = ρλF + tλF ·
(
1− F E

CC

)
·
∞∑
i=0

aλi (4.14)

Note that κλE does not account for the power re-absorbed in the emitter, but only that

reflected back from the cells and filter in all directions.

In Figure 4.4(b) the procedure of Figure 4.4(a) is repeated but for a ray that is confined

between the emitter and the equivalent filter-cells surface, defined by parameters κλE , κλF
and κλC . In a similar way, the full cavity effect is then represented by four parameters,

which shall be referred to as cavity parameters. They represent the fraction of incident

radiation absorbed in the cells KλC , absorbed in the filter KλF , lost through the lateral

gaps KλR and re-absorbed by the emitter KλE:

KλC = κλC + κλC ·
∞∑
i=0

(b′λi + c′λi) (4.15)

KλF = κλF + κλF ·
∞∑
i=0

(b′λi + c′λi) (4.16)

KλE = ελE ·
∞∑
i=0

a′λi (4.17)

KλR = 1−KλC −KλF −KλE (4.18)

The coefficients a, b and c within these equations have the next general form (Figure

4.4):

aλ0 = H∗λ · A∗λ aλ(i+1) = A∗λ · (cλi + bλi) (4.19)

bλ0 = H∗λ ·B∗λ bλ(i+1) = B∗λ · (cλi + bλi) (4.20)

cλ0 = H∗λ · C∗λ cλ(i+1) = C∗λ · (cλi + bλi) (4.21)

where the H∗λ, A∗λ, B∗λ and C∗λ parameters differ according to the group of coefficients

considered (see Table 4.1). In order to obtain the addition of equations (4.12)-(4.18) we

must note that:
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Coefficients H∗λ A∗λ B∗λ C∗λ

xλi ≡ aλi, bλi or cλi tλF ρλC ρλCt
2
λFF

E
CC ρλCρλF

xλi ≡ a′λi, b
′
λi or c′λi 1 κλEFCE κλEF

E
CC κλEFCEFEC(1− ελE)

Table 4.1: Parameters used for calculating the ray-tracing coefficiencts of Equations (4.19)-(4.21)

∞∑
i=0

xλi = H∗λ ·X∗λ ·
∞∑
i=0

∞∑
j=0

(
i+ j

j

)
· (B∗λ)

j · (C∗λ)i

= H∗λ ·X∗λ ·
∞∑
i=0

(B∗λ + C∗λ)i (4.22)

where xλi can take aλi, bλi, cλi, a′λi, b
′
λi or c′λi values. From Equation (4.22) it follows that:

∞∑
i=0

xλi =
H∗λ ·X∗λ

1−B∗λ − C∗λ
(4.23)

By introducing Equation (4.23) into equations (4.12)-(4.14) we obtain the parameters

κλC , κλF and κλE . Then, introducing equation (4.23) into equations (4.15)-(4.18) we

finally obtain KλC , KλF , KλE and KλR. The resulting expressions are given in Table

4.2. Note that these expressions would match those reported in [Hot94] for planar TPV

systems by making FE
CC = 0, which is the characteristic of planar geometries in which the

cells cannot see each other.

The energy balance equation in each of the components within the TPV cavity (emit-

ter, cells, filter and lateral reflectors) states that Qi = Q+
i −Q

−
i (Equation (A.24)), where

Q+
i andQ−i represent the radiative power emitted and absorbed by the component, respec-

tively. Qi is negative if heat/work is extracted from the component, positive if heat/work

is supplied to it from external sources, or zero if the component is isolated.

The parameters in Table 4.2 can be used to calculate Q−i , the total power absorbed

by the ith surface immersed within the cavity. These parameters represent the fraction of

the spectral radiative power impinging the filter absorbed in each component. Therefore,

they must be de-normalized, multiplying by AEελEFEC, and integrated with the black-

body spectrum. The resulting expression is given in equation (4.24) for the case of the

power absorbed in the cells, filter or emitter (by making i = C, F or E respectively) and in

equation (4.25) for the special case of the power lost through the laterals gaps (in which

the power directly lost without impinging the filter must also be included):
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Addition of Equations (4.12)-(4.12) Cavity parameters (Equations (4.15)-(4.17) )

κλC = αλCtλF
1−ρλCρλF−ρλCt2λFF

E
CC

KλC = κλC
1−κλEFCEFEC(1−ελE)−κλEF E

CC

κλF = αλF ·
[
1 +

tλF ρλC(1+F E
CCtλF )

1−ρλCρλF−ρλCt2λFF
E
CC

]
KλF = κλF

1−κλEFCEFEC(1−ελE)−κλEF E
CC

κλE = ρλF + 1 +
t2λF ρλC(1−F E

CC)

1−ρλCρλF−ρλCt2λFF
E
CC

KλE = ελEFCEκλE
1−κλEFCEFEC(1−ελE)−κλEF E

CC

Table 4.2: Cavity parameters obtained from the ray-tracing method

Q−i = AEFEC

∫ ∞
0

ελE(λ)Kλi(λ)πė(λ, Temit, 0)dλ (4.24)

Q−R = AEFEC

∫ ∞
0

ελE(λ) ·
[

1− FEC +KλR(λ)

FEC

]
· πė(λ, Temit, 0)dλ (4.25)

In these equations, ė(λ, Temit, 0) is given by Equation (A.20) and corresponds to the

Planck spectral distribution of radiant intensity. The factor π is the étendue (Equation

(A.15)) of the light emitted by a Lambertian emitter.

In this section we assume that the cells, filter and lateral reflectors are at 300K (much

colder than the emitter), by implying that Q−i >> Q+
i , so that Qi ≈ −Q−i . This means

that all the power absorbed by the component must be dissipated to keep it at 300K.

The cavity performance can be expressed by the cavity efficiency, defined in [Chu07a]

as the fraction of the total power transferred to the emitter that is absorbed by the cells,

in the useful spectral range of photovoltaic conversion. Taking into account equations

(4.6),(4.7) and (4.24), we can write:

ηCV =
AEFEC

∫ λgap

0
ελE(λ)KλC(λ)ė(λ, Temit, 0)dλ

2 · ηabs ·
∫
λ

∫
ro

∫
θ

∫
φ
isun,λ(ro, θ, φ) · ro cos θ sin θdλdrodθdφ

(4.26)

where ηabs is the absorber efficiency defined as the fraction of sun energy transferred to

the emitter, given by equation (4.6). If the sunlight intensity is independent of position

and direction at the absorber, i.e. isun,λ 6= f(ro, θ, φ), we have:

ηCV =
FECAECmax

CAabsηabs
·
∫ λgap

0
ελE(λ)KλC(λ)ė(λ, Temit, 0)dλ∫ λ→∞

λ=0
iλ,sun(λ)

(4.27)
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The photo-current density generated in the TPV cells can be calculated by the convolu-

tion of the internal spectral response of the cells and the spectral radiative power absorbed

by the cells (Equation (4.24)):

JL =
AEFEC

AC
·
∫
λ

SRint
λ (λ) · ελE(λ)KλC(λ)πė(λ, Temit, 0)dλ (4.28)

where SRint
λ = SRext

λ /αλC , being SRext
λ the external spectral response. Finally, we define

the cells cut-off efficiency as the ratio of the electrical power generated by the cells to the

input cut-off (in-band) radiative power. Assuming that the short-circuit current density

(JSC) equals JL, we can write:

ηC|cut-off =
ACJLVOC(JL)FF (JL)

AEFEC
∫ λgap

0
ελE(λ)KλC(λ)πė(λ, Temit, 0)dλ

(4.29)

where VOC and FF are the open-circuit voltage and the fill-factor, respectively, which

depend on JL. Such dependencies are usually determined experimentally and they must

included as model input data.

The STPV system efficiency is defined as the ratio of the electrical power to the input

power from the sun. Taking into account the previous definitions (Equations (4.7), (4.26)

and (4.29)) we have:

ηSTPV = ηabsηCVηC|cut-off (4.30)

This equation expresses the ratio of the electrical power to the sun power at the ab-

sorber inlet hole. The optical concentrator losses can be included by multiplying Equation

(4.30) by the concentrator efficiency ηCC, defined as the ratio of sun energy at the inlet hole

aperture to the sun energy at the entrance of the concentrator system.

Finally, the emitter temperature Temit is obtained by solving the energy balance equa-

tion in the emitter. This equation states that all power absorbed by the absorber/emitter

structure is delivered to the surroundings. This is accomplished either by radiation through

the absorber inlet hole and the emitter surface, or by conduction-convection mechanisms.

For simplicity, the emitter and absorber temperatures are assumed to be the same, Temit =

Tabs. The balance equation is:
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∫
λ

∫
ro

∫
θ

∫
φ

αλ,hole(ro, θ, φ) · isun,λ(ro, θ, φ) · 2πro cos θ sin θdλdrodθdφ−

−
∫
λ

ė(λ, Temit, 0)

∫
ro

∫
θ

∫
φ

αλ,hole(ro, θ, φ) · 2πro cos θ sin θdλdrodθdφ−

−πAemit ·
∫
λ

(1 + Slost − FCEKλE(λ)) · ελE(λ)ė(λ, Temit, 0)dλ =

= Qconv
E (Temit) +Qcond

E (Temit) (4.31)

where Aemit = 2πRextLext. Slost represents the fraction between the inactive emitter area

and Aemit:

Slost = (1− ηrecirc) ·
2R2

ext −R2
int

2RextLext
(4.32)

This factor is obtained by taking into account that the outside wall of the absorber

bottom cover disc (of area πR2
ext) and the emitter edges (of area πR2

ext−πR2
int) are emitting

directly outside the TPV cavity. However, it is in principle possible to construct a photon

recirculation system able to turn this radiation back to the emitter. In this regard, ηrecirc

represents the recirculation efficiency. Note that in most cases, Rext ≈ Rint, so Slost ≈
R/2L which means that a large L/R ratio minimizes this kind of losses.

The right terms of equation 4.31 represents both convection and conduction losses in

the emitter. In a well designed system, the radiation mechanism should be predominant

and both terms could be neglected. Assuming that the sunlight intensity (isun,λ) is uniform

and independent of direction over the whole absorber aperture (i.e. isun,λ 6= f(ro, θ, φ)),

this equation simplifies to:

πAhole ·
[
sin2 θin ·

∫
λ

α∗λ,hole(Lint/Rint, ελ, θin) · isun,λdλ−

−
∫
λ

α∗λ,hole(Lint/Rint, ελ, π/2) · ė(λ, Temit, 0)dλ

]
−

−πAemit ·
∫
λ

(1 + Slost − FCEKλE(λ)) · ελE(λ)ė(λ, Temit, 0)dλ =

= Qconv
E (Temit) +Qcond

E (Temit) (4.33)

where Ahole = πR2
int and α∗λ,hole is the total spectral hole emissivity/absorptivity of the

absorber hole (Equation (4.9)), which depends on the enclosure aspect ratio Lint/Rint, the

spectral emissivity of the inner walls of the absorber ελA, and on the incident/emission
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Figure 4.5: Spectral energy fluxes within a cylindrical STPV system

angle (θin for the incident concentrated sunlight or π/2 for the emission from the hole

mouth).

4.4.2 Net-radiation method

The problem of an enclosure in which a number of diffuse surfaces are involved in a com-

plex radiative exchange can be modeled by the so called net-radiation method [SH72],

introduced in section A.2. In this method two kinds of equations are established for each

of these surfaces: equation (A.23) and equation (A.24). Equation (A.23) relates the out-

going radiative energy flux at each surface qo(+,−)
λk with the temperature of every surface

T
(+,−)
k . Here index k identifies the component, the subscript λ means ’wavelength depen-

dent’, the superscript ’o’ means ’outgoing’ and the sign + or − identifies the side of the k

component). Equation (A.24) represents an energy balance at each surface.

Using this method, the case of the STPV system shown in Figure 4.5 is analyzed.

This figure shows the (spectral) radiative fluxes involved in the radiative exchange within

the cylindrical STPV system considered in this chapter (Figure 4.1). Note that lateral

reflectors are included for light confinement purposes. In this section we model the system

with only nine finite surfaces: the absorber inlet hole, the emitter (the active and inactive),
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the lateral reflectors (inner and outer sides), filter (inner and outer sides) and cells (inner

and outer sides). Remember that, as mentioned in section A.2, a rigorous analysis requires

the division of each surface in several portions over which the radiation can be assumed

uniform. Nevertheless, in this section we assume uniform illumination over each of these

nine surfaces to simplify the analysis. The first steps taken during this thesis to perform a

more rigorous formulation of the problem are described in the appendix B.

The evaluation of equation (A.23) at the absorber inlet hole taking into account the

formulation given in section 4.3, results in:

qoλH · πR2
int −

∫
ro

∫
θ

∫
φ

(1− αλ,hole(ro, θ, φ)) · isun,λ(ro, θ, φ) · 2πro cos θ sin θdrodθdφ

=

∫
ro

∫
θ

∫
φ

αλ,hole(ro, θ, φ) · ė(λ, Thole, 0) · 2πro cos θ sin θdrodθdφ(4.34)

where qoλH represents the spectral power density (radiative power per unit area and wave-

length) outgoing from the absorber enclosure. Assuming that the sunlight intensity (isun,λ)

is uniform and independent of direction over the entire absorber aperture (isun,λ 6= f(ro, θ, φ)),

this equation reduces to:

qoλH − π sin2 θin · (1− α∗λ,hole(Lint/Rint, ελ, θin)) · isun,λ

= π · α∗λ,hole(Lint/Rint, ελ, π/2) · ė(λ, Thole, 0) (4.35)

where α∗λ,hole is the total spectral absorptivity/emissivity of the absorber hole (Equation

(4.9)) and depends on the enclosure aspect ratio L/R, the spectral emissivity of the inner

walls of the absorber, and on the incident/emission angle (θin for concentrated sunlight or

π/2 for the hole thermal emission). The evaluation of equation (A.23) in the remaining

surfaces within the system results in:

qoλE − ρλE ·
[
qo−λFFEC + τλF q

o−
λCFEC + qo−λRF

C
ER

]
= ελE · πė(λ, Temit, 0) (4.36)

qoλE∗ − ρλE∗ · πė(λ, 300, 0) = ελE∗ · πė(λ, Temit, 0) (4.37)

qo−λF − ρ
−
λF ·

[
qoλEFCE + qo−λFF

E
CC+

+ τλF q
o−
λCF

E
CC + qo−λRF

E
CR

]
= ε−λF · πė(λ, Tfilter, 0) (4.38)

qo+λF − ρ
+
λF q

o−
λC = ε+λF · πė(λ, Tfilter, 0) (4.39)

qo−λC − ρ
−
λC ·

[
τλF q

o
λEFCE + τλF q

o−
λFF

E
CC + qo+λF+

+τ 2
λF q

o−
λCF

E
CC + τλF q

o−
λRF

E
CR

]
= ε−λC · πė(λ, Tcells, qV ) (4.40)
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qo+λC − ρ
+
λC · πė(λ, 300, 0) = ε+λC · πė(λ, Tcells, 0) (4.41)

qo−λR − ρ
−
λR ·

[
qoλEFRE + qo−λFF

E
RC+

+ τλF q
o−
λCF

E
RC + qo−λRF

E
RR

]
= ε−λR · πė(λ, Treflect, 0) (4.42)

qo+λR − ρ
+
λR · πė(λ, 300, 0) = ε+λR · πė(λ, Treflect, 0) (4.43)

Note that each component is assumed to have a uniform temperature distribution, so

that Thole = Temit. Equations (4.35)-(4.43) represent 9 equations with 12 unknowns (spec-

tral radiative energy fluxes and component temperatures). The required four additional

equations are obtained either by fixing the temperature of each component or by eval-

uating equation (A.24) for each component. Taking into account that every surface is

illuminated from both sides, equation (A.24) is rewritten as:

Qk = Ak

∫ ∞
0

[
ε+λk ·

(
πė(λ, Tk, µk)− qi+λk

)
+ ε−λk ·

(
πė(λ, Tk, µk)− qi−λk

)]
dλ (4.44)

where qi(+,−)
λk is the spectral energy flux impinging on the + or − side of the kth surface,

and can be expressed as a function of qo(+,−)
λk by rearranging equation (A.23):

q
i(+,−)
λk =

q
o(+,−)
λk − ε(+,−)

λk · πė(λ, Tk, µk)

ρ
(+,−)
λk

(4.45)

Qk represents the heat that must be dissipated from (if < 0) or supplied to (if > 0) the

component. This value can be directly fixed (for instance, Qk = 0 when the component is

thermally isolated), but generally it is a function of the component temperature according

to the conduction or convection heat transfer equations:

Qk =

{
hth · (Tk − 300) for convection

kth · (Tk−300)
∆x

for conduction
(4.46)

where hth and kth are the convection and conduction heat transfer coefficients, respectively,

and their calculation is outside the scope of this thesis. Figure 4.6 shows a flux diagram

to explain the calculation procedure. There are two kinds of input data: those defining the

intrinsic characteristics of each component (obtained from either specific device models

or experiments) and those related with the overall system structure.

The module ”Absorber inlet hole model” (equation (4.9)) provides the equivalent spec-

tral emissivity/absorptivity of the absorber enclosure (ε∗λhole). It uses the emissivity of the
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Figure 4.6: Model flux diagram

inner walls of the absorber enclosure ελA, the aspect ratio of the cylindrical enclosure

Lhole/Rhole and the concentration factor of the incident sunlight C. The module ”Model

of the radiative exchange between every component within the system” (equations (4.35)-

(4.43)) uses this equivalent emissivity, together with the intrinsic optical data of every

component and the geometrical configuration of the system, to provide the radiative en-

ergy fluxes at every surface of the system, as a function of the temperatures of every

component. These energy fluxes are the inputs to the module ”Energy balance equa-

tions” (equation (4.44)) in which the values of Qk are obtained. Finally, these values are

compared with those imposed to Qk (Equation (4.46)) and a new set of component tem-

peratures is calculated using, for instance, the Newton method. Such temperatures are

then used to provide a better approximation to the radiative energy fluxes. This procedure

is iteratively repeated until the calculated Qk (outputs of the ”Energy balance equations”

module) fulfill the conditions stated, for instance, in equations (4.46), and the temper-

atures Tk converge to a stable solution. In both cases, a reasonable error tolerance is

considered.
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Once solved the energy transfer problem depicted in Figure 4.6 we can calculate the

full STPV system efficiency, defined as the ratio of the generated electrical power to the

incident sunlight power. Before computing the electrical power we have to first compute

the photocurrent density generated at the TPV cells (JL):

JL =

∫ λgap

0

qi−λC · SRλdλ (4.47)

where SRλ is the external spectral response of the TPV cells, and qi−λC is given by equation

(4.45) as a function of qo−λC . Then, the system efficiency is

ηSTPV =
JSCVOCFF∫∞

0
qiλHdλ

(4.48)

For a given JL, the values of JSC, VOC and FF are provided either by TPV cell mod-

eling (appendix D) or experimental data. Other ”intermediate” efficiency definitions are

often used to analyze the performance of particular components within the system. Nev-

ertheless, the full system efficiency of equation (4.48) has always to be used as the merit

figure for optimization proposals. This is due to the fact that all the system components

are related in a very complex way which does not ensure that increasing one of the inter-

mediate efficiencies will increase that of the full system. One of the so called intermedi-

ate efficiencies is the absorber efficiency, defined as the fraction of the total incident sun

power that is transferred to the emitter:

ηabs =

∫∞
0

[ε∗λhole(Lint/Rint, ελA, θin) · qiλH − π · ε∗λhole(Lint/Rint, ελA, π/2) · ė(λ, Temit, 0)] dλ∫∞
0
qiλHdλ

(4.49)

which in fact is equation (4.11) expressed in terms of the energy fluxes depicted in Figure

4.5. Another one is the optical cavity efficiency, defined as the total power transferred

from the absorber to the emitter, within the useful spectral range for the PV conversion,

that is absorbed by the cells. This is given by:

ηCV =

∫ λgap

0
α−λCq

i−
λCdλ

ηabs ·
∫∞

0
qiλHdλ

(4.50)

Lastly, the PV cells cut-off efficiency, defined as the ratio of generated electrical power

to the input cut-off spectrum absorbed by the cells. It is given by:

ηC|cut-off =
JSCVOCFF∫ λgap

0
α−λCq

i−
λCdλ

(4.51)
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Both definitions of the cavity and cells efficiency of equations (4.50) and (4.51) are

formulated in a way that any spectral control component placed at the TPV cells surface

(for instance, an ARC), conceptually belongs to the cavity design and not to the cells. Or,

in other words, any improvement to the spectral properties of the cell’s surface increases

the TPV cavity efficiency but not that of the cells. As a final remark, note that the overall

STPV efficiency can be obtained by multiplying equations (4.49), (4.50) and (4.51), as

expected:

ηSTPV = ηabs · ηCV · ηC|cut-off (4.52)

4.5 Model results

4.5.1 Cylindrical enclosure absorber

We start our analysis evaluating the spectral-directional absorptivity/emissivity of the

hole. As previously referred, this quantity corresponds to the apparent absorptivity/emissivity

at locations x and r (corresponding to the coordinates ro, θ and φ) of the hole inner

walls, given by equations (4.1) and (4.2), respectively. Figures 4.7(a) and 4.7(b) show the

directional-spectral emissivity at the center of the hole aperture (ro = 0) for ελA = 0.1

and ελA = 0.3, respectively, and for different aspect ratios (L/R). Note that, due to the

particular symmetry at ro = 0, αλ,hole(ro, θ, φ) does not depend on φ, but only on θ. Be-

sides, from equations (4.1)-(4.2) it can be realized that αλ,hole(ro, θ, φ) is a function of

L/R and ελA only.

First, we corroborate that the absorptivity of the hole is enhanced with respect to the

planar sample. Second, we observe that the absorptivity/emissivity of the enclosure is

angular dependent due to the variable apparent emissivity of the enclosure walls. In this

regard, both L/R and ελA play an important role: high L/R allows a very pronounced

absorptivity of the rays forming a small angle with the hole normal. This is due to the

quite small vision angle subtended from a location at the bottom of the hole to its aperture.

Consequently, the heat loss at that location is very small (emission and absorption are

almost identical), so this location behaves as a black-body. On the other hand, wide angles

provide lower absorptivity whose value is almost independent of L/R. This is because

the absorptivity/emissivity of the corresponding locations (lateral cylindrical walls close

to the aperture) are mostly influenced by the absorptivity/emissivity of the material of
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the absorber inner walls. In other words, the effect of the cavity at those locations is

minimum.

This behavior suggests that the hole aperture provides a higher absorption for the

low-concentrated sunlight (corresponding to low incidence angles). The emission losses

from the absorber are not limited to any angle, they are Lambertian. Therefore, the hole

emission is also affected by the lower directional emissivity for wide angles. This allows

the absorptivity to exceed the emissivity, which implies that the Kirchoff law does not hold

when the incident light consists of a cone of rays, as it is the case of concentrated sunlight.

Note that this difference between absorptivity and emissivity is accentuated when the

absorber walls emissivity is low (Figure 4.7(a)), which suggests that the combination of

absorber walls with low emissivity and high L/R results attractive for working under low

concentration (small incidence angles of the sunlight rays at the hole mouth). This is a

relevant point since the concentration ratio in practical systems rarely exceeds 1000 suns.

The previous analysis considers only the rays at one particular location of the hole

aperture (ro = 0), however the incident sunlight is extended in ro, as well in θ and φ. The

total-spectral absorptivity is shown in figures 4.8 to 4.11 as a function of three parame-

ters: L/R, ελA and θin (or equivalently, concentration ratio C). This was calculated from

equation (4.9) which assumes that the incident sunlight spectral intensity is independent

of ro, θ and φ.

In order to properly assess the results of these figures we note that the absorber effi-

ciency depends on three parameters: the total absorptivity (which depends on θin, or equiv-

alently on C), the total emissivity (which equals the total absorptivity when θin = π/2 or

C = Cmax) and the absorber temperature (Equation (4.11)). In order to enhance the ab-

sorber efficiency we require: (I) high total absorptivity, (II) low total emissivity, (III) high

θin (or C) and (IV) low hole temperature. However, concentration ratios higher than 1000

suns are difficult to achieve in practice, and besides, high temperature is usually required

to enhance the energy conversion at the TPV cells. Moreover, an optimization taking into

account the hole temperature has to consider the full STPV system simultaneously. For

these reasons, in this section we focus our analysis on the first two requirements only, i.e.

high total absorptivity and low total emissivity. Both of these quantities are function of

the hole temperature; however, for high hole temperature a low emissivity is crucial, but

at low hole temperatures it is a high absorptivity that is prioritary.

Figures 4.8 and 4.9 show the total spectral absorptivity of the aperture as a function

of the absorber walls absorptivity/emissivity and the hole aspect ratio (L/R), for fixed
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(a) ελA = 0.1

(b) ελA = 0.3

Figure 4.7: Directional apparent emissivity of the absorber hole at the center of the mouth of the hole

(r = 0) for different aspect ratios (L/R)
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Figure 4.8: Absorber hole absorptivity α∗
λhole for C = 1000 suns (θin =) as a function of absorber walls

emissivity/absorptivity (ελA) and the hole aspect ratio L/R

concentration ratios of 1000 and Cmax. Remember that the total absorptivity equals the

total emissivity just for θin = π/2 (or equivalently, C = Cmax) because the emission is

not restricted to any angle. Therefore, Figure 4.9 also represents the hole total spectral

emissivity. From these figures some conclusions can be extracted: first, the absorptivity

increases with both ελA andL/R, as expected; second, the total spectral emissivity (Figure

4.9) is almost exclusively dependent on ελA for sufficiently high L/R, and importantly,

for low ελA and high enough L/R it is possible to obtain a total spectral absorptivity (for

C = 1000 suns, Figure 4.8) higher than the total spectral emissivity (Figure 4.9), i.e. high

absorptivity-to-emissivity ratio.

Therefore, it is confirmed that, contrary to the intuition, the use of a low emissivity

material to manufacture the absorber walls combined with a large aspect ratio (L/R) could

be preferable when the concentration ratio is sufficiently low (some hundreds of suns)

and the absorber temperature is sufficiently high. In this situation the minimization of the

absorber emission losses is prioritary. In practical STPV systems, concentration factors

higher than 1000 are difficult to implement. Besides, high L/R and emitter temperature

are required to enhance the energy transfer to the cells. As such, the use of low emissivity

absorber walls could be beneficial. Of course, a detailed analysis is required to confirm
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Figure 4.9: Absorber hole absorptivity/emissivity α∗
λhole = ε∗λhole for C = Cmax = 46, 050 suns (θin =

π/2) as a function of absorber walls emissivity/absorptivity (ελA) and the hole aspect ratio L/R

this suspect taking into account the whole STPV system performance. This is done in

section 4.5.2.

In figures 4.10 and 4.11 we illustrate how this conclusion, obtained for the case of

C = 1000, can be extended to concentrations ratios lower than a few thousands of suns.

From Figure 4.10, showing the spectral-total absorptivity for ελA = 0.3 as a function of

C and L/R, we conclude that high L/R is necessary to enhance the absorptivity and also

to reduce the emissivity with respect to the absorptivity 4. From Figure 4.11, showing the

total-spectral absorptivity for L/R = 10 as a function of C and ελA, we verify that a low

ελA accentuates the difference between emissivity and absorptivity (higher absorptivity-

to-emissivity ratio) with just a slight decrease in the absorptivity.

We therefore conclude that the use of a cylindrical enclosure improves the sunlight

absorption properties with respect to the flat sample because of two reasons: First, the ab-

sorptivity is increased with respect to the flat sample. Second, the angularly dependent ab-

4Note that, in these figures, the absorptivity depends on the concentration factor, but the total hole

emissivity does not. This is because the emission is extended over the whole hemisphere and the absorptivity

depends on the incidence angle. Only when C = Cmax (or equivalently, θin = π/2) both emissivity

and absorptivity are equal. Therefore, the difference between absorptivity and emissivity is represented in

these figures by the difference between the absorptivity for a given concentration and the absorptivity at

C = Cmax.
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Figure 4.10: Absorber hole absorptivity α∗
λhole for ελA = 0.3 as a function of the concentration ratio

(C = sin2 θin/ sin2 θsun) and the hole aspect ratio L/R

Figure 4.11: Absorber hole absorptivity α∗
λhole for L/R = 10 as a function of the concentration ratio

(C = sin2 θin/ sin2 θsun) and the absorber walls emissivity/absorptivity (ελA)
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Parameter Scenario 1 Scenario 2

TPV cells Ge (no BSR) Ge with BSR
Emitter Tungsten ARC-Tungsten
Absorber Tungsten Tungsten
(RC −RE)/RC 0.6 0.1
ρλR 0 0.9
ηrecirc 0 0.9

Table 4.3: Scenarios analyzed in this section

sorptivity allows the increase of the absorptivity for moderate concentrated sunlight (rel-

atively narrow-angle sunlight incidence) with respect to the emissivity of the whole hole

(Lambertian). This requires a high L/R, first because the absorptivity is increased and

second, because the angular-selectivity of the absorption/emission is more pronounced for

high L/R. Besides, this effect is accentuated for low ελA. For this reason, and contrary to

the intuition, low ελA and high L/R could be preferable when the concentration is mod-

erate (between 500-2000 suns, approximately) and the absorber temperature is relatively

high.

4.5.2 Complete STPV system

To evaluate the model described in section 4.4, we compare two system configurations,

shown in table 4.3. Scenario 1 represents the simplest design case, where a very low

performance photon recycling process is expected since no selective emitter nor BSR at

the TPV cells are included. In contrast, Scenario 2 includes an ARC Tungsten emitter,

BSR Ge TPV cells and some additional cavity improvements: the cells are placed closer

to the emitter (related with (RC−RE)/RC) and reflectors are added to enhance the cavity

confinement (related with ρλR and ηrecirc). In both scenarios, a quartz thermal-shield plays

the role of the filter. Figures 4.12(a)-4.13(b) show the spectral properties of the com-

ponents used in the model. Germanium TPV cell data (figures 4.12(a) and 4.12(b)) are

taken from [FDOB07], the quartz reflectivity/absorbtivity data (Figure 4.13(a)) are taken

from [Dru35] and the bare tungsten emitter emissivity data are taken from [Whe73].

The precise knowledge of the ARC-tungsten emissivity at the operating temperature is

a difficult task. The room-temperature reflectivity (equal to the room-temperature emissiv-
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Parameter Scenario 1 Scenario 2

Absorber efficiency (ηabs) Figure 4.14(a) Figure 4.14(b)

% of absorber reflection losses Figure 4.15(a) Figure 4.15(b)

Cavity efficiency (ηCV) Figure 4.16(a) Figure 4.16(b)

TPV cells cut-off efficiency (ηC|cut-off) Figure 4.17(a) Figure 4.17(b)

Electrical power density (= JSCVOCFF ) Figure 4.18(a) Figure 4.18(b)

Emitter/absorber temperature (Temit) Figure 4.19(a) Figure 4.19(b)

Heat flux dissipated from the TPV cells (−QC/AC) Figure 4.20(a) Figure 4.20(b)

Heat flux dissipated from the quartz chamber (−QF/AF) Figure 4.21(a) Figure 4.21(b)

Table 4.4: Organization of the results for both scenarios described in table 4.3

ity for opaque materials) of ARC-tungsten emitters5 was measured at Fraunhofer-ISE in

the frame of the FULLSPECTRUM project (Figure 4.13(b)). However, the tungsten emis-

sivity increases with the temperature at long wavelengths, and decreases with temperature

at short wavelengths. Both effects affect the actual emissivity of the ARC-tungsten at

high temperatures. To attenuate this error it was decided to substitute the long wavelength

experimental data (> 1.8µm) by the tabulated data for tungsten at 1600K. Note that this

correction assumes that the emissivity of both the bare tungsten and the ARC-tungsten are

the same at long wavelengths.

To perform the analysis of both scenarios of table 4.3, we direct our attention to two

parameters: the concentration ratio (C) and the emitter aspect ratio (Lext/Rext). We as-

sume in this case that Lext/Rext ≈ Lint/Rint = L/R. Analyzing these two parameters for

both scenarios of table 4.3 allows us to obtain an overall view of how the system works.

Figures 4.14(a)-4.21(a) show the model results for Scenario 1, and figures 4.14(b)-4.21(b)

show the model results for the Scenario 2. In table 4.4 we provide a guide to address these

results.

Absorber efficiency

The absorber efficiency (figures 4.14(a) and 4.14(b)) represents the amount of incident

sun energy transfered to the emitter. It is related with two loss mechanisms: the reflec-

5tungsten emitters coated with a thin layer (130-290nm thick) of HfO2
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(a) Ge TPV cell with BSR

(b) Ge TPV cells without BSR

Figure 4.12: Spectral reflectivity, absorptivity and spectral response of germanium TPV cells with BSR (a)

and without BSR (b), manufactured by Fraunhofer-ISE [FDOB07]
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(a) Quartz

(b) bare and ARC tungsten emitter

Figure 4.13: (a) Spectral transmitivity and absorptivity of quartz [Dru35], (b) Emissivity of both bare tung-

sten (taken from [Whe73]) and ARC-tungsten. In the case of ARC-tungsten, the emissivity at room tem-

perature is calculated as one minus the reflectivity data at room temperature (for λ < 1.8µm). For high

temperatures, the long-wavelength (> 1.8µm) room-temperature emissivity data are substituted by the tab-

ulated emissivity data for bare tungsten at 1600K. This is done to take into account the enhancement of the

long-wavelength emissivity at high temperatures of the bare tungsten.
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tion of the incident sunlight and the backward thermal emission. The absorber efficiency

increases with L/R due to two reasons: First, high L/R means high emitter-to-absorber

area ratio, which minimizes the absorber emission losses with respect to the emitter emis-

sion. Second, high L/R maximizes the incident sunlight absorption since it provides

lower reflection losses at the hole. The dependence of the absorber efficiency with the

concentration factor depends on L/R; for low L/R the absorber efficiency slightly in-

creases with concentration and for high L/R the absorber efficiency slightly decreases

with concentration. This last behavior (for high L/R) is attributed to the angular selective

absorptivity of the cylindrical enclosure, which maximizes the low concentrated sunlight

absorption with respect to the hemispherical emission of the entire hole. On the other

hand, for low L/R the increment of the absorber efficiency with the concentration factor

is attributed to an enhancement of the emission by the emitter. This is due to an incre-

ment of the emitter/absorber temperature, which causes a better correlation between the

tungsten (or the ARC-tungsten) spectral emissivity and the black-body spectral irradiance

given by the Planck law distribution. This enhances the emitter emission with respect to

the emission of the absorber hole and, consequently, the absorber efficiency increases.

Figures 4.15(a) and 4.15(b) show the percentage of the absorber reflection losses with

respect to the total absorber losses (hole reflection plus hole emission) for scenarios 1 and

2, respectively. Note that this percentage depends on the absorber/emitter temperature,

which is responsible of the absorber emission losses. The percentage of reflection losses

has a minimum for an intermediate L/R in the range of 2 to 10, depending on the concen-

tration level, and monotonically increases with the concentration for any L/R. Since the

absorber/emitter temperature, responsible for the absorber emission losses, also increase

with the concentration, it can be inferred that the total (not only the relative) reflection

losses increases with the concentration. This is attributed to the lower absorptivity of the

wide sunlight incident angles. The minimum of the percentage of the reflection losses

at intermediate L/R values represents a trade-off between the hole absorptivity, which

increases with L/R, and the emitter/absorber temperature, which decreases with L/R. At

high L/R, the percentage of reflection losses is high just because the absorber emission

losses are minimum, caused by the very low emitter/absorber temperature. Therefore,

such high percentage of reflection losses, with respect to the total absorber losses, does

not mean low absorber efficiency. In contrast, at low L/R the percentage of reflection

losses is high because of the low absorptivity of the hole due to a too low L/R. Conse-

quently, and unlike the previous case, for low L/R the high percentage of reflection losses
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does mean low absorber efficiency. The main utility of this analysis is the identification

of the prioritary actions that can enhance the absorber efficiency for a given C and L/R.

If we would like to reduce the absorber losses and the percentage of the reflection losses

exceeds 50%, the supresion of reflections at the hole would be the prioritary improvement.

This could be accomplished, for instance, by designing confinement structures within the

hole, or by using high emissivity material covering the absorber walls. In contrast, if the

percentage of reflection losses is lower than 50%, the supression of the absorber emission

losses would be prioritary (e.g. by using spectrally selective absorbers). Note that this

is the case for most of the practical system designs (L/R > 1 and C < 104) with the

configurations considered in this chapter.

Lastly, the absorber efficiency is considerably lower in Scenario 2 than in Scenario

1. In Scenario 2 the resultant emitter/absorber temperature is slightly higher than in Sce-

nario 1 (for the same L/R and C). Therefore, the lower absorber efficiency of Scenario

2 is caused by the increment of the absorber emission losses, which strongly depend on

the emitter temperature, while the reflections at the absorber are kept the same in both

scenarios. Note the lower percentage of absorber reflection losses for Scenario 2 relative

to Scenario 1, shown in figures 4.15(a) and 4.15(b)). This leads to a surprising conclusion:

an increment of the emitter/absorber temperature has contrary effects on the absorber ef-

ficiency depending whether it is caused by an increment of the concentration (slightly

increasing the absorber efficiency) or caused by an improvement in cavity radiation con-

finement (decreasing the absorber efficiency). Nevertheless, this behavior is logical be-

cause, in the first case, the sunlight power impinging the absorber increases (denominator

of the absorber efficiency definition, Equation (4.49)); while in the second case it is kept

constant.

Cavity efficiency

The cavity efficiency (figures 4.16(a) and 4.16(b)) represents the fraction of the emitted

energy that lies in the useful spectral range for photovoltaic conversion at the TPV cells

(in our case: λ < 1.8µm). Therefore, it depends on both the spatial configuration of the

cavity (e.g. the emitter-to-cells view factor) and the spectral distribution of the emitted

radiation. The cavity efficiency increases with the concentration because a higher emitter

temperature is obtained. This enhances the spectral distribution of the emitted radiation,

i.e. the fraction of the radiation emitted by the emitter that falls within the useful spectral
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range for PV conversion at the TPV cells. The variation of the cavity efficiency with L/R

depends on the cavity configuration: In Scenario 1, where ηrecirc = 0 and consequently

a fraction Slost ≈ R/2L (Equation 4.32) of the emitter area is radiating directly outside

the cavity, a low L/R provides low cavity efficiency. This is because low L/R implies

high Slost. In Scenario 2, where ηrecirc = 0.9 and consequently this fraction is reduced to

Slost ≈ 0.1 · R/2L, the cavity efficiency is enhanced for low values of L/R and becomes

almost exclusively dependent on the emitter temperature (compare figures 4.16(b) and

4.19(b)). As a consequence, the maximum cavity efficiency for Scenario 2 is obtained

for high C and low L/R, where the maximum temperature (>2800K) enables that more

than 80% of the emitted energy to impinge on the TPV cells and fall in the useful spectral

range (λ < 1.8µm) for PV conversion.

Besides, the improvements introduced in Scenario 2 mostly affect the cavity efficiency,

which is drastically improved with respect to that of Scenario 1. Nevertheless, for a

given C and L/R, the equilibrium emitter temperature is very similar for both Scenario

1 and 2, meaning that the improvement of the cavity photon recycling process has minor

effects on the resulting emitter temperature. Here goes the explanation: on one hand, a

high emissivity of the ARC tungsten emitter (Scenario 2) tends to decrease the emitter

temperature, on the other hand, the photon recycling process performed by the BSR of

the TPV cells tends to increase the emitter temperature. As a result of the combination

of these effects, the emitter temperature is not significantly modified when improving the

cavity, but the spectral distribution of the emitted radiation is shifted to lower wavelengths

(useful spectral band). Consequently, both the cavity efficiency and the overall system

efficiency increase 6.

TPV cells cut-off efficiency

The TPV cells cut-off efficiency (figures 4.17(a) and 4.17(b)) represents the ratio of the

electrical power extracted from the TPV cells to their absorbed radiative power in the use-

ful spectral range (λ < 1.8µm). Therefore, it depends on both the intrinsic electro-optical

behavior of the TPV cells (spectral response, series resistance, recombination, etc.) and on

the spectral distribution of the absorbed spectrum. For high concentration and low L/R,

6This conclusion is exclusive to the system configurations considered in the analysis. Therefore, it can

not be extended to any kind of STPV system. For instance, in a system consisting of bare-tungsten and

BSR TPV cells, the resultant emitter temperature would be much higher than in the system considered in

Scenario 2.
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where both the emitter temperature and the electric power density are high, the TPV cells

efficiency is low due to the high ohmic losses. In contrast, for low concentration and high

L/R, where both the emitter temperature and the electric power density are too low, the

TPV cells efficiency is also low because of a bad correlation between the incident radi-

ation spectrum and the spectral response of the TPV cells. Consequently, the maximum

efficiency is obtained for an intermediate temperature and electrical power density that op-

timize the trade-off between ohmic and spectral losses. In Scenario 1, this trade-off results

in a maximum TPV cells efficiency for emitter temperatures and electric power densities

in the range of 1600-2000K and 0.1-1 W/cm2, respectively. In Scenario 2, the maxi-

mum TPV cells efficiency is obtained for lower emitter temperatures (1200-1600K) and

the same electric power densities (0.1-1 W/cm2). The difference regarding the optimum

emitter temperatures is explained by the enhanced emissivity in the useful spectral range

of the ARC tungsten emitter (Scenario 2), relative to the bare tungsten emitter (Scenario

1) which for the same emitter temperature enhances the radiative power. The maximum

TPV cells efficiency in Scenario 2 is then obtained at lower emitter temperatures, but with

the same irradiance conditions, to avoid excessive ohmic losses.

Overall STPV efficiency

The overall STPV system efficiency (superimposed in figures 4.14(a) to 4.21(b)) is ob-

tained from the multiplication of the absorber, cavity and TPV cell cut-off efficiencies.

Therefore, the full system optimization must fulfill a complex trade-off between all the

aspects discussed above. In Figure 4.22 we summarize the trade-offs in the systems ana-

lyzed in this chapter to maximize the STPV efficiency as a function of the concentration

C and L/R parameters. In principle, low C and L/R (in the limit, a planar geometry with

L = 0) would be preferred in practical systems. Nevertheless, this situation implies low

absorber and cavity efficiencies. Increasing L/R, while keeping low C, enhances the ab-

sorber efficiency but results in a low cavity and TPV cells efficiency. Whereas increasing

the concentration, while keeping low L/R, enhances the cavity efficiency but results in

a low absorber and TPV cells efficiency due to high ohmic losses and also possible cell

heating issues. Therefore, the only alternative to enhance the overall system efficiency

consist in increasing both concentration and L/R 7.

7In this analysis, spectrally selective absorbers are not considered. As concluded in Chapter 3, these

kind of absorbers are useful to enhance the efficiency of STPV systems with low emitter-to-absorber area

ratio (L/R) and C.
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(a) Scenario 1

(b) Scenario 2

Figure 4.14: Contour-plot of the absorber efficiency (ηabs) with superimposed iso-STPV efficiency (ηSTPV)

curves (solid lines) for scenarios 1 (a) and 2 (b), as a function of the concentration factor (C) and the emitter

aspect ratio (L/R).
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(a) Scenario 1

(b) Scenario 2

Figure 4.15: Contour-plot of the percentage of the absorber reflection losses, with respect to the total ab-

sorber losses, with superimposed iso-STPV efficiency (ηSTPV) curves (solid lines) for scenarios 1 (a) and 2

(b), as a function of the concentration factor (C) and the emitter aspect ratio (L/R).
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(a) Scenario 1

(b) Scenario 2

Figure 4.16: Contour-plot of the cavity efficiency (ηCV) with superimposed iso-STPV efficiency (ηSTPV)

curves (solid lines) for scenarios 1 (a) and 2 (b), as a function of the concentration factor (C) and the emitter

aspect ratio (L/R).
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(a) Scenario 1

(b) Scenario 2

Figure 4.17: Contour-plot of the TPV cells cut-off efficiency (ηC|cut-off) with superimposed iso-STPV effi-

ciency (ηSTPV) curves (solid lines) for scenarios 1 (a) and 2 (b), as a function of the concentration factor (C)

and the emitter aspect ratio (L/R).
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(a) Scenario 1

(b) Scenario 2

Figure 4.18: Contour-plot of the TPV cells electrical power density (FF ·V oc ·Jsc) with superimposed iso-

STPV efficiency (ηSTPV) curves (solid lines) for scenarios 1 (a) and 2 (b), as a function of the concentration

factor (C) and the emitter aspect ratio (L/R).
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(a) Scenario 1

(b) Scenario 2

Figure 4.19: Contour-plot of the emitter temperature (Temit) with superimposed iso-STPV efficiency (ηSTPV)

curves (solid lines) for scenarios 1 (a) and 2 (b), as a function of the concentration factor (C) and the emitter

aspect ratio (L/R).
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(a) Scenario 1

(b) Scenario 2

Figure 4.20: Contour-plot of the heat flux dissipated from an unit area of the TPV cells (−QC/AC) with

superimposed iso-STPV efficiency (ηSTPV) curves (solid lines) for scenarios 1 (a) and 2 (b), as a function of

the concentration factor (C) and the emitter aspect ratio (L/R).
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(a) Scenario 1

(b) Scenario 2

Figure 4.21: Contour-plot of the heat flux dissipated from an unit area of the quartz filter/thermal-shield

(−QF/AF) with superimposed iso-STPV efficiency (ηSTPV) curves (solid lines) for scenarios 1 (a) and 2 (b),

as a function of the concentration factor (C) and the emitter aspect ratio (L/R).

106



4.5. Model results

Figure 4.22: Summary of the effect of both concentration and L/R on the system performance for scenarios

1 and 2 analyzed in this chapter.

Let’s now analyze the losses trade-off at the maximum efficiency situation for such

scenario (high C and high L/R region in Figure 4.22). Regarding the absorber, the maxi-

mum overall STPV system efficiency corresponds to high concentration factors and high

L/R. This has two consequences: first, it means that the angle selective absorptivity of the

hole (in principle beneficial for low concentrations) does not play an important role when

optimizing the overall system. Second, the absorber efficiency is limited by the reflection

losses at the hole and not by the emission losses (figures 4.15(a) and 4.15(b)). Regarding

the TPV cells efficiency, the maximum overall STPV efficiency is obtained, in both sce-

narios 1 and 2, for electric power densities (1-5 W/cm2) slightly higher than those (0.1-1

W/cm2) corresponding to the maximum TPV cells efficiency, which means that the ohmic

losses are the ones limiting the TPV cells efficiency upon maximization of the system ef-

ficiency. Finally, regarding the cavity efficiency, the optimum C and L/R values which

maximize the overall STPV efficiency correspond to lower C and higher L/R values than

that of the highest cavity efficiency. This shift of both optimum C and L/R is required

to reduce the emitter temperature, and consequently avoid excessive ohmic losses in the

TPV cells. We can therefore conclude that to increase the maximum efficiency of this kind

of STPV systems there are two possible action lines: first, to enhance the absorptivity of

the absorber and, second, to incorporate TPV cells with lower series resistance.
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Loss analysis

As previously discussed, in a STPV system there are many loss mechanisms: emission and

reflection at the absorber, radiation escaping from the cavity (not confined), absorption at

the thermal-shield/filter, power outside the useful spectral band for absorption at the TPV

cells and, finally, the inherent losses of the photovoltaic conversion process (non-ideal

quantum efficiency, thermalization, recombination and ohmic losses). The losses distribu-

tion varies from one specific system configuration to another, so it is required to precisely

define a system configuration to identify the prioritary action lines for improvement. In

this regard, we shall perform a detailed loss analysis of two system configurations:

• Configuration 1: Scenario 1 with C = 2000 suns and L/R = 6

• Configuration 2: Scenario 2 with C = 5000 suns and L/R = 10

Figures 4.23 and 4.24 show the loss diagram for configurations 1 and 2, respectively.

Configuration 1 represents an example of a low performance photon recycling process

and provides an overall system efficiency of 6.3%. Configuration 2 represents an example

of a relatively high performance photon recycling process and provides an overall system

efficiency of 15.4%. By comparing both configurations we note that:

• In both configurations, the TPV cell cut-off efficiencies are similar (28.3% and

28.4%, respectively)

• Configuration 2 has a slightly higher absorber efficiency (82.7%) than Configuration

1 (75.5%). This is because the absorber area in Configuration 2 is smaller than

in Configuration 1 (higher geometrical concentration in 2 for the same sunlight

receptor area), which implies lower absorber emission losses.

• Configuration 2 shows a much higher cavity efficiency (65.4%) than Configuration

1 (29.3%). This is due to the higher performance of the photon recycling process in

the case of Configuration 2 (57.7 W of sub band-gap energy photons are recycled

with respect to the 3.2 W recycled in 1).

• The emitter temperature is notably higher for Configuration 2 (1917K) than in Con-

figuration 1 (1774K)

The higher overall efficiency of Configuration 2 is mostly attributed to a higher cavity

efficiency and to the fact that the TPV cell cut-off efficiency represents the fundamental
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bottle-neck of the system efficiency. Therefore, the use of more efficient TPV cells is

required. As such, two approaches can enhance the TPV cell cut-off efficiency: (I) mini-

mizing the emission of photons (at the emitter surface) with energies significantly higher

than the band-gap energy of the cells, to avoid excessive thermalization losses at the cells,

or (II) improving the photovoltaic conversion of the broad-band spectrum impinging the

cells surface. Note that the first approach would result in an extremely high emitter tem-

perature (for a given C and L/R) which, among other factors, would reduce the absorber

efficiency (increment the absorber emission losses). Therefore, the second approach is

preferable. In this regard, the use of MJCs represents a promising solution (see chapter

3).

Practical design implications

In order to design efficient STPV systems many technical issues have to be taken into ac-

count. There are two main limitations in designing a STPV system: the maximum emitter

operation temperature and the maximum concentration ratio. The first affects the emit-

ter/absorber material selection, and the second affects the allowed pointing tolerances of

the concentration optical systems. If both constraints are taken into account the number of

possible designs is limited, as well as the maximum achievable efficiency. For instance,

assuming that the maximum emitter temperature is 1200K and the maximum concen-

tration is 1000 suns, the STPV system should be designed with L/R ≈ 20 yielding a

maximum efficiency around 3% for Scenario 1 and 6% for Scenario 2 (figures 4.19(a) and

4.19(b)). However, if the maximum emitter temperature were be 1600K, the best design

would require a more convenient L/R ≈ 4 and the maximum efficiency would be around

4% for Scenario 1 and 11% for Scenario 2. This illustrates how the overall system con-

figuration is affected by practical limitations, and it points out the utillity of our model to

design of practical STPV systems and predict their performance.

Another important design aspect is concerned with the thermal management of the

TPV cells. Figures 4.20(a) and 4.20(b) show the heat fluxes that must be dissipated from

the TPV cells to keep them at 300K. For practical designs (e.e. 1000 < C < 3000 and

2 < L/R < 10), these fluxes are in the range of 1-5 W/cm2 for Scenario 1 and 2-30

W/cm2 for Scenario 2 (depending mostly on the concentration). Note that the typical

heat transfer coefficients are 1-10 mW/cm2K for air-cooling and 50-1000 mW/cm2K for

watter-cooling. Besides, the requirement of a high packing factor TPV cell array (see
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Figure 4.23: Loss diagram of Configuration 1.
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Figure 4.24: Loss diagram of Configuration 2.
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chapter 7) makes it difficult to incorporate efficient heat dissipators. This forces the use

of water-cooling in this kind of STPV systems to keep the cells at a reasonably low tem-

perature, specially in the case of Scenario 2. In the case of the quartz thermal-shield,

the dissipating heat flux that keeps it at 300K is considerably lower (figures 4.21(a) and

4.21(b)). Therefore, an active dissipation system is not mandatory.

Finally, another relevant design aspect is the election of the TPV cell area. This elec-

tion is influenced by the electrical power density (or similarly, by the short-circuit current)

and affects the TPV cells array design, which is the focus of chapter 7. For low power

density, relatively big cells (≈ 1cm2) can be used, while for high power density smaller

cells are recommendable to increase the output voltage and to reduce the output current

(by series-connecting the cells).
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4.6 Summary and conclusions

In this chapter, a realistic modeling of a cylindrical STPV system has been carried out.

In this system, the absorber consists of a cylindrical enclosure that enhances the sun-

light absorption, while the outer walls of this enclosure play the role of the emitter. The

TPV cells are placed around the emitter forming the TPV optical cavity. Finally, a ther-

mal shield/filter is placed between the emitter and the cells. The radiative exchange at

the absorber cylindrical enclosure is modeled using the net-radiation method, evaluated

over infinitesimal portions of the absorber enclosure walls (assumed non-grey, diffuse and

isothermal). The radiative exchange within the TPV cavity has been modeled using two

approaches: an analytical ray-tracing method and the net-radiation method considering

isothermal, diffuse, non-grey and uniformly illuminated surfaces. These models provide

the absorber/emitter equilibrium temperature and the irradiance at every surface. Then,

the photocurrent generated by the TPV cells is obtained by the convolution of the irra-

diance impinging the cells and their spectral response. Finally, the overall STPV system

efficiency (electrical-to-solar energy ratio) has been expressed as a product of three ef-

ficiencies: the absorber efficiency (ratio of the power transferred to the emitter to the

incident sunlight), the cavity efficiency (ratio of the power transferred to the TPV cells in

the useful spectral band to the power transferred to the emitter by the absorber) and the

TPV cell cut-off efficiency (ratio of the electrical generated power to the radiative power

absorbed by the TPV cells in the useful spectral band).

These models were used to analyze two specific system scenarios incorporating ex-

perimental data of real components. Scenario 1 incorporates a tungsten absorber/emitter,

a quartz thermal shield and germanium TPV cells without back-side reflector. Scenario 2

incorporates a tungsten absorber, an AR coated tungsten emitter, a quartz thermal shield

and germanium cells with an integrated back-side reflector. Besides, Scenario 2 presents

some cavity confinement improvements: shorter distance between the emitter, the cells

and the reflectors to avoid radiative power escaping out of the cavity. Both scenarios

have been analyzed as a function of two parameters: the concentration ratio and the ab-

sorber/emitter aspect ratio (L/R). The analysis includes: the absorber, cavity and TPV

cell cut-off efficiencies, reflection losses at the absorber, electrical power density, emit-

ter/absorber temperature and heat flux dissipated from both the TPV cells and the quartz

thermal shield. Finally, a loss analysis was presented for two cases of system design:

one pessimistic (Scenario 1, configuration with a concentration factor of 2000 suns and
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L/R = 6) and the other optimistic (Scenario 2 with a concentration factor of 5000 and

L/R = 10).

We summarize some of the main conclusions:

• The absorber cylindrical enclosure presents an angular selective absorptivity/emissivity,

which enhances the absorption of the low concentrated sunlight with respect to the

hole hemispherical emission. This selectivity is accentuated for large L/R and

low absorber walls emissivity. In general, the absorptivity of the absorber cylindri-

cal enclosure increases with both L/R and the absorber walls emissivity. On the

other hand, it decreases with the concentration, especially for high L/R and low

absorber walls emissivity. Very high absorptivities (exceeding 90%) are possible

with L/R > 6, C < 1000 suns and absorber walls emissivity greater than 0.3.

• The maximization of the overall STPV system efficiency results from a trade-off

between three efficiencies: the absorber efficiency, the cavity efficiency and the

TPV cell cut-off efficiency. For the cases analyzed in this chapter, both high con-

centration (C) and high emitter aspect-ratio (L/R) are required to accomplish this

trade-off: a too small L/R results in an excess of absorber reflection losses, while a

too low C leads too low emitter temperature which yields a low cavity efficiency. If

C is increased while keeping a low L/R, the cavity efficiency is enhanced but both

the absorber and TPV cells efficiency (mainly due to ohmic losses) limit the overall

system efficiency. On the other hand, if L/R is increased while keeping low C,

the absorber efficiency is enhanced but the cavity efficiency now limits the overall

system efficiency. Thus, both a high C and high L/R are required to maximize the

efficiency.

• Maximum efficiencies of 11% and 15% are found for scenarios 1 and 2, respec-

tively. Nevertheless, for a more convinient concentration factor of 1000 suns, the

expected efficiencies are 4% and 10%, respectively. This emphasizes the impor-

tance of the cavity recycling process to enhance the conversion efficiency

• The prioritary action line to exceed an overall efficiency of 15% is concerned with

the improvement of the TPV cell cut-off efficiency. In this regard, multijuntion TPV

cells are promising candidates.
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• The requirement of a dense TPV array, and the relatively high heat flux dissipated

from the TPV cells, forces these systems to incorporate watter-cooling systems to

refrigerate the cells.
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Chapter 5

General overview of the STPV system

This Chapter presents a brief description of the STPV system that was developed in this

thesis.

5.1 The original Ioffe Institute design

Within the FULLSPECTRUM project, Ioffe Institute (Russia) was the responsible for the

design and initial development of the systems. Accordingly, the STPV system that was

developed in this thesis was initially conceived by the Ioffe Institute [AKK+04,AGK+04,

AKV+05, AVK+06, AVK+07, RKK+04, KGK+06, KKG+06, VKK+06, GEK+07]. The

original design is shown in Figure 5.1, it represents the practical implementation of the

system modeled in Chapter 4. In this system, the concentrated sunlight heats a cup-shape

cylindrical absorber/emitter. In the original design, the inner walls of this component

(absorber) were made of graphite, to enhance the sunlight absorption1, and the outer walls

(emitter) were made of tungsten which exhibits a natural spectral selectivity. The emitter

surface can be engineered to modify its spectral emission properties, for instance, by

depositing anti-reflective coatings.

The absorber/emitter component is held by a stick made of a low thermal conductive

material, typically ceramic. In the original design, the absorber/emitter was enclosed in

a vacuum bulb to prevent the emitter from oxidizing and from cooling due to convective

heat transfer mechanisms.

1However, we have seen in section 4.5.1 that, in fact, the apparent hole absorptivity can be quite high

without needing a high absorptivity material for the absorber inner walls.
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Figure 5.1: Conceptual design conceived by the Ioffe Institute (Russia) within the framework of the FULL-

SPECTUM project

The TPV cells were assembled in a polyhedral (typically hexagonal or octagonal)

watter-cooled heat-sink surrounding the emitter. A reflector can be used at the bottom of

the emitter to return to the emitter (or to the cells) the radiation that otherwise would be

lost without impinging the cells.

Note that, in this design, the emitter-to-absorber area ratio is given by:

Aemit/Aabs =
πR2 + 2πRL

πR2
= 1 +

2L

R
(5.1)

where L and R are the emitter length and radius, respectively. Therefore, Aemit/Aabs is a

function of only the emitter aspect ratio L/R.

5.2 The IES-UPM design

Different approaches to the design shown in Figure 5.1 were implemented during the

FULLSPECTRUM project. Most of them were developed at the Ioffe Institute, which

was the coordinator of this activity in the project. At IES-UPM we were mainly focused

on the manufacturing of the TPV cell-modules.

However, the FULLSPECTRUM partners agreed that the STPV system that was under

development at the Ioffe Institute should be tested under outdoor conditions at the IES-

UPM facilities, mainly due to the better meteorological conditions in Madrid than in St.
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(a) (b)

Figure 5.2: (a) One of the first TPV generators developed at Ioffe Institute, (b) the TPV generator developed

during this thesis at IES-UPM (described in Chapters 7 and 8).

Petersburg. Therefore, starting from the Ioffe’s system, we implemented several updates

and improvements until a definitive system was built, designed to host our specific TPV

cell modules.

Both Ioffe and IES-UPM TPV generators are shown in Figure 5.2. Table 5.1 gives the

nomenclature that is used in this thesis to refer to each part of this system.

Figure 5.3 depicts the different pieces comprising the full IES-UPM system, excluding

the sunlight concentrator system. The emitter is hosted in an inert atmosphere, but not in

vacuum. For that, an over-pressurized Argon flow is established in the chamber. Argon

was selected due to its relatively low heat capacity and thermal conductivity, in order to

minimize the convective cooling of the emitter. Over-pressure is required to prevent the

air from flowing towards the interior of the chamber.

The particularity of this design, when compared with the other systems developed

at Ioffe Institute, lies in the hexagonal shape of the watter-cooled heat-sink (Figure 5.2)

whose dimensions allow to host six tightly packed TPV cell modules. These modules

were designed and developed at IES-UPM and are described in section 7.2.4.

The TPV module design is strongly conditioned by the specific TPV cell geometry.

We used Ge TPV cells of 21x8.5 mm2 with a lateral bus-bar [Fer10] (see section 7.2.1).

In contrast, Ioffe Institute used 1x1 cm2 GaSb cells with a central bus-bar [KGK+06,
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Part Description

Sunlight concentrator Optical elements used to concentrate the incident sunlight

onto the absorber

Sunlight absorber/emitter The hollow cylindrical element (made of graphite or tung-

sten) on which the sunlight is concentrated

Sunlight receptor subsystem Group of both the sunlight concentrator and the sunlight

absorber/emitter element

TPV cell array All the electrically connected TPV cells in the TPV cell

module

TPV cell module (or simply,

TPV module)

Planar piece including the TPV cell array

TPV generator The TPV cell modules mounted on the water-cooled heat-

sink around the emitter

Full STPV system The sunlight receptor subsystem plus the TPV generator

Table 5.1: Adopted nomenclature to refer to each part of a STPV system

KKG+06,KSP+10]. Therefore, the modules needed for Ioffe Institute were different from

those of IES-UPM, so an ad-hoc water-cooled heat-sink had to be developed at IES-UPM.

In the final IES-UPM system design, each TPV module contains four Germanium

cells in a 2 series (shingled) x 2 parallel configuration (see section 7.2.4). Therefore, the

full TPV generator comprises 24 cells, representing a total active area of 37.2 cm2.

Finally, several tungsten emitters were manufactured at Ioffe Institute [AKV+05,GEK+07].

They consisted of a 0.06 mm thick tungsten foil rolled into a cylinder with 12 mm diameter

whose edges were welded by resistance welding through a thin tantalum pad [GEK+07].

Some of these emitters were coated at Fraunhofer-ISE with HfO2 using the PVD tech-

nique, in order to enhance their emissivity in the short-wavelength spectral range.
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Figure 5.3: The IES-UPM STPV system design developed during this thesis.
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Chapter 6

The sunlight receptor subsystem

In this chapter we present the implementation and characterization of the sunlight receptor

subsystem in a cylindrical STPV system. It consist of a sunlight concentrator system and

a cylindrical absorber/emitter. Section 6.1 discusses the practical implementation and

characterization of the sunlight concentrator system. Section 6.2 presents measurements

and estimations of the achievable absorber/emitter temperature (made of graphite and

tungsten), using the concentrator system described in 6.1.

6.1 Characterization of the sunlight concentrator system

The sunlight concentrator system consists of a Fresnel lens of 60x60 cm and a secondary

meniscus lens [RKK+04, AKV+05] mounted on a sun tracker system (Figure 6.1). This

design, despite not being the optimal to achieve high concentration with high efficiency,

was elected since it leads to simpler structural designs compared with the use of reflective

concentrators.

To characterize this concentrator system two measurements have to be performed si-

multaneously:

• The sun power impinging the primary Fresnel lens (Pin)

• The sun power impinging within a specific diameter D on the focus plane (Pfocus).

Each diameter (D) on the focus plane defines a geometrical concentration factor, given

by C = 3600/π(D/2)2, being 3600 the Fresnel lens area in cm2. The concentrator effi-

ciency (ηconc) is given by the ratio of the sun power impinging the focus plane, which is a

function of the concentration ratio C, to the sun power impinging the Fresnel lens:
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Figure 6.1: Full sunlight concentrator setup mounted on the IES-UPM roof.

(a) (b)

Figure 6.2: (a) the meteorological station developed by the ISI group of IES-UPM to measure the sunlight

irradiance and (b) the PHIR-L30A-SH-V1 broadband detector
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(a) (b)

Figure 6.3: Measurement of the the sunlight power at the focus plane of the concentrator system (Pfocus), us-

ing aluminum hole-masks of different diameters (D), for two cases: (a) without using a secondary meniscus

lens and (b) using a secondary meniscus lens

ηconc =
Pfocus(C)

Pin
(6.1)

Pin was measured by two different sensors: the Kipp & Zonen CH1 normal incidence

pyrheliometer (Figure 6.2(a)) and the PHIR-L30A-SH-V1 broadband thermal sensor, with

a spectral detection range from 0.19 to 20 µm (Figure 6.2(b))1. To measure Pfocus we used

the broadband thermal sensor PHIR-L30A-SH-V1. The different concentration ratios are

emulated with a set of hole masks placed on top of the broadband thermal sensor (Figure

6.3).

The PHIR-L30A-SH-V1 detection range covers up to 30 W of radiative power. There-

fore, the high power density at the focus plane (about 300W concentrated in an area of 1-2

cm2) can only be measured by attenuating the incident power at least ten times. For that,

two different approaches were tried: (I) the use of neutral density filters (Figure 6.4(a))

and (II) the use of a metallic mask (Figure 6.4(b)). In both cases, placed at the entrance

of the concentrator.

• Characterization using neutral density filters

1The PHIR-L30A-SH-V1 sensor not only detects the normal incidence irradiance (direct irradiance)

but the global irradiance. The measurements were corrected taking into account the global and diffuse

irradiances detected by two piranometers (Figure 6.2(a))
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(a) (b)

Figure 6.4: Attenuation of the incident sunlight power by means of (a) staked neutral density filters and (b)

an aluminum mask

In principle, an ideal neutral density filter attenuates the intensity equally for of

all the wavelengths of sunlight. Nevertheless, we realized that these kind of filters

sharply change the transmitivity in the infrared (Figure 6.5), making it difficult to

uniformly attenuate the incident sunlight power to the required range of operation.

When the attenuation is sufficiently high to reduce the radiant power to the opera-

tional range of the thermal detector (for instance, using several staked filters), only

the IR part of the sun spectrum is detected. In a refractive concentrator this leads to

misleading results, since the IR part of the spectrum is focused at a longer distance

from the lens than the visible or ultraviolet parts. In fact, during the tests, we noted

that the maximum power was obtained at a longer distance from the Fresnel lens

than with the use of a metallic mask, which does not modify the spectrum.

• Characterization using metallic mask

Due to the problems identified with neutral density filters, we decided to use a

metallic mask instead. This avoided the previously referred spectral problems. In
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Figure 6.5: Transmittance of two model of neutral density filters superimposed to the normalized AM1.5D

sun spectrum

this case, the attenuation factor is given by the ratio of open area to metal area of the

mask. The open holes of the mask must be placed uniformly along the lens so that

the effects of the entire receptor area dominate over those of particular locations.

The particular mask design consists of a 60x60 cm aluminum sheet (matching the

Fresnel lens area) with 36 holes (6 lines and 6 rows) of 2.91 cm diameter, separated

by 10 cm between each other. This corresponds to a transmittance factor of 6.65 %

which reduces the power range from 300 W to 19.95 W. During the measurements

we noted that, when placing an aluminum sheet without holes on top of the thermal

sensor, there was no detection of radiative power. This discards the possibility

of detecting the infrared emission from the aluminum mask when heated by the

concentrated sunlight.

Figure 6.6 shows the measured concentrator efficiency as a function of both absorber

hole diameter (D) and the geometrical concentration factor (C). The error bars represent

the difference between the two sensors previously mentioned that measure the incident

sun power (Pin). Two configurations were tested: one consisting of the Fresnel lens only,

and another comprising the Fresnel lens and a secondary meniscus lens. Besides, the mea-

surements were performed at different positions (A, B and C) which represent different
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(a)

(b)

Figure 6.6: Concentrator efficiency (measured using aluminum metallic masks) as a function of the (a)

absorber hole diameter (b) geometrical concentration factor, for two configurations: with and without sec-

ondary condenser lens and measured at different distances from the Fresnel lens (positions A, B and C)
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distances from the detector to the Fresnel lens, ranging from 72 cm (position A) to 73 cm

(position C).

As expected, the concentrator efficiency increases with D (or equivalently, decreases

with C). The use of the secondary meniscus lens provides higher efficiency for higher

concentration ratios, but slightly lower efficiency for lower concentrations (Figure 6.6(b))

mostly attributed to its reflection losses.

In order to design a STPV system, the choice of the absorber hole diameter (D) has

to take into account that the concentrator losses decrease with D (Figure 6.6(a)) but the

absorber emission losses increase with D (the larger absorber area enhances the absorber

emission). Besides, the absorber emission losses also depend on the absorber temperature

and on the absorber hole apparent emissivity 2 (see section 4.3). Therefore, the election

of D has to consider not only the concentration efficiency, but also the absorber/emitter

characteristics.

However, from Figure 6.6 we note that hole diameters larger than 12 mm (or equiv-

alently, concentration ratios lower than 3183X) are necessary to achieve relatively high

concentrator efficiency (> 65%). Nevertheless, diameters above 16 mm do not bring con-

siderable concentrator efficiency improvement, either using meniscus lens or not. There-

fore, the absorber diameter should be in that range, but the final election depend on the

achievable emitter temperature. The measurement of this temperature is the aim of the

next section.

6.2 Measurement/estimation of the emitter temperature

Two approaches could be employed to measure high temperatures: (I) the use of optical

pyrometers and (II) the use of thermocouples. A pyrometer measures thermal radiation

(either broadband or at several wavelengths) coming from the sample to predict its tem-

perature, and a thermocouple consists of a junction between two different metals that

produces a voltage dependent on a temperature difference. The main advantage of py-

rometers is that they do not require physical contact with the sample. Since the sample is

usually located in a controlled atmosphere chamber, the use of a pyrometer avoids compli-

cated setups to physically access to the sample. However, the presence of gases or optical

windows could affect the pyrometer measurement. Moreover, a pyrometer requires an

2which, at the same time, depends on the absorber material emissivity and on the absorber/emitter aspect

ratio L/R.
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(a) (b)

Figure 6.7: Setups for measuring the temperature of cylindrical absorber/emitters made of graphite

a priori knowledge of the sample emissivity, which usually depends on the temperature.

Therefore, a recalibration of the pyrometer would be required depending on the sample

temperature. Lastly, the use of pyrometers is not recommendable for non-grey samples

or when radiation coming from other light sources is reflected at the sample surface. All

these aspects are, in fact, common characteristics of outdoor temperature measurements

of sun-heated TPV emitters. Therefore, the use of a thermocouple results more conve-

nient. We decided to use a C-type thermocouple (model Omega T5R-005-12), consisting

of a tungsten/rhenium junction which measures ultra-high temperatures up to 2760oC.

Graphite emitter

Graphite was elected as the emitter material because of two reasons: First, due to its high

sublimation point (3650-3700oC). Second, because it is a relatively easily machinable

material, which allows us to manufacture our own specific designs for the emitters using

conventional machining tools. Finally, due to its very high emissivity3. The highest the

emissivity, the lower the attainable temperature. Since graphite has a higher emissivity

than tungsten, the graphite temperature achieved using this concentrator can be taken as a

reference for the bottom limit temperature that can be attained with tungsten emitters.

3A diffuse reflectivity (1-emissivity) of 0.25 was measured at room temperature using a spectrometer

for a broad band of wavelengths (300-1700 nm). Besides, the emissivity of graphite increases with the

temperature. So, a very high emissivity (from 0.75 to 0.9) is expected.

132



6.2. Measurement/estimation of the emitter temperature

(a) (b)

Figure 6.8: Setups for measuring the temperature of sun heated cylindrical emitters made of graphite

The experimental setup used to measure the graphite absorber/emitter temperature is

shown in figures 6.7 and 6.8. First, the optical concentrator (comprising the Fresnel lens

and the secondary meniscus lens) concentrates the sunlight in the absorber inlet hole. The

absorber/emitter component is located inside a quartz chamber, where an Argon flux is

established to prevent the graphite absorber/emitter from oxidation. The chamber is over-

pressurized, to prevent any air flow towards the interior of the chamber, and the Argon

flow is very low to avoid excessive convective losses4. Then, the C-type thermocouple is

introduced inside the absorber cavity using a two-hole ceramic (alumina) insulator (model

Omega TRX-164116-6) which, at the same time, plays the role of absorber/emitter holder.

Therefore, the thermocouple is not in physical contact with the absorber/emitter walls, but

surrounded by it. Since the temperature is expected to be high (above 1000oC), we can

assume that the thermocouple hot junction temperature is mostly affected by radiative

exchange (i.e., the convection and conduction heat transfer mechanisms are not relevant).

4During the measurements we checked that the variation of the thermocouple reading was not significant

when stopping the Argon flow during a few seconds (at least 10 seconds, which is enough time to preserve

the inert atmosphere within the chamber)
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(a)

(b) 2 (c) 3 (d) 7 (e) 8

(f) 9 (g) 10 (h) 11 (i) 12

Figure 6.9: Cylindrical graphite absorbers tested.
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Emitter No. Rint(mm) Rext(mm) Lint(mm) Lext(mm)

1 8.85 9.53 36.00 39.95

2 8.83 9.53 25.10 32.00

3 8.83 9.52 20.10 24.00

4 8.80 9.53 12.10 15.95

5 7.50 8.00 36.00 39.00

6 7.55 8.00 28.00 32.10

7 7.55 8.00 20.05 24.00

8 7.55 8.03 12.00 16.10

9 5.45 6.02 35.60 40.00

10 5.43 6.02 28.10 32.00

11 5.41 6.03 19.86 23.80

12 5.45 6.02 12.05 16.00

Table 6.1: Geometric characteristics of the graphite absorber/emitters tested

Figure 6.10: Measured thermocouple temperature for the emitters 1-4 as a function of the direct irradiance

level (the concentrator area is 0.36 m2)
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Figure 6.11: Measured thermocouple temperature for the emitters 5-8 as a function of the direct irradiance

level (the concentrator area is 0.36 m2)

Figure 6.12: Measured thermocouple temperature for the emitters 9-11 as a function of the direct irradiance

level (the concentrator area is 0.36 m2)
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The thermocouple signal is acquired and processed using a programmable temperature

meter (model Omega DPI32-C24) which transmits the temperature reading via RS-232

to a PC. Our own code was developed in Labview to conduct periodic readings during

long periods. A set of 11 absorber/emitters has been tested, each of them having differ-

ent length and diameter (Figure 6.9 and Table 6.1). All the thermocouple measurements

(conducted from 7 to 28th July 2010 in the roof of the IES-UPM) are shown in figures

6.10 to 6.12, as a function of the direct irradiance level. The notable dispersion in some

cases is attributed to punctual changes in the orientation of the concentrator system, that

were readjusted during the measurements, or to random variations due to the wind gusts.

However, as shall be discussed later, this thermocouple temperature dispersion is not just

a consequence of fluctuations of the actual emitter temperature, but is also an undesirable

effect of the measurement setup design.

Figures 6.13 and 6.14 show the acquired emitter temperature as a function of the

emitter-to-absorber area ratio (Aemit/Aabs) for eleven of the twelve manufactured emitters

(unfortunately, the measurements of emitter 12 were lost). Remember that the different di-

ameters represent different geometrical concentration factors, and consequently different

concentration efficiencies (Figure 6.6). For instance, D = 12mm represents C = 3183X

and ηconc ≈ 67%, D = 16mm represents C = 1790X and ηconc ≈ 71%, and D = 19mm

represents C = 1270X and ηconc ≈ 72%.

The emitter temperature that results from the solution of an energy balance at the

emitter/absorber, assuming only a radiative heat transfer mechanism, is superimposed in

figures 6.13 and 6.14 (”Model prediction”). The calculations were performed for two

limiting cases: First, assuming a graphite emissivity of 0.9 and an underestimated quartz

transmittance of 0.9, which leads to the lowest emitter temperature. Second, assuming

a graphite emissivity of 0.75 and an overestimated quartz transmittance of 0.99, which

leads to the highest emitter temperature. The areas noted as ”Model prediction” in figures

6.13 and 6.14 represent all the calculated emitter temperatures bounded by both limiting

cases.

Figures 6.13 and 6.14 reveal a significant disagreement between the experimental data

and the model predictions, specially for low Aemit/Aabs. There are three aspects that have

to be considered to explain this disagreement:

• In most of the emitters, the temperature is not uniform along the absorber/emitter

walls (Figure 6.9), making it difficult to compare the experimental and theoretical
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Figure 6.13: Experimental versus modeled absorber/emitter temperature of the eleven graphite absorbers

tested (Figure 6.9) as a function of the emitter-to-absorber area ratio Aemit/Aabs = (2πRextLext +

πR2
ext)/πR

2
int, for an irradiance level of 700 W/m2.

data which assumes uniform temperature distribution. In fact, emitters 9 and 10,

which present a more uniform temperature profile (see figures 6.9(f) and 6.9(g)),

match much better to the model predictions (figures 6.13 and 6.14).

• The thermocouple is located close to the bottom part of the emitter, which is usually

the hotter part (Figure 6.9).

• The thermocouple is probably overheated with respect to the absorber walls, spe-

cially in the cases of low Aemit/Aabs. Note that if the thermocouple were completely

surrounded by isothermal absorber walls it would be in thermal equilibrium with the

absorber, and their temperatures would be the same independently of their emissiv-

ities. However, in our case, the thermocouple is exchanging radiation not only with

the absorber, but also directly with the sun through the absorber inlet hole (specially

emitters 3,4,7 and 8, which have the lowest Aemit/Aabs). Therefore, since the ther-

mocouple emissivity is lower than that of the absorber, the thermocouple reaches a

higher temperature.

This last aspect is corroborated by the following facts:
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6.2. Measurement/estimation of the emitter temperature

Figure 6.14: Experimental versus modeled absorber/emitter temperature of the eleven graphite absorbers

tested (Figure 6.9) as a function of the emitter-to-absorber area ratio Aemit/Aabs = (2πRextLext +

πR2
ext)/πR

2
int, for an irradiance level of 800 W/m2.

• Upon heating, visual inspection reveals that the emitters 3 and 7 present a lower

color-temperature than emitter 11 (Figure 6.9). However, the thermocouple reading

is more or less the same for these three emitters (figures 6.13 and 6.14).

• The curves of the thermocouple temperature for the emitters with D = 16mm and

D = 19mm approach each other with decreasing Aemit/Aabs. This means that the

lower Aemit/Aabs is the more the thermocouple reading is affected by the direct sun-

light, and the less is affected by the graphite temperature.

Finally, the more uniform temperature profile of the emitters 9 and 10 suggests that

it is possible to improve the uniformity of the emitter temperature by tunning its dimen-

sions. This is in agreement with the formulation given in section 4.3 where it was pointed

out that, in order to obtain a uniform emitter temperature profile, the distribution of the

incident sunlight absorption throughout the inner absorber walls should follow the profiles

given by equations (4.3) and (4.4) (i.e. local heat loss parameters). In such situation, each

infinitesimal portion of the emitter walls is in thermal equilibrium, without needing lateral

thermal conduction, and an uniform temperature profile is established independently of

the lateral thermal conductivity.
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Figure 6.15: Four tungsten-based emitters manufactured at Ioffe. The two on the left were coated at

Fraunhofer-ISE with a 190-290 nm thick HfO2 layer (note the colors)

Tungsten-based emitters

Several tungsten emitters were manufactured by the Ioffe Physico-Technical Institute

(Russia) [AKV+05, GEK+07]. They consisted of a 0.06 mm thick tungsten foil rolled

into a cylinder with 12 mm diameter, whose edges were welded by resistance welding

through a thin tantalum pad [GEK+07] (Figure 6.15). Afterwards, some of these emitters

were sent to Fraunhofer-ISE for the HfO2 ARC deposition using the PVD technique. Fig-

ure 6.16 shows the spectral reflectivity data for these emitters (measurements conducted

at Fraunhofer-ISE) just after the coating.

In these emitters, there is no access to the absorber cavity apart from the mouth of

the hole. So, it is difficult to properly place the thermocouple to estimate their temper-

atures. Therefore, we tried placing it in contact with the external emitter walls, using a

thermocouple wire to keep the thermocouple in physical contact with the emitter (Figure

6.17(a)). Figure 6.18 shows the experimental result compared with the model predictions.

We observe a notable difference between the thermocouple temperature and the cal-

culated emitter temperature (Figure 6.18). These differences are attributed to two aspects:

• The bad thermal contact between the thermocouple and the emitter surface. This

aspect is corroborated by the high dependence of the thermocouple temperature

on the argon flux established in the quartz chamber (Figure 6.19). The argon flux

mostly affects the thermocouple temperature, but not the emitter surface tempera-

ture. This was verified since the short-circuit current of the cells surrounding the
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Figure 6.16: Reflectance measurements of tungsten emitters coated with HfO2. Both the coating and the

reflectance measurements were conducted by the Fraunhofer-ISE in the frame of the FULLSPECTRUM

project

emitter, which is a function of the emitter temperature, was independent of the ar-

gon flux. Therefore, this suggests that the thermocouple temperature is lower than

the actual emitter surface temperature.

• The deposition of different compounds (existing in the tungsten) on the quartz win-

dow (section 8.4), which shadows the incoming sunlight. The model data shown in

Figure 6.18 considers quartz transmittance values from 0.9 to 0.99. However, the

amount of dirtiness deposited on the quartz window (Figure 6.19) probably leads to

a much lower transmittance. Unfortunately, no extra experiments were conducted

with a clean chamber to evaluate this last aspect.

As a consequence, it was not possible to experimentally estimate the true temperature

of the tungsten emitter walls. However, from the model results (Figure 6.18) we see

that D = 12mm emitters are expected to achieve higher emitter temperatures than the

emitters with D = 16mm or D = 19mm, despite the lower concentration efficiency

(Figure 6.6(a)). This is the reason why 12mm emitters are used in the final system (chapter

8).

It is remarkable that the color temperature, evaluated by direct observation of the

emitters in the figures 6.17(b) and 6.17(c), indicates that the emitter coated with HfO2
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(a) (b) (c)

Figure 6.17: (a) setup used to locate the thermocouple in physical contact with the emitter external walls

(b) tungsten emitter (25 mm length and 12 mm diameter) coated with HfO2 operated under concentrated

sunlight (c) pure tungsten emitter (36 mm length and 12 mm diameter) operated under concentrated sunlight

(Figure 6.17(b)) reaches a lower temperature than a pure tungsten emitter (Figure 6.17(c)),

despite its lower total area and operated under similar irradiance conditions. Presumably,

this is a consequence of the enhanced emissivity in the short-wavelength range (Figure

6.16) for the case of the emitter coated with HfO2.

As reference, similar experiments were conducted in [GEK+07] and [KSP+10] for

tantalum emitters with Aemit/Aabs = 12.7 (L = 35mm and R = 6mm). Temperatures of

approximately 1230oC were measured under 800 W/m2 direct sun irradiance [KSP+10].

In addition, for tungsten emitters with Aemit/Aabs = 4 (L = 12mm and R = 8mm) in

vacuum and heated by a one-stage reflective concentrator, a temperature of 1627oC was

measured under 760 W/m2 direct sun irradiance [GEK+07]. This result is higher than

the value predicted by the model (Figure 6.18) for D = 16mm and Aemit/Aabs = 4. The

difference should be attributed to the higher concentrator area (and maybe efficiency) of

the reflective optical concentrator used in [GEK+07].
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Figure 6.18: Estimated temperature of different emitter/absorber configurations. The measured thermocou-

ple temperature for the ARC-W absorber/emitter (12 mm diameter and 16mm length) is superimposed

Figure 6.19: Thermocouple temperature and short-circuit current of germanium TPV cells placed around

the ARC-tungsten emitter (12 mm diameter and 16mm length) as a function of the argon flux in the quartz

chamber.
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6.3 Summary and conclusions

In this chapter we described the characterization of the sunlight receptor subsystem, com-

posed by the sunlight concentrator and the absorber/emitter component.

A refractive concentrator system comprising a Fresnel lens and a secondary meniscus

lens was mounted on a two-axis sun tracker. The optical efficiency of the concentrator

(with and without secondary lens) was measured using a broad-band thermal detector

at the focus plane and a set of different hole-masks, emulating different absorber hole

diameters (or equivalently, geometrical concentration factors). For this concentrator we

concluded that:

• The use of the secondary lens is important to achieve high concentration ratios.

For instance, a concentrator efficiency of 67% for C = 3183X (i.e. absorber hole

diameter of 12 mm) is obtained when using the secondary lens, but only of 60% if

no-secondary is used. On the other hand, for lower concentration ratios (<1000X)

it is preferable to exclued the secondary to avoid reflection losses.

• The concentrator efficiency monotonically decreases with the geometrical concen-

tration factor; or, equivalently, it increases with the absorber hole diameter. How-

ever, for concentration factors below approximately 1800X (absorber hole diame-

ters above 16mm) the concentrator efficiency barely increases and shows an effi-

ciency of about 72%.

In addition, two kinds of cup-shaped cylindrical absorber/emitters were tested with

this concentrator system. These emitters were hosted in a sealed quartz chamber, where

and argon flow was established to prevent them from oxidation:

• Graphite emitters: Eleven emitters made of graphite (with lengths ranging from 16

to 40 mm and diameters ranging from 12 to 19 mm) were operated under con-

centrated sunlight using the aforementioned concentrator system. The temperature

of these emitters was acquired with a thermocouple located in the absorber cavity.

With this setup, we suspect that the thermocouple is overheated with respect to the

absorber/emitter walls, specially for low aspect-ratio emitters. This is because the

thermocouple is not in thermal equilibrium with the absorber walls due to the direct

radiative exchange with the sun, which is particularly relevant for low aspect-ratio

emitters. Thermocouple temperatures up to 1400oC were measured when the model
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predicted about 1000oC. Nevertheless, for large emitter aspect ratios (above 9-10),

the thermocouple measurement matches relatively well with the model predictions,

which are in the range of 1000-1150oC for the tested emitters.

• Tungsten emitters: The temperature of an HfO2 coated tungsten emitter (12 mm

diameter and 16mm length) was acquired with a thermocouple placed in physical

contact with the emitter surface. With this setup, in contrast with the previous one,

we suspect that the thermocouple temperature is underestimated. A temperature of

1100oC was measured, while the model predicted about 1450oC. This difference is

attributed to a bad thermal contact between the thermocouple and the emitter, and

to the attenuation of the incident sunlight by the different compounds (coming from

the tungsten) deposited on the quartz window.

In general terms, we have seen that:

• For a given emitter diameter (or equivalently, geometrical concentration factor) the

emitter temperature decreases with the total emitting area (absorber plus emitter

areas)

• For a given emitter-to-absorber area ratio, a 12mm diameter emitter is expected to

achieve higher temperatures than emitters with 16 or 19 mm diameter, despite the

lower concentrator efficiency of the first.

Since 12mm emitters (i.e. C = 3183X) are expected to achieve higher temperatures,

these are the emitters chosen for the final system. Using analytical models, we predicted

that the expected temperature for this kind of emitters is in the range of 1300-1500oC.

The lower 1300oC corresponds to an ARC-tungsten emitter with 40 mm length, and the

higher 1500oC corresponds to a pure tungsten emitter with 16 mm length.
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Chapter 7

The TPV cell modules

This chapter describes the development of the TPV cell modules that form the TPV gen-

erator of the cylindrical STPV system. The TPV generator consists of either eight or six

TPV cell modules surrounding the TPV cylindrical emitter, respectively in an octagonal

or hexagonal water-cooled heat sink. Each TPV cell module hosts a TPV cell-array, with

a high packing-density of cells, which is required to intercept the non-localized radiation

impinging the modules. Besides, the module has to provide a high thermal conductivity

between the cell array and the heat-sink to properly dissipate the high radiative energy

fluxes impinging the cells. We discuss here the design and materials selection to manu-

facture the module, as well as the lessons learned during the development of the different

assembling approaches.

7.1 General design considerations

A TPV cell module should meet the following requirements [GSG02]:

• Host a high packing-density TPV cell array, characterized by a high fraction of

active cells area covering the full module area.

• Allow the series connection between the cells, which is usually required to com-

pensate the low voltage provided by each cell.

• Provide low resistive electrical contacts to extract the current from the cells.

• Have a very good thermal management to dissipate the heat from the cells.
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There are particular cell technologies that facilitate the verification of these require-

ments, as it is the case of back-side contact (BSC) [GSG02] cells and Monolithic Inter-

connected Modules (MIMs) [WWP+03]. The great benefit of these technologies is that

all contacts (both positive and negative) are placed either in the back-side (for BSCs) or

in the front-side (for MIMs) of the cell; while in conventional cells the electrical contacts

must be in both sides (front and back). Therefore, these cases must be analyzed separately.

In this thesis we only focus on the development of TPV cell modules comprising FSC

TPV cells.

7.1.1 Shingled TPV cell arrays

The shingled arrangement [FDA+01, SDOB04] for the interconnection between the cells

attempts to maximize the packing density of a FSC TPV cell array, while providing the

series connection between cells. In a shingled arrangement, the top side of one cell is

directly connected to the back side of the next, resulting in a terraced structure. In this

arrangement all the cells are series connected, there is no extra area dedicated to the inter-

connections, there is no space between the adjacent cells and all the bus-bars are hidden

below the active area of the adjacent cells. However, the use of the shingled arrangement

brings challenging issues concerning the thermal management, electrical isolation, careful

selection of the module substrate material, etc.

7.1.2 TPV cell module substrate

The substrate of a TPV cell module provides mechanical support for the cell arrays. It

should meet the following requirements:

• Electrical isolation between the TPV cells.

• High thermal conductivity between the cells and the heat sink.

• A coefficient of thermal expansion (CTE) similar to that of the TPV cells, to avoid

excessive stress at the material interfaces that could result in failures (specially rel-

evant for the case of large area TPV cells).

Additionally, highly electrically conductive traces could be required on the substrate

to perform back-side electrical contacts to the TPV cells.
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Substrates for non-shingled TPV cell arrays

For non-shingled TPV cell array designs, Direct Bonded Copper (DBC) substrates are

excellent candidates. DBC substrates have been used in power electronic applications

for many years. They result from a process in which a sheet of copper (0.2-0.6 mm

thick) and a sheet of ceramic (0.25-1 mm thick) are fused together at high temperatures.

The high CTE of copper is then controlled by the high bond strength between copper

and ceramic and by the considerably larger elastic modulus of the ceramic. Besides,

conventional Printed Circuit Board (PCB) processes can be used to define the metallic

traces to interconnect the cells. The low CTE of the resultant copper-ceramic structure

allows the direct soldering of semiconductor devices.

Substrates for shingled TPV cell arrays

DBC substrates are not well suited for shingled TPV cell arrays, so an ad-hoc substrate

must be manufactured. This substrate must provide mechanical support for the terraced

array structure. Therefore, a machinable material must be used. Table 7.1 shows a list

of candidate materials for ad-hoc TPV cell module substrates. Besides, Figure 7.1 is a

chart that compares the thermal properties of the materials listed in table 7.1 with those

of typical semiconductor substrates on which TPV cells can be developed (Ge, GaSb and

Si).

Metals like Copper or Aluminum are easily machinable and highly thermally conduc-

tive materials, but their CTE is much larger than that of the conventional semiconductor

substrates. In contrast, Metal Matrix Composites (MMC) such as Al-SiC or Cu-W com-

bine both high thermal conductivity and low CTE. However, in both cases an additional

insulating layer is required to isolate the cells from the conducting substrate, allowing

the series connection between the TPV cells. Ceramic materials (like Al2O3, AlN or

BeO) match the CTE of the semiconductors well, but they are not machinable materials.

Machinable ceramics such as BN, MACOR c© or SHAPAL-M c© are very good alterna-

tives since they provide electrical isolation, relatively high thermal conductivity and CTE

similar to that of the semiconductor substrates.

Finally, an optional metallic layer can be deposited on top of the isolating substrate to

perform the back side contacts with the TPV cells. A number of metals can be deposited

by physical vapor deposition (PVD) techniques (e-beam, resistive or sputtering). Never-
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Material k (W/m-K) CTE

(ppm/K)

ρ (Ω·cm) Hardness

(kgf/mm2)

Isolator Machinable

Al2O3 (alumina) 35 6.4 >1014 2100 X 5

AlN 100-170 3-4.1 >1013 1100 X 5

BeO (beryllia) 248 7 >1014 1100-1300 X 5

BN 15-50 1.1 1011- 1014 15-24 X X
MACOR c© 1.5 13 >1014 400 X X
SHAPAL-M c© 100 5.2 1.8·1013 560 X X
Cu 401 17 1.7·10−6 50-90 5 X
Al 237 23.5 2.7·10−6 20-50 5 X
Al-SiC MMC 175 7.9 20.7·10−6 - 5 -
Cu-W MMC 248 7 4.5·10−6 250-300 5 X

Table 7.1: Survey of materials candidates for TPV module substrates

Figure 7.1: Thermal conductivity (k) and coefficient of thermal expansion (CTE) of different materials

considered for manufacturing the substrate of the TPV modules.
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theless, the deposited layers are usually very thin (few microns) and an additional metal

growth process by electroplating can be required to allow low-resistive traces.

7.1.3 Bonding of the TPV cells

Back-side contact

The back-side contact of FSC TPV cells should provide both high thermal conductivity

and low-resistive electrical contact between the cells and the substrate. Two main ap-

proaches can be used: soldering or gluing by means of epoxies:

• Soldering: In a soldering process, the back-side metallic contact of the cell is joined

to the metallic traces of the substrate by melting (usually at temperatures up to

400oC) an intermediate filling metal alloy (solder). The selection of the solder

depends on the maximum process temperature and on the metals used for manu-

facturing both the back side metalization of the cells and the metallic traces of the

substrate. Firstly, the process temperature must be low enough to do not affect

the internal structure of the semiconductor layers and the metal/semiconductor in-

terface. As such, soldering temperatures lower than 300oC are required to do not

affect the annealed contacts (for instance, the melting point of the Au/Ge eutectic

materials is 356oC). Secondly, TPV cells under operation can reach temperatures

up to 100oC (pessimistic), so care must be taken to do not surpass the melting point

of the solder material. Consequently, solder melting point temperatures in the range

of 150-250oC are usually required.

• Bonding with epoxies: A low temperature epoxy bonding process can also be used

for the back-side bonding of TPV cells. This usually requires temperatures up to

100oC for curing. Most of the epoxies consist of isolating materials with relatively

low thermal conductivity; thus, silver-filled epoxies are often used to enhance both

thermal and electrical conductivity. In addition, epoxies are well suited for bonding

materials with different CTE due to their lower elastic modulus compared with

typical solder alloys.

Front-side contact

Parallel gap welding (PGW) is one of the most common techniques for contacting solar

cells. In this technique the bonding is made by melting the metallic wire (or ribbon) by
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passing a very high current during a very short period (a few tens of milliseconds). A PGW

process provides bonding sizes of approximately 0.1 mm length by 100 µm, depending

on the wire diameter. This could be too large for some TPV cell bus-bar layouts. In such

case, the wire-bonding (WB) technique is preferable.

The WB is commonly used for assemble CPV cells [RSA03] and consists of the bond-

ing of a metallic wire edge (typically gold, aluminum or copper, with a diameter between

units to hundreds of microns) to the metallic bus-bar of the cell by applying either thermal,

ultrasonic or thermosonic energy.

Alternatively to these techniques, we advance that the typical manual soldering of

TPV cell is required to manufacture the specific module designs developed in this thesis.

7.2 Design and development of the TPV cell modules

In this section we present the design and development of the TPV cell modules used in a

full STPV system described in Chapter 5.

7.2.1 Selection of the TPV cells

The main selection criteria of the kind of the TPV cells is the band-gap energy of their

semiconductor material. According to the theoretical optimization presented in the Chap-

ter 3, the optimum band-gap energy for a STPV system similar to that developed in this

thesis (black-body absorber, emitter-to-absorber area ratio of 10-15 and sunlight concen-

tration factor of 2000-3000 suns) is about 0.5 eV (Figure 3.14).

However, the theoretical results presented in Figure 3.14 assume, among other things,

that 90% of the sub band-gap energy photons are recycled (reabsorbed at the emitter).

In a real STPV systems, the photon recycling process may not be that efficient, which

would result in a larger amount of lost sub band-gap photons. In such case, the band-

gap energy of the TPV cells should be even lower than 0.5 eV. However, in principle it

should be possible to implement a highly efficient photon recycling system in practice.

For instance, using back-side reflectors in the cells combined with a high quality selective

emitter. Therefore, it is preferable to work with a band-gap energy of 0.5 eV in order to

have room for improvement.

In fact, band-gap energies even higher than 0.5 eV could be advisabledue to two rea-

sons:
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• In Chapter 3 it was concluded that a spectrally selective absorber allows a STPV

system with a much lower emitter-to-absorber area ratio, for the same concentration.

Therefore, it can provide a higher electrical power density (see section 3.4). In

this case, a band-gap energy of about 0.8 eV would be the optimum (Figure 3.11,

assuming that 90% of the photons are recycled, a concentration factor of 2000-3000

suns and and emitter-to-absorber area ratio of 5-10).

• The model results presented in Chapter 3 assume an emitter emissivity of one. How-

ever, real emitters show a much lower emissivity (for tungsten it is about 0.3). Con-

sequently, the resultant emitter temperature would be higher, assuming the same

concentration and emitter-to absorber area ratio. Therefore, the optimum band-gap

energy for a more realistic STPV system is higher than that calculated in Chapter 3.

For these reasons, the band-gap energy of the TPV cells should not be much lower than

0.8 eV. Therefore, semiconductor materials such as Ge or GaSb, with band-gap energies

of 0.661 eV and 0.726 eV respectively, are excellent candidates.

In the beginning of the FULLSPECTRUM project, GaSb TPV cells were under devel-

opment at Ioffe Institute [KGK+06,KKG+06,KSP+10] and IES-UPM [MA04], while Ge

TPV cells were under development at Fraunhofer-ISE [Fer10, FDOB07, FDO+06]. For

these reasons, both GaSb and Ge TPV cells were used in the project.

GaSb TPV cells are expected to provide better cell efficiencies than Ge cells, because

of their higher open-circuit voltage [Cou99, vdHPF+09]. However, Ge TPV cells are a

much more cost-competitive alternative [vdH09, vdHPF+09]. In the FULLSPECTRUM

project, the GaSb cells (manufactered at Ioffe Institute) were used to develop TPV cell

modules at Ioffe Institute, while the Ge cells (manufactured at Fraunhofer-ISE) were used

at IES-UPM. Therefore, this thesis only presents the results concerning the Ge TPV cell

modules.

Figure 7.2(b) shows the spectral response of a Ge TPV cell (manufactured at Fraunhofer-

ISE [Fer10]) together with both the black-body and the ARC-W spectral emission at

1400oC. The ARC spectral emissivity used to calculate the ARC-tungsten emitter irra-

diance is obtained from room temperature reflectivity measurement (emissivity = 1 - re-

flectivity) at room temperature of the Cylinder-2 emitter (green line in Figure 6.16). For

a black-body emitter, a large amount of energy is radiated above the band-gap energy of

the Ge TPV cell. However, the use of an ARC-W emitter substantially minimizes that lost

power.
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(a)

(b)

Figure 7.2: (a) Germanium TPV cell (21x8.5 mm) manufactured by the Fraunhofer-ISE [Fer10] and (b)

the spectral response (SR) of a Germanium TPV cell, with the normalized black-body(BB) and ARC-W

spectral irradiances at 1400oC superimposed (dashed lines).

154



7.2. Design and development of the TPV cell modules

7.2.2 Measurement of the emitter illumination profile

The TPV cell module design is mainly conditioned by two aspects: the TPV cell layout

and the illumination profile at the receptor surface where the TPV cells are placed.

The TPV cells used in this thesis are germanium TPV cells, 21 mm length and 8.5 mm

width with a relatively wide lateral bus-bar (Figure 7.2), developed by the Fraunhofer-

ISE (Germany). The module design has to be adapted to these kind of cells, which are

described with more detail in [FDOB07].

Besides, the illumination profile at the receptor surface (where the TPV cells are

placed) must be taken into account to avoid the series-connection of TPV cells that are

non-equally illuminated which causes undesirable current mismatch losses. The particu-

lar geometry of the cylindrical emitters used in this thesis (Chapter 5) suggests that the

more pronounced non-uniformity occurs along the axial direction of the receptor surface1.

Therefore, we decided to conduct the measurement of the illumination profile along that

direction.

For that, we used a small area (0.12 cm2) GaSb TPV cell (manufactured at Ioffe In-

stitute) assembled on a metallic plate that could be displaced along the axial direction at

a distance of 1 cm from the emitter surface (Figure 7.3). Two emitters have been tested,

both with a diameter of 12 mm but different lengths: 21 mm and 36 mm. The 21 mm

emitter has also been tested within the full receptor structure (see section 8.1) in order to

emulate a more realistic operation condition.

As expected, the illumination profile was found to be strongly dependent on the ax-

ial location at the receptor plane (Figure 7.3). The maximum of irradiance occurred at a

distance of 25 and 30 mm from the bottom for the emitters of 36mm and 21 mm, respec-

tively. In both cases, the mouth of the absorber hole is located as close as possible to the

quartz window, which serves as reference distance. The 21 mm emitter provides a higher

irradiance peak (more pronounced irradiance profile) surely due to its higher temperature

and because of the pronounced emitter temperature gradient. In contrast, the 36 mm emit-

ter provides a less pronounced radiation profile (but higher irradiance for the bottom part

of the receptor), due to the larger view factor existing from every receptor position to the

emitter surface, and because of the more uniform temperature profile of the emitter. So,

1This is because of two reasons: First, the great dependence of the view factor from different receptor

locations along the axial distance. Second, the non-uniform emitter temperature profile along the axial

direction (Figure 6.9), which also leads to differences in the spectral distribution of the impinging radiation

at distinct different locations of the receptor area.
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(a) (b)

Figure 7.3: (a) Measurement setup of the illumination profile at the receptor area, using a GaSb cell of 0.12

cm2 as irradiance sensor which can be displaced along the axial direction (up/down) at a distance of 1 cm

from the emitter. Two types of tungsten emitters were tested (both with a diameter of 12 mm) with 21 mm

and 36 mm length. (b) The resultant illumination profile along the axial direction of the receptor area. The

21mm emitter has also been tested including the water-cooled hexagonal heat-sink structure.

the total photocurrent expected for a cell array covering the full receptor distance (from 0

to 45 mm) is more or less the same for both emitters, despite the lower temperature of the

30 mm length emitter. Finally, we highlight the superior radiative confinement ability of

the receptor structure when comparing the generated photocurrent for the 21mm emitter

case with and without such structure.

Due to the illumination profiles, we conclude that the TPV cells should be connected

in parallel in the axial direction and cover at least 40 mm of the receptor area. Taking

into account the cell dimensions (Figure 7.2), two cells can be connected in parallel in

this way. To increase the output voltage of the full array, series-connection in the radial

direction is mandatory.
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Figure 7.4: Preliminary TPV cell module designs: (a) Design of one of the eight TPV cell modules compris-

ing the octagonal 8x1 TPV generator, (b) Design of one of the six TPV modules comprising the hexagonal

6x2 TPV generator, (c) top-view of the design of one of the six TPV modules comprising the hexagonal

TPV generator.

7.2.3 Preliminary TPV cell modules

In this section we present the preliminary designs of TPV cell modules developed at the

beginning of this thesis, characterized by a low packing-density.

TPV modules for an octagonal 8x1 TPV generator

The first TPV cell module design (Figure 7.4(a)) was developed to build a TPV generator

comprising 8 series-connected cells, in which each module comprised only one TPV cell

and occupied one side of an octagonal receptor (Figure 7.5(a)).

In this case we used a cylindrical water-cooled receptor, designed and manufactured

by the Ioffe Institute (Russia) for their own GaSb TPV cell designs. For this reason,

this receptor was not designed to accommodate the germanium cells manufactured by the

Fraunhofer-ISE (Figure 7.2(a)). Therefore, we could only place one cell in each module,

leading a very low packing density array. Moreover, due to the cylindrical (and not oc-

tagonal) shape of the receptor structure, we had to use a copper baseplate between the
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(a) (b)

Figure 7.5: The preliminary TPV cell modules. (a) The full octagonal 8x1 TPV generator comprising eight

TPV modules with one cell per module. (b) The full hexagonal 6x2 TPV generator comprising six TPV

modules with two parallel-connected cells per module.

cylindrical structure and the planar cell substrate to adapt the cylindrical shape to a pla-

nar one. This interface introduces an extra thermal resistance which led to a poor heat

management.

The cell substrate consisted of a Copper-Alumina-Copper DBC. These substrates were

cut from a 130x180 mm2 sheet using the water-jet facilities at CARINOX S.A 2. The back-

side of the cells were soldered to the DBC substrate using a SnAg solder paste (250oC

melting point). A small piece of DBC was used to extract the front contact of the cell.

The way for extract the contacts was performed using screws and nuts soldered to the DBC

substrate. These screws were also used to fix the cells to the brass receptor structure. The

front connections of the cells were performed using tin layered copper taps.

TPV modules for an hexagonal 6x2 TPV generator

The second TPV cell module design (Figure 7.4(b)-(c)) was developed to build a TPV gen-

erator comprising 6 series-connected modules, each comprising two parallel-connected

cells. Each module occupied one side of an hexagonal receptor (Figure 7.5(b)). Therefore,

the full TPV generator comprises 6x2=12 TPV cells, from which 6 are series connected

and 2 are parallel connected.

2The non-straight cutting of alumina substrates is not an easy process. We initially succeeded in cutting

these substrates using a diamond disc saw tool. However, the requirement of curved cutting profiles forced

us to use water-jet tools.
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In this case, an hexagonal water-cooled heat-sink (designed and manufactured at IES-

UPM) was used. The hexagonal shape of this structure leads to the improvement of the

thermal junction between the module and the heat-sink, relative to the cylindrical shape,

because no baseplate is needed as interface between the substrate an the heat-sink.

Similarly to the previous design (section 7.2.3), the substrate consisted of a Copper-

Alumina-Copper DBC cut from a 130x180 mm2 sheet using the water-jet facilities at

CARINOX S.A. The back-side of the cells were soldered to the DBC substrate using

a SnAg solder paste (250oC melting point). The way to extract the contacts out of the

system is the same as in the octagonal system case, i.e. using brass screws and nuts; but

in this new design the front contact was extracted without the use of an extra DBC piece.

In this case, a selective etching of copper was performed to electrically isolate the front

contact of the cells in the same DBC substrate (Figure 7.4(b)-(c)).

7.2.4 Shingled TPV cell modules for an hexagonal 6x4 TPV genera-

tor

In this section we present the design and development of high packing density TPV cell

modules. Each module comprises 2 parallel x 2 series-connected cells, in which the series

connection is performed in the shingled arrangement (Figure 7.6). These modules were

used to build a full TPV generator comprising six series-connected TPV modules (one for

each side of an hexagonal receptor). So the full TPV generator comprises 6x4=24 TPV

cells, from which 12 are series-connected and 2 are parallel-connected.

The shingled arrangement provides a very high packing density3. However, it intro-

duces additional difficulties regarding the assembling of the cells and the thermal man-

agement. Figure 7.6 shows the steps followed in this thesis for manufacturing these TPV

modules. In what follows, we present a detailed description of each of these steps, includ-

ing the terraced substrate manufacturing and the assembling process of the TPV cells.

Terraced substrate development

A terraced substrate is required to build shingled cell modules. The substrate should

provide mechanical support and electrical isolation between the shingled cells. First, the

substrate must be machined to conform a 0.3 mm step. This step was chosen for the

3For each TPV cell module the use of the shingling arrangement represents an increment of the active

area from 88% to 94%, being the active area the total cell area minus the bus-bar area.
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Figure 7.6: Shingled TPV cell modules assembling steps

150 µm thick cells taking into account the extra thickness added by the solder. Since the

substrate has to be electrically insulating two alternatives exist: (I) machinable insulating

material (like machinable ceramics, Table 7.1) or (II) a electrically conductive material

(like copper or aluminum) covered with an insulating layer.

Three kinds of machinable ceramics were used: MACOR, SHAPAL-M and BN.

SHAPAL-M present the best thermal performance (higher thermal conductivity and CTE

closer to that of the semiconductors) but it is more expensive and harder to machine than

MACOR or BN (Table 7.1). On the other hand, BN is the easiest machinable material

but it has a relatively low thermal conductivity (although it is higher than that of MA-

COR). Beside, both copper and aluminum substrates have been manufactured. Copper

and aluminum have a high thermal conductivity, but the CTE does not match that of the

semiconductors (Figure 7.1). This could lead to problems when assembling large area

TPV cells and if temperature cycles occur during the assembling process and/or operat-

ing conditions. Besides, copper and aluminum substrates must be electrically isolated to

allow the series connection between the cells.
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(a) MACOR substrate (Ap-1) (b) Copper substrate (Ap-1)

(c) SHAPAL-M substrate (Ap-2) (d) BN substrate (Ap-2)

(e) EPO-TEK 920FL on aluminum sub-

strate

(f) Corr-Paint CP3000 on copper sub-

strate

(g) Corr-Paint CP3000 on copper sub-

strate plated with Cr/Ag

(h) MACOR substrate plated with Cr/Ag

(i) PVD Cr/Ag plating of MACOR substrates (j) Electrolytic thickening of the

Ag layer

Figure 7.7: Different substrates at different stages of development. Aproach 1 (Ap-1) and Aproach 2 (Ap-2)

are distinct methods used to develop TPV modules (see section 7.2.4).
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The electrical insulation of the copper material was carried out using different alter-

natives:

• Alumina sputtering

This was performed on aluminum substrates with the collaboration of the Univer-

sidad Autónoma de Madrid (UAM). The results were not satisfactory due to the

small thickness of the alumina layer, which exhibited little holes that dramatically

decrease the insulation performance.

• Thermally conductive epoxy

A two parts thermally conductive and electrically insulating epoxy (Epo-Tek 920FL)

was also used over aluminum substrates (Figure 7.7(e)). In this case, electrical iso-

lation was achieved, but the use of this epoxy has lots of problems regarding the

dispensing mechanism. Added to the inherent problems of using a two parts epoxy,

it was difficult to accurately reproduce the substrate step relief.

• Sprayable ceramic

Three different ceramics were tested: Corr-Paint CP3000, Pyro-Paint 634-AL and

Cerama-Dip 538-N. From the tests performed, the best results were achieved with

Corr-Paint CP3000 water-based ceramic (Figure 7.7(f)). This ceramic can be dis-

pensed using an pneumatic spray-gun, which allows to obtain a relatively good

surface uniformity, and also reproduce well the relief of the machined metallic sub-

strate.

Finally, depending on the approach elected to extract the current from the TPV cells

(section 7.2.4), electrically conductive traces could be required to perform the electrical

contacts. These metallic traces are deposited on the terraced substrate, defining three

electrically isolated parts (figures 7.7(g) and 7.7(h)). A Cr/Ag selective metalization has

been directly evaporated by thermal PVD technique over the insulating substrate. The thin

layer of Cr (5-7 nm) is used as an adherent precursor between the ceramic substrate and

the Ag layer, which is used due to its high electrical conductivity. Since the evaporated Ag

layer is too thin (200-300 nm) to properly conduct high electrical currents, a final thick

silver layer was grown electrolitically in order to increase the electrical conductivity of

the interconnecting layers (Figure 7.7).
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Figure 7.8: Comparison between approaches 1 and 2 for assembling the shingled TPV modules

TPV cells assembly: Approach 1

The TPV cells assembly includes the shingling of the cells and the module assembling

processes (Figure 7.6). The shingling process consist on the soldering of the top cell back

side to the bottom cell bus-bar. The module assembling process consist on the integra-

tion of the independent shingled-pairs in the module substrate. We have performed two

different approaches to assembly the cells, which are depicted in Figure 7.8.

Approach 1 (Figure 7.8) comprises the following steps:

• A solder paste (in our case, SnAg) is applied over the bottom-cell bus-bar (Figure

7.9(a)). The perimeter of the bottom cell is protected with a polymeric paint in order

to prevent the solder from flowing over the edge of the bottom cell.

• The top cell is placed over it, and the pair is slowly heated to 270oC (30oC higher

than the melting point of the SnAg). This process is performed on a non-solderable

terraced ceramic substrate, so that the shingled-pair can be handled separately after

soldering4 (Figure 7.9(b)).

4This specific approach was suggested by [Loe]
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(a) (b)

Figure 7.9: Shingling process of a couple of germanium TPV cells: (a) detailed view of the solder paste

supplied on the bus-bar of the bottom cell, (b) The resultant shingled pair

• The back sides of the cells comprising the shingled pair are soldered (or glued with

an electrically conductive epoxy) to a metalized terraced substrate. In the case of

soldering, a solder paste with a lower melting point must be used to avoid re-melting

the shingling joint. We used BiSn solder paste, which melts at 138oC. To prevent the

solder from shunting the shingled cells, a polymeric paint is used as solder barrier,

protecting the back-side step of the shingled pair.

• Finally, the top cell bus-bar is connected using either the parallel gap welding

(PGW) technique5 or soldering a copper tape.

The main challenge of this assembly approach lies in the possibility to short-circuit the

bottom cell of the shingled pair. In this regard, Figure 7.10 shows the X-ray images of the

modules M6 and M7, illustrating the good performance of the solder barrier preventing the

solder to flow along the shingled back-side step. Note that the module M6 is manufactured

using a significantly larger amount of solder paste in the back-side than module M7.

TPV cells assembly: Approach 2

This approach is aimed at solving the problems found in Approach 1, which are discussed

in the next section (section 7.3.2). As described in that section, the main problem in

Approach 1 is the degradation of the back-side contact. Therefore, in this approach we

5The PGW was conducted at IMEC (Leuven, Belgium) and consisted in the welding of 100 µm diameter

gold wires along the bus-bar of the TPV cells and to the silver plated substrate.
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(a) module M6 (b) module M7

Figure 7.10: X-ray images of the back-side soldering and the shingling connection of two cells correspond-

ing to two different arrays (the images were acquired at the Tecnológica S.A facilities).

eliminated the back-side soldering of the cells to the metalized traces on the substrate.

This avoids the requirement of electrically conductive traces on the terraced substrate, as

well as electrically conductive interface materials between the cells and the substrate.

The assembly steps in this case are:

• The bottom cell is placed over a tinned-copper tape (35 µm thick, 1 mm width),

impregnated with a solder paste (SnAg)

• A solder paste (SnAg) is applied over the bottom-cell bus-bar (Figure 7.9(a)). The

perimeter of the bottom cell is protected with a polymeric paint in order to prevent

the solder from flowing over the edge of the bottom cell.

• The top-cell is placed above and a tin-copper tape (35 µm thick, 1 mm width),

impregnated with a solder paste (SnAg) at the edge, is placed transversely to the

top-cell bus-bar.

• The the pair of cells with the tinned-copper tape contacts (fragile structure) is slowly

heated to 270oC (30oC higher than the melting point of the SnAg solder paste). This

melts the top cell back-contact to the bottom cell bus-bar (shingling junction) and,

simultaneously, it also melts the copper tapes to both the top cell bus-bar and to the
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Figure 7.11: The shingled pairs contacted by copper tin-layered tapes according to Approach 2

bottom cell back-side metalization. This process is performed on a terraced ceramic

substrate, non-solderable, so that the cells can be separately handled after soldering

(Figure 7.11).

• Two of these pairs are then bonded/glued to the electrically isolated terraced sub-

strate to build the full TPV module.

This approach presents two main differences with respect to the previous one: First,

both the back and the front contacts to each shingled pair are performed with tinned copper

tapes, which are conventionally used to contact PV cells in flat-plate PV modules. Second,

the copper tape soldering process is performed simultaneously with the shingling process;

thus, no second soldering process is required. Besides, note that in this approach the

terraced substrates should have additional grooves to host the copper tapes (figures 7.7(c)-

7.7(d) and 7.8).

Table 7.2 summarizes all the developed TPV cell modules by approaches 1 and 2;

and figures 7.12 and 7.13 show the two complete TPV generators, developed according to

both approaches, mounted on the hexagonal heat-sink.
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Figure 7.12: TPV generator with the six TPV cell modules M1-M6 manufactured according to Approach 1.

Figure 7.13: TPV generator with the six TPV cell modules M8-M13 manufactured according to Approach

2.
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Module

ID

Assembling

approach

Substrate material Substrate

metalization

Back-side bond-

ing

Shingling

solder

Front

contact

M1 1 MACOR Cr/Ag BiSn SnAg PGW

M2 1 Cu + Corr-Paint Cr/Ag BiSn SnAg PGW

M3 1 Cu + Corr-Paint Cr/Ag BiSn SnAg PGW

M4 1 Cu + Corr-Paint Cr/Ag BiSn SnAg PGW

M5 1 Cu + Corr-Paint Cr/Ag BiSn SnAg PGW

M6 1 MACOR Cr/Ag BiSn SnAg Cu tape*

M7 1 MACOR Cr/Ag BiSn SnAg Cu tape*

M8 2 BN - LOCTITE 315 SnAg Cu tape**

M9 2 Shapal-M - LOCTITE 315 SnAg Cu tape**

M10 2 BN - LOCTITE 315 SnAg Cu tape**

M11 2 BN - LOCTITE 315 SnAg Cu tape**

M12 2 Cu + Corr-Paint

(without grooves)

- BOND PLY 100 SnAg Cu tape**

M13 2 Shapal-M - BOND PLY 100 SnAg Cu tape**

M14 2 BN - LOCTITE 315 SnAg Cu tape**

Table 7.2: Description of the TPV cell modules developed according to approaches 1 and 2. LOCTITE

315 is a thermally conductive adhesive and BOND PLY 100 is a 2-side thermally conductive and pressure

sensitive adhesive tape.
* soldered along the full bus-bar of the cells, ** soldered in the center of the bus-bar (transversal)
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Figure 7.14: 4-probe setup for measuring non-assembled TPV cells in a multi-flash tester (setup developed

by the ISI group of the IES-UPM)

7.3 Indoor characterization of TPV cells and modules

7.3.1 Characterization of non-assembled TPV cells

Multi-flash testing of TPV cells

Prior to the module assembly, all the independent TPV cells were tested in a 4-probe

multi-flash simulator (see Appendix E) which measures the I-V curves of each cell for

different illumination levels. A correct contact probe design is essential. Specifically, two

aspects must be taken into account:

• The internal current distribution throughout the TPV cell is not uniform and it is

affected by the specific location of the current probes. This could result in a non-

equipotential cell bus-bar. Therefore, different locations of the current probes could

provide distinct cell I-V curves with different series resistance.
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• A low resistive current probe contact is required in order to drive the typically high

current of TPV cells. Otherwise, the very high current densities could melt the cell

contacts.

For these reasons we used the contact scheme shown in Figure 7.14. This setup allows

the uniform collection of high currents from both the bus-bar and the back side metaliza-

tion cell contacts. Vacuum is used to mechanically fix the cell to the substrate to achieve

a good electrical contact. The voltage probes are placed at the center of the bus-bar and at

the center of the back-side metalization, to ensure the correct voltage measurement.

During this thesis more than a hundred Ge TPV cells were tested with this setup. Fig-

ure 7.15 shows the resultant PV cell parameters of some of them. In these measurements,

the voltage drop in a calibrated shunt resistance in parallel with a germanium TPV cell

(i.e. biased near short circuit) was used as reference for the illumination level. It should be

pointed out the uniform distribution of the short-circuit current of the TPV cells (Figure

7.15(a)) as well as their high fill-factor (72-74%) for a current density of 1 A/cm2. Finally,

note that a VOC of around 340 mV is common for 1 A/cm2 current density conditions.

TPV cell as temperature sensor

The most straightforward way of estimating the cell temperature (Tcell) under operation

conditions is by the variation of the open-circuit voltage (VOC). This variation is dictated

by the parameter β, which is a function of the short-circuit current of the cell (ISC):

β =
dVOC

dTcell
= f(ISC) (7.1)

The operation temperature of a TPV cell (T (oper)
cell ) can be calculated as a function of the

parameter β and the open-circuit voltage measured at a reference temperature (V (ref)
OC ) and

at operation conditions (V (oper)
OC ):

T (oper)
cell = T (ref)

cell +
V (oper)

OC − V (ref)
OC

β(I (oper)
SC )

(7.2)

where T (ref)
cell is the reference temperature (commonly, room temperature) and I (oper)

SC is the

short-circuit current at operation conditions. The β parameter (equation 7.1) of a specific

PV cell is determined by measuring VOC for different values of ISC and Tcell.

Figure 7.16 shows the VOC for different values of ISC and Tcell of a Ge TPV cell,

measured with a multi-flash tester (see appendix E). The cell was mounted on a Peltier
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(a) Short circuit current (A)

(b) Open circuit voltage (V)

(c) Fill factor

Figure 7.15: Parameters of the 1.55 cm2 (active area) germanium TPV cells (manufactured by the

Fraunhofer-ISE) as a function of the concentration level (in suns)
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Figure 7.16: VOC dependence on the cell temperature for different values of ISC

Figure 7.17: Temperature coefficient (β) for the tested germanium TPV cell as a function of ISC and the

percentual variation of the TPV cell efficiency with the temperature relative to the efficiency at room tem-

perature
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Figure 7.18: IV curves of a TPV module (M12) made up of 4 germanium cells in which 2 pairs of shingled

(series-connected) cells have been connected in parallel.

cooler to control its temperature during the measurement. From these data and using

equation (7.1) we obtain the β parameter as a function of ISC (Figure 7.17). In addition,

Figure 7.17 shows the percentual variation of the TPV cell efficiency with the temperature

relative to the efficiency at room temperature.

7.3.2 Characterization of the shingled TPV cell modules

The shingled TPV cell modules were tested in a multi-flash system. An example is given

in Figure 7.18 showing the I-V curve of the module M12, which demonstrates the voltage

and current addition with respect to the independent cells. Figure 7.19 shows the VOC

of several TPV modules, where it is also corroborated the voltage addition of the inde-

pendent cells. Figure 7.20 shows the FF of several modules. It is clear that Approach

2 provides notably higher FF than Approach 1, specially at high current densities. This

reveals that the modules manufactured according to the Approach 1 have a higher series

resistance than the modules manufactured according to the Approach 2. This has a neg-

ative impact on the TPV module efficiency (Figure 7.21). Moreover, a few months after

manufacturing the TPV modules of Approach 1, we observed a considerable degradation

of their electrical behavior (Figure 7.22).

173



Chapter 7. The TPV cell modules

Figure 7.19: Open-circuit voltage of some of the manufactured TPV modules, as a function of the short-

circuit current density.

Figure 7.20: Fill-factor of some of the manufactured TPV modules, as a function of the short-circuit current

density.
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Figure 7.21: TPV modules efficiency (in arbitrary units) as a function of the short-circuit current density.

Figure 7.22: IV curves of the TPV modules manufactured according to the approach 1, measured in Novem-

ber 2007 (just after manufacturing) and in May 2008 (just after operation in real conditions)
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Figure 7.23: Single Ge TPV cells assembled with the PGW technique at IMEC (Leuven, Belgium)

To identify the failures of Approach 1 we inspected both the front and back contact of

the modules M1-M7:

• Evaluation of the front contact

To evaluate the front contact, we assembled several single Ge cells with the par-

allel gap welding (PGW) technique (Figure 7.23), using different number of wires

and welds to evaluate their effect on the resulting cell performance. The resultant

parameters before and after the PGW connection are shown in Table 7.3. Using

enough number of wires and welds the FF of the cells is not deteriorated. In fact,

in some cases the FF increases after the PGW connection, which means that the

PGW enhances the probe contact setup used to measure the non-assembled cells.

Since we used two wires/module and a large number of welds (>5welds/cell) to

manufacture the TPV modules, the PGW process does not seem to be the cause of

the failure of the Approach 1.

• Evaluation of the back contact

Figure 7.24 shows thermal images taken during the application of a relatively high

current (3A) through the TPV modules. The non-uniform temperature in each mod-

ule indicates that the ohmic heating (series resistance losses) and/or the thermal

conductivity are not uniform throughout the back contact. Looking at the image

of the desoldered module M4 (Figure 7.25), we observe that the hotter spot (Fig-

ure 7.24(d)) corresponds to an area where the cells are not properly soldered to the

substrate, leading to a low local thermal conductivity and to a poor local current

conductance. Moreover, it can be seen the lift-off of the silver metalization from

the substrate, demonstrating the bad adhesion of the electrolytic silver layer to the

ceramic substrate. This contributes to the decrease of the local thermal conductance
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before PGW after PGW
cell ID # wires / # welds

FF (%) V oc (mV) η (a.u.) FF (%) V oc (mV) η (a.u.)

1844-3-10 1/4 61.97 344.6 21.35 54.74 341.2 18.68
1844-5-4 1/6 64.24 306.9 19.71 56.27 308.5 17.36
1844-5-22 2/2 63.02 308.4 19.43 57.32 305.1 17.49
1844-5-23 1/2 61.53 308.6 18.99 58.53 311.7 18.24
1844-5-24 2/4 64.84 307.7 19.95 63.21 310.4 19.62
1959-8-8 2/6 62.85 345.3 21.70 64.48 345.3 22.26
1959-8-11 2/3 65.12 343.9 22.39 57.48 342.4 19.68
1959-8-14 3/2 62.52 343.4 21.47 64.63 345.9 22.35

Table 7.3: Evaluation of the front contact by PGW technique at JSC=1A/cm2. The data were taken from a

multi-flash characterization tool.

and, importantly, it could be the cause of the deterioration of the TPV modules ob-

served after a few months from its manufacture. Finally, we observe that the module

M6, manufactured using a large amount of solder paste (covering most of the back-

side of the cells: Figure 7.10(a)) also shows a non-uniform temperature distribution.

This suggests that the bad thermal/electrical back contact is attributed not only to

the non-uniform soldering of the back side of the cells, but also to the silver layer

degradation. All these evidences reveal the problems concerning the rear contact of

the cells assembled according to the approach 1.
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Chapter 7. The TPV cell modules

(a) M1 (b) M2 (c) M3 (d) M4 (e) M5 (f) M6

Figure 7.24: Thermal images resulting when passing a current through the TPV modules.

Figure 7.25: Desoldered TPV module M4 showing the lift-off of the silver metalization.
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7.4 Summary and conclusions

This chapter presented the development of the TPV cell modules that compose the TPV

generator of a cylindrical STPV system. The TPV generator consists of eighth/six TPV

cell modules mounted in an octagonal/hexagonal water-cooled heat sink.

Three types of TPV modules were developed, each leading to a different TPV gener-

ator. The first type of module comprised only one or two parallel-connected cells. These

modules led to an octagonal 8x1 (8 series connected cells) TPV generator and to an hexag-

onal 6x2 (6 series by 2 parallel connected cells) TPV generator. More sophisticated TPV

modules were manufactured using the shingled arrangement. With this approach, TPV

modules comprising two series-connected (shingled) cells by two parallel-connected cells

were built. These modules led to an hexagonal 6x4 (12 series by two parallel connected

cells) TPV generator. The shingled arrangement was employed to maximize the packing

density of the TPV cell array.

The manufactured shingled TPV modules showed a relatively high FF (65-70%) for

relatively high current densities (up to 2 A/cm2), demonstrating that the shingled arrange-

ment is suitable for developing practical TPV cell modules. Using these modules, the 6x4

TPV generator can provide a total open-circuit voltage of about 4V and a short-circuit

current of 3.1 A, assuming 1 A/cm2 current density and room temperature operation.

The chapter also describes the main lessons learned from the manufacturing of shin-

gled TPV modules.
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Chapter 8

Assembly and characterization of the

complete STPV system

This chapter presents the assembly and outdoor testing of the full cylindrical STPV sys-

tem described in Chapter 5. This system comprises the sunlight receptor subsystem (de-

scribed in Chapter 6) and the TPV generator (Chapter 7). The octagonal/hexagonal TPV

generator, comprising eighth/six TPV cell modules, was mounted around the cylindrical

absorber/emitter which is enclosed in a sealed quartz chamber with an over-pressurized

Argon flow to prevent the emitter from oxidizing. The full system was mounted on a

two-axis sun tracker on the roof of IES-UPM and operated under real outdoor conditions.

In this chapter we present several tests that were carried out in the frame of the FULL-

SPECTRUM project using pure-tungsten and ARC-tungsten (coated with HfO2) emitters.

This is followed by a loss analysis of the system using the analytical model presented in

Chapter 4.

8.1 Assembly of the STPV system components

The description of the full STPV system was given in Chapter 5. Figure 5.3 showed the

different pieces of the full cylindrical STPV system (excluding the sunlight concentrator)

with an hexagonal TPV generator. Figure 8.1 shows the real implementation and the

arrangement of the distinct parts comprising that system operating under concentrated

sunlight.

The TPV cell modules are mounted in an octagonal or hexagonal water-cooled heat-

sink. In the Figure it is shown the case of the hexagonal heat-sink. The heat-sink is made
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Chapter 8. Assembly and characterization of the complete STPV system

Figure 8.1: Full STPV system operated under real outdoor conditions

of brass and was designed to hold six shingled TPV modules manufactured in this thesis

(section 7.2.4). It is divided in two parts, each containing three TPV modules. These two

parts are connected by a hinge which allows us to open the TPV cavity during operation

to check whether the emitter is being properly heated. Finally, the TPV modules are fixed

to the water cooled heat-sink using a thermal grease, which enhances the heat dissipation

from the modules towards the heat-sink.

The TPV generator (TPV cell modules plus water-cooled heat-sink) is mounted around

the cylindrical TPV emitter, which is enclosed in a sealed quartz chamber. An over-

pressurized Argon flow is established in the chamber to prevent the emitter oxidation.

The over-pressure is required to prevent the air from flowing towards the interior of the

chamber.

Finally, the TPV generator and the TPV emitter are mounted on a two-axis sun tracker

system. Then, the sunlight concentrator (primary Fresnel lens plus a secondary menis-

cus lens) is also mounted on the sun tracker and aligned to focus the sunlight on the
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8.2. STPV system configurations

Conf. Emitter TPV generator cell array area

A pure-W (L/R=15mm/6mm) 8x1 octagonal (section 7.2.3) 12.4 cm2

B pure-W (L/R=15mm/6mm) 6x2 hexagonal (section 7.2.3) 18.6 cm2

C ARC-W (L/R=25mm/6mm) 6x4 hexagonal (section 7.2.4) 37.2 cm2

Table 8.1: STPV system configurations tested in this thesis

absorber/emitter component. The alignment of the concentrator is done manually by vi-

sually inspecting the emitter color-temperature. A fine alignment is performed afterwards

by maximizing the output current of the TPV generator.

8.2 STPV system configurations

This chapter presents three STPV system configurations summarized in the Table 8.1.

The first two configurations (A and B) comprise the preliminary TPV cell modules de-

scribed in section 7.2.3, with a very low cell array packing density, and pure-tungsten

TPV emitters. The configuration C comprises the higher packing density TPV cell mod-

ules described in section 7.2.4, which were developed using the shingled arrangement,

and a spectrally selective emitter (pure tungsten coated with HfO2).

8.3 Characterization of the full STPV system

The full STPV system was mounted on a sun tracker system (Figure 8.1) in the roof of

the IES-UPM. During the mounting process we aligned the different optical components

(primary and secondary lenses) to achieve the maximum output power, corresponding to

the maximum emitter temperature. The sunlight irradiance data were acquired by a pyrhe-

liometer located a few meters away from the system (Figure 6.2(a)). The TPV generator

output I-V curve was acquired either through a home-made load (used for configurations

A and B), or with a Keithley-2602 source-meter which was acquired later and therefore

only used to measure configuration C.

8.3.1 Configurations A and B

Figure 8.2 shows the I-V curve of the TPV generators operated under real outdoor condi-

tions for Configurations A, B and C. Additional experimental data concerning the Config-
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Figure 8.2: I-V curves of the three configurations of TPV generators operated under real outdoor conditions

uration C systems are shown in the next section. The very low FF of Configuration A is

mainly attributed to the poor performance of the early manufactured Ge TPV cells. This

is because, at that time, the TPV cells manufacturing process was not fully optimized.

Therefore, this result is not representative.

Configuration B provides approximately twice the current than Configuration A due

to the parallel connection between two cells within each module. Besides, Configuration

B shows a much higher FF than Configuration A, because of the superior performance of

the independent cells. Moreover, Configuration A (8 series-connected cells) was expected

to provide ∼0.6 V higher open-circuit voltage than Configuration B (6 series-connected

cells)1. The low open-circuit voltage of Configuration A is explained by the higher tem-

perature of the cells. This is attributed to the brass baseplate located in between the DBC

substrate and the cylindrical water-cooled heat-sink, which is only required in Configu-

ration A to adapt the cylindrical heat-sink shape to the planar module. This weakens the

heat management at the cells.

Taking into account the β parameter (section 7.3.1) of the germanium TPV cells and

the measured open-circuit voltage of these arrays, relative to that measured under a multi-

flash tester, we estimate that the average cell temperature in Configuration B is only

1However, it can be seen that the measured VOC of Configuration A (1.89V) is just 0.07V higher than

the VOC of B (1.82V).
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8.3. Characterization of the full STPV system

Figure 8.3: The short-circuit current density (JSC) and the photo-current density (JL, measured at negative

biasing of the TPV cell array) of the full TPV generator with modules M1-M6 (Approach 1) under real

operation conditions.

∼35oC. Unfortunately, we did not perform flash measurements of the cells in Configu-

ration A, and therefore their operation temperature cannot be estimated.

The experimental results concerning Configuration C are presented in the next sec-

tion. However, from Figure 8.2 we can anticipate that, despite the higher short-circuit

current (probably attributed to the selective emission of the ARC-tungsten emitter and/or

to the higher emitter area) both the open-circuit voltage and the FF are much lower than

expected. Both aspects contribute to deteriorate the array performance, so the two main

advantages of Configuration C (i.e. the higher packing density and the higher photocur-

rent density) are not fully exploited. In fact, Configuration B, which uses half the cells of

Configuration C, provides almost the same output electrical power, mainly because of the

better cells cooling.

8.3.2 Configuration C

Two tests were performed on Configuration C STPV systems: In the first one (20th May

2008) we used the TPV cell modules manufactured according to Approach 1, and in the

second (25th October 2008) we used the TPV cell modules manufactured according to

Approach 2 (section 7.2.4). In both cases we used cylindrical tungsten emitters (25 mm
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Chapter 8. Assembly and characterization of the complete STPV system

Figure 8.4: The open-circuit voltage (VOC) and the calculated cells temperature increment of the full TPV

generator with modules M1-M6 (Approach 1) under real operation conditions

length and 12 mm diameter) manufactured by the Ioffe Institute and coated with HfO2

by the Fraunhofer-ISE. In th first test, the characterization consisted in measuring the I-

V curves of the complete TPV generator, while in the second test we measured the I-V

curves of the independent shingled pairs.

First test

In the first test, the STPV system used a TPV generator comprising the TPV cell modules

M1-M6 (section 7.2.4, Figure 7.12). The system was tested during a full day to evaluate

the effect of different irradiance conditions on the system output power. The IV curves of

the full array were acquired with a Keithley 2602 4-probe source/meter.

Figure 8.3 shows the short-circuit current density (JSC) and the photo-current density

(JL, measured at negative biasing of the TPV array) of the full TPV generator comprising

six TPV modules. These modules correspond to a total of 12 series x 2 parallel connected

cells.

The first notable effect is that the JSC has a supra-linear dependence on the irradiance

level. This is probably due to the better spectral match between the emitter spectrum and

the TPV cells spectral response at higher irradiance levels (i.e. higher emitter tempera-

tures).
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8.3. Characterization of the full STPV system

Figure 8.5: The fill-factor (FF) of the full TPV generator with modules M1-M6 (Approach 1) under real

operation conditions.

Note that, if the cells were kept at 25oC and the FF maintained relatively high, the

supra-linear dependence of JSC would imply that the conversion efficiency (given by the

output electrical power JSCVOCFF to incident sun power ratio) would increase with the

irradiance level. However, the heating of the TPV cells deteriorates both the VOC and the

FF, and consequently also the conversion efficiency. Figure 8.4 shows the measured VOC

and the calculated average cell temperature. This temperature is calculated using the β

parameter and the difference in open-circuit voltage with respect to the room temperature

measurements (section 7.3.1). The deterioration of the VOC is directly related to increment

of the cells average temperature, which reaches 90oC (70oC above the cooling temperature

of 20oC) at 900 W/m2. The FF also shows a dramatic deterioration for high irradiance

levels (Figure 8.5). However, the FF deterioration is not only attributed to the heating of

the cells, but also to the series resistance of the array which is particularly relevant for the

modules M1-M6.

For these reasons, the STPV system efficiency and the electrical output power (Figure

8.6) are lower than expected. The system efficiency, which was expected to increase with

the irradiance due to the supra-linear dependence with JSC, is found to be more or less

constant (not exceeding 0.8%) for every irradiance level. The electrical output power
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Chapter 8. Assembly and characterization of the complete STPV system

Figure 8.6: The overall sun-to-electricity conversion efficiency and the output electrical power of the full

TPV generator with modules M1-M6 (Approach 1) under real operation conditions.

rarely exceeds 2.5W, which corresponds to an average electrical power density of only

67.2 mW/cm2 (the full TPV generator has 37.2 cm2 of TPV cell area, see Table 8.1).

Another important source of losses is the non uniformity of the photocurrent generated

by the series connected cells in the array, leading to a deterioration of the short-circuit

current of the full TPV generator. In this regard, we measured the short-circuit current

generated by each module in the TPV generator. Figure 8.7 shows the significant pho-

tocurrent dispersion between the six modules, being the full array short-circuit current

limited to the lower current generated among all the modules. Besides, the cells in each

module achieve different temperatures (Figure 8.7), which correspond with the different

illumination levels.

It is relevant to estimate the practical STPV efficiency that could be achieved if we

were able to mitigate both the cells heating and non-uniform current generation losses.

For that, the system efficiency was calculated adding the electrical power supplied by the

independent modules, assuming that each module is operated at room temperature and

with a constant fill factor of 65% (in agreement with Figure 8.5). In this case, an overall

system efficiency of about 1.8% (rather than the measured 0.7%) would be expected.

Moreover, if we eliminated the concentrator losses we would obtain a STPV efficiency

in the range of 3-4.5% depending on the actual amount of losses, which is expected to
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Figure 8.7: I-V curve of the full TPV generator with modules M1-M6 (Approach 1). The inset shows the

photocurrent IL and cells temperature increment (∆Tcell) of each of the six modules. The measurement was

taken on May 20th 2007 under 825 W/m2 direct solar irradiance conditions.

be in the range of 40-60 %. This overall system efficiency is in a good agreement with

the results recently reported by Ioffe Institute for a similar system, but using GaSb cells

instead of Ge cells [KSP+10]. Lastly, since the emitter temperature did not reach the

optimum value (indicated by the supra-linear dependence of JSC on the irradiance level)

efficiencies above 5% are plausible just by improving the sunlight concentrator system

and the thermal management in the TPV cells. This is in agreement with the simulation

results presented in Chapter 4 for the Scenario 1 STPV system, which is similar to the

STPV system implemented here in practice (Table 4.3). These simulations (figures 4.14(a)

to 4.21(a)) predict an overall system efficiency of about 7% for C ≈ 2000 − 3000X and

L/R ≈ 10, without considering concentrator losses nor cell heating effects.

Higher efficiencies (above 10%) would require the incorporation of improved devices

(emitter, cells, etc.) and further improvement of the TPV cavity design. This is the case

simulated in Chapter 4 with the Scenario 2 STPV system configuration (Table 4.3 and

figures 4.14(b) to 4.21(b)), for which an efficiency slightly above 13% is predicted for

the same concentration and L/R values, without considering concentrator losses nor cell

heating effects.
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Second test

In the second test, we used the modules M8-M13 (section 7.2.4). These modules allow

the external connection to every shingled pair within each module (section 7.2.4). This

enables a more precise characterization of the TPV generator under real operation con-

ditions. The full TPV generator, which comprises 6 of these modules mounted on the

hexagonal heat-sink, consists of two rings of cells: The bottom ring of cells contains the

shingled pairs indexed as MX-B (X being the module number, from 1 to 6); and the top

ring of cells is formed by the shingled pairs noted as MX-T. Figure 7.13 shows a picture

of this TPV array.

Figures 8.8 and 8.9 show the I-V curves of all shingled pairs for two different irra-

diance levels. Tables 8.2 and 8.3 summarize the results. First of all, there is a great

photocurrent dispersion between the shingled pairs. As expected, such dispersion is more

relevant in the axial direction than in the radial. Since the emitter is located at the top of

the quartz chamber (slightly above the top ring of cells), the cells of the bottom ring are

less illuminated and provide lower photocurrent densities. This justifies the parallel con-

nection of the cells in that direction. However, there is also a significant dispersion in the

radial direction due to possible emitter misalignments. Consequently, the series connec-

tion of the cells in that direction also contributes to deteriorate the full system efficiency.

Second, note that despite the higher JSC of the MX-T pairs, their VOC is lower than

that of the MX-B pairs. This is because the cell temperature is higher for the MX-T pairs.

Tables 8.2 and 8.3 show the estimated cell temperatures, obtained from the difference of

the open-circuit voltage measured in real conditions and that measured in a flash tester

(see section 7.3.1). The calculated temperatures are in the range of 50-60oC (30-40oC

above the cooling temperature of 20oC) for the MX-B shingled pairs, and 80-100oC for

the MX-T pairs. Note that the pair M12-B reached a much higher temperature than the

rest of pairs with a similar photocurrent density. This occurred due to the bad thermal

contact between the cell and the substrate. Looking at the table 7.2 we see that in the

pair M12 the substrate had no grooves to host the back side copper tape, and therefore the

cells were not in good thermal contact with the substrate. Besides, we realized that pair

M12-T was shunted. This was presumably related with the overheating of the pair, which

is expected to be at higher temperature than the M12-B pair since it is placed in the top

ring of the generator, leading to a possible melting of the soldered contact.
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Figure 8.8: I-V curves of the independent shingled pairs comprising the TPV generator with modules

M8-M13 (Approach 2), measured under real outdoor operation conditions (750-800W/m2 direct solar irra-

diance)

Figure 8.9: I-V curves of the independent shingled pairs comprising the TPV generator with modules M8-

M13 (Approach 2), measured under real outdoor operation conditions (890W/m2 direct solar irradiance)
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Real measurements Flash measurements (25oC)

Shingled JSC V oc FF PMPP V oc FF PMPP ∆T

pair (mA/cm2) (mV) (mW) (mV) (mW) (oC)

M8-B 463 503.1 53.7 194.1 629.5 63.2 285.6 38.6
M9-B 298 493.2 70.6 160.8 611.0 70.7 199.4 35.2
M10-B 301 514.4 65.0 156.4 615.4 67.7 194.7 30.2
M12-B 475 311.6 45.5 104.4 635.2 68.2 319.2 99.0
M13-B 410 479.8 61.8 188.8 631.7 71.7 288.0 46.1
M8-T 783 417.5 44.3 224.6 661.3 65.0 522.3 76.4
M9-T 636 427.4 51.8 218.4 653.6 71.7 461.8 70.2
M10-T 747 390.0 40.0 180.6 663.6 66.5 510.4 85.6
M11-T 683 432.5 52.8 242.1 654.7 70.2 487.1 69.2
M13-T 654 447.9 54.1 245.6 657.5 69.1 460.7 65.1

PTOTAL (W) 1.92 (10 pairs out of 12) 3.73 (10 pairs out of 12)

η(*)
STPV (%) 0.73-0.85 1.55-1.66

η(**)
STPV (%) - 2.6-4.1

Table 8.2: Electrical characteristics of the shingled pairs comprising the TPV generator with modules M8-

M13 (Approach 2). The STPV system is operated under 750-800 W/m2 solar irradiance conditions. (*) the

range given corresponds to the two limiting cases of irradiance (750-800 W/m2), which is not know with

precision since it varied during the measurement. (**) Calculated considering no optical concentrator losses

and assuming the cells at 25oC.
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Real measurements Flash measurements (25oC)

Shingled JSC V oc FF PMPP V oc FF PMPP ∆T

pair (mA/cm2) (mV) (mW) (mV) (mW) (oC)

M8-B 403 504.7 55.6 175.2 621.9 63.0 245.0 35.6
M9-B 414 499.2 64.9 207.8 628.3 71.2 286.9 39.2
M10-B 435 502.5 61.3 207.5 633.8 67.0 286.3 40.0
M11-B 368 517.9 65.4 193.4 620.5 70.6 250.2 31.0
M12-B 380 326.5 50.2 96.5 623.9 68.6 252.1 90.0
M13-B 285 487.9 67.8 146.3 612.8 71.3 193.1 37.3
M8-T 540 460.9 55.6 214.9 642.5 66.7 358.8 55.9
M9-T 659 488.2 61.2 305.2 655.4 71.6 478.9 52.0
M10-T 721 439.0 49.5 243.1 661.9 66.7 493.1 69.6
M11-T 968 435.9 50.5 330.1 672.6 69.0 695.8 75.0
M13-T 481 451.0 60.1 201.9 641.9 69.7 333.6 59.6

PTOTAL (W) 2.13 (10 pairs out of 12) 3.62 (10 pairs out of 12)

η(*)
STPV (%) 0.80-0.83 1.36-1.42

η(**)
STPV (%) - 2.3-3.5

Table 8.3: Electrical characteristics of the shingled pairs comprising the TPV generator with modules M8-

M13 (Approach 2). The STPV system is operated under 850-890 W/m2 solar irradiance conditions. (*) the

range given corresponds to the two limiting cases of irradiance (850-890 W/m2), which is not know with

precision since it varied during the measurement. (**) Calculated considering no optical concentrator losses

and assuming the cells at 25oC.
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Figure 8.10: Calculated cell temperature increments for several modules tested in the system, as a function

of the short-circuit current JSC.

The STPV efficiency, calculated from the sum of the electrical power generated by

the independent shingled pairs, results to be around 0.8%. This is slightly higher than

that obtained in the first test (0.6% for 750-800 W/m2 and 0.7% for 850-900 W/m2). The

difference is attributed to the higher FF of the modules M8-M13, and also to the dispersion

losses which are not included in this analysis. If the cells were operated at 25oC the

expected system efficiency would be around 1.5%, nearly the double of the actual system

efficiency. Besides, if we eliminate the concentrator losses (estimated to be in the range

of 40-60%), we obtain full STPV system efficiencies in the range of 2.3-4.1% (for the

two limiting cases of the concentration losses). Again, this is in a good agreement with

the results recently reported by Ioffe Institute for a similar system, but using GaSb cells

instead of Ge cells [KSP+10]. Similarly to the analysis carried out in the first test, we

conclude that efficiencies above 5% are be plausible just by improving the concentrator

system and the thermal management in the TPV cells. Higher efficiencies would require

further improvements on the system components (cells, emitters, etc.) and on the cavity

design.
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8.4 Lessons learned

TPV cells thermal management issues

The thermal management in the cells is a key aspect to improve in future designs. Figure

8.10 shows the estimated cell temperature, for all the shingled pairs and modules of the

system, as a function of the photocurrent density. A more efficient STPV system will

require photocurrent densities higher than 1 A/cm2, and temperatures as high as 100oC

(80oC above the cooling temperature) delivering only 0.8 A/cm2 should not be tolerated.

In this regard, note that there are no major differences among most of the shingled TPV

cell modules 2. This means that a careful material election is not enough to improve

the thermal management, and a new assembly design will be necessary. Specifically, a

different substrate design will be required to enhance the thermal management. The use

of a terraced substrate forced us to use a too thick and low thermally conductive material

(as BN, Shapal-M or ceramic coated copper substrates), and the benefits of the shingled

connection (mainly to reduce the shadowing factor) are not worth.

Fortunately, the good results concerning the thermal management of the TPV cells in

the Configuration B 3, probes that it is possible to operate the cells at low temperatures.

Note that the system Configuration B (comprising half the cells than Configuration C with

a much lower packing density) provides almost the same power than the Configuration C

(Figure 8.2). This is mainly attributed to the better cooling of the cells in the Configuration

B, which uses a simple DBC substrate in between the cells and the water-cooled heat-

sink instead of the complicated terraced substrate used for the shingled modules of the

Configuration C.

Non-uniformity issues

There is a notable dispersion of the measured photocurrent densities of the distinct mod-

ules. This can be caused by a misalignment of the emitter, placing it closer to some of

the modules. For that, a new arrangement to fix the emitter should be investigated. These

2Just the pair M12-T shows a specially higher temperature because of a bad thermal contact between

the cells and the substrate. The Modules M1-M3, manufactured using a different approach, show a slightly

lower cell temperature increment. However, the modules M4-M6, manufactured using the same approach

of modules M1-M3, behave similarly to the rest of the modules. This is possibly due to a deterioration of

the back side thermal contact between the cells and the substrate in the modules M4-M6 (section 7.3.2).
3The cells calculated temperature was only of ∼35oC
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(a) (b)

Figure 8.11: Pictures showing the deposition of substances on the quartz chamber evaporated from a (a)

pure-tungsten emitter and a (b) tungsten emitter coated with HfO2

issues could be relaxed by decreasing the relative distance from the emitter to cells. How-

ever, the non-uniformity losses could also be attributed to the inhomogeneous heating

of the emitter walls. In this case, the solution could be the enhancement of the thermal

conductivity of the emitter walls, for instance, by thickening the walls.

Emitter evaporation

In our system, one of the major loss sources is the sunlight concentrator. Even though

a concentrator efficiency of 67% was measured (section 6.1), the actual concentrator ef-

ficiency could be much lower due to transmission losses at the quartz chamber housing

the emitter. In addition to the unavoidable reflection and absorption losses at the quartz

(estimated to be in the range of 5-10%), the undesirable deposition of materials evapo-

rated from the emitter brings additional transmission losses. The largest depositions were

detected in the case of tungsten-based emitters (rather than in the graphite emitters) and

during the first instants of the test. In subsequent heating of the emitters we did not ob-

serve further evaporation, which makes a pre-heating of the emitter recomendable.

Part of these substances come from the HfO2 coating, but also from the tungsten.

Figure 8.11(a) shows the deposition of substances from a pure-tungsten emitter. Figure

8.11(b) shows the deposition of substances from a tungsten emitter coated with HfO2.

The evaporation of the HfO2 layer not only affects the concentrator efficiency, but

also the emitter spectral emissivity. The evaporation of part of the HfO2 material thins
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Figure 8.12: Reflectance measurements before and after operating a tungsten emitter coated with HfO2

under concentrated sunlight during more than 4 hours. The measurements were conducted at Fraunhofer-

ISE

Figure 8.13: SEM images of the surface of a tungsten emitter coated with HfO2 after 4 hours of operation

under concentrated sunlight

197



Chapter 8. Assembly and characterization of the complete STPV system

the ARC layer, and therefore the spectral emissivity is modified. Figure 8.12 shows the

reflectance measurement of a HfO2 coated emitter before and after operation. The shift

of the minimum reflectance peak to lower wavelengths suggests that the thickness of the

HfO2 layer was reduced. Moreover, Figure 8.13 shows a SEM image of the surface of

that emitter illustrating the formation of islands of about 1µm. These islands are surely

formed because of the mismatch between the thermal expansion coefficients of tungsten

and HfO2. They should also affect the spectral reflectivity shown in Figure 8.12.

Convective losses

In our system, the emitter is protected from oxidation by an over-pressurized Argon flow.

Over-pressure is required to prevent the air from flowing inside the quartz chamber, how-

ever it enhances the convective losses. Argon was selected because it is inert and due to

its relatively low heat capacity and thermal conductivity, which minimizes the convective

losses. Besides, the very high emitter temperature (around 1400oC) reduces the impact of

the convection losses. This is because the convection heat transfer mechanism depends

linearly with the temperature difference, while the radiation depends on the fourth power.

Nevertheless, we noted that the emitter temperature and the output power always dimin-

ished if the Argon flow was too high. To avoid such convective losses, we operated the

system at the minimum Argon flow. However, we expect that the system output power

would be higher if the emitter were operated in vacuum.

8.5 Loss analysis

In the previous sections we already pointed out that overall system efficiencies above 5%

are plausible just by improving the concentrator and the thermal management in the cells.

In this section, we present a more detailed loss analysis according to the models presented

in the chapter 4. This analysis identifies and quantifies all the main loss sources in the

system.

The model presented in Chapter 4 cannot provide information about the losses at-

tributed to the cells heating, interconnection ohmic losses and to current mismatch losses.

Therefore, in this section we focus only on other type of losses: absorber emission, cavity

losses and the TPV cell losses, assuming that the cells operate at room temperature.
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It should be referred that the model presented in Chapter 4 used a simplified TPV cell

model, based on the one-diode electrical circuit shown in the Appendix D. The parameters

used in the TPV cell model (RS, IO and m) were obtained from the fitting of the model

to the flash IV measurements of a non-assembled Ge TPV cell. Then, the cell model is

supplied with the experimental JSC data (tables 8.2 and 8.3) to obtain the estimated I-V

curve that this cell would have if it operated the STPV system at room temperature, and

without additional series resistance introduced by the assembly process. Therefore, the

difference between the actual (measured) power generated by the TPV generator and the

power generated by an ideal cell array (at room temperature and with the minimum series

resistance) should be attributed to the cells heating, interconnection ohmic losses and to

current mismatch losses.

From now on, we shall try to fit the model presented in Chapter 4 to the experimental

results assuming an ideal array of the modeled Ge TPV cells at room temperature. In this

regard, some model parameters are unknown and must be estimated:

• Concentrator efficiency

A concentration efficiency of around 67% was measured (section 6.1). However,

that efficiency does not account for the reflection/absorbtion in the quartz cham-

ber, which is expected to be in the range of 5-10%. Besides, the evaporation on

the quartz window of different compounds from the emitter also affects the final

concentrator efficiency. Therefore, an actual concentrator efficiency in the range of

40-60% should be expected.

• (RC −RE)/RC

This parameter represents the relative distance between the emitter and the cells,

approximating the actual hexagonal photovoltaic receptor by a cylinder. It should

be pointed out that the model assumes the same length for the cells and the emitter.

Therefore, taking into account the particular system configurations, only the MX-T

modules actually satisfy this assumption. Besides and the efficiency obtained from

the model should be multiplied by a factor (≈ 0.7) to account for the inactive area

of the actual photovoltaic receiver with respect to the modeled cylindrical cell area.

For the developed STPV system (RC − RE)/RC between 0.6 and 0.7 is expected,

which corresponds to an overall system efficiency (only considering the modules

MX-T and assuming the cells at 25oC) of about 1%.

199



Chapter 8. Assembly and characterization of the complete STPV system

Figure 8.14: Contour plot of the calculated system efficiency (dashed lines) and short-circuit current density

(solid lines) as a function of the concentrator efficiency and the parameter (RC−RE)/RC. In this simulation

we assumed a pure-tungsten emitter.

• Emitter emissivity at operation temperature

The ARC-tungsten emissivity was measured at room temperature (Figure 6.16).

Nevertheless, a dependence on the operation temperature is expected. A first-order

correction was implemented assuming that the emissivity of the ARC-tungsten

emitter equals the emissivity of the pure tungsten in the long-wavelength range

(Figure 4.13(b)). However, the temperature dependence of the emissivity at the

short-wavelength range is unknown.

Figures 8.14 and 8.15 show the model results (STPV efficiency and short-circuit cur-

rent under 750 W/m2 direct solar irradiance conditions) for two cases: using the pure

tungsten spectral emissivity (Figure 8.14) and using the corrected ARC-tungsten emissiv-

ity (Figure 8.15). In the second case, the model reproduces the experiments if the concen-

trator efficiency is taken to be 30%. However, for the first case, the model fits the exper-

imental results taking a 40% concentrator efficiency. For both cases, the (RC − RE)/RC

parameter has a reasonable range of values. Such concentrator efficiencies are lower than

the expected ones (around 40-60%). Assuming a correct behaviour of the model, there are

three possible explanations for that: First, the actual concentrator efficiency is much lower
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Figure 8.15: Contour plot of the calculated system efficiency (dashed lines) and short-circuit current density

(solid lines) as a function of the concentrator efficiency and the parameter (RC−RE)/RC. In this simulation

we assumed a tungsten emitter coated with HfO2. The emissivity was corrected with respect to the actual

reflectivity measurements at room temperature, to take into account the temperature dependence of the

tungsten emissivity.

than expected. Second, the actual emitter emissivity is no longer that measured at room

temperature for the ARC-W emitter; and lastly, other effects (like convection/conduction

losses) are affecting the actual system performance. In fact, presumably all of these hy-

pothesis may be true simultaneously and, in addition, surely some of the model assump-

tions are also affecting its fitting with the experimental results. Despite these uncertain-

ties, the reasonably good agreement between the experiments and the model validates the

model, at least, to provide an orientative estimation of the losses distribution along the

system.

Figure 8.16 shows the calculated loss analysis for the two kinds of systems. In both

cases a concentrator efficiency of 55% and (RC − RE)/RC = 0.65 are assumed, which

leads to a system efficiency of 1.51% (JSC = 0.87 A/cm2) for the pure tungsten emitter

case and 2.42 % (JSC = 1.35 A/cm2) for the ARC-tungsten emitter.

From these figures we realize that there are two major loss sources: the concentrator

system and the optical cavity (the quartz absorption, the power lost outside the cavity and

the absorption of photons with energies below the band-gap at the cells). In both cases
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there is room for improvement. For instance, concentrator efficiencies above 80%, rather

than 55%, are plausible. Moreover, a close-cavity design could drastically reduce dras-

tically the fraction of power escaping outside the cavity. Further improvements on the

spectral control could also minimize the out-band absorption at the cells and in the quartz

chamber. The in-band losses could be reduced, for instance, by using MJC devices rather

than single-gap Germanium cells. It is important to note that the improvement of any of

these aspects would lead to a different emitter temperature, and consequently the calcu-

lation of the system efficiency cannot be obtained just by multiplying the improvement

factors; i.e. new simulations would be required.
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(a) ARC tungsten emitter

(b) pure tungsten emitter

Figure 8.16: Perceptual loss distribution obtained from the model for a concentrator efficiency of 55%,

(RC −RE)/RC = 0.65 and 750 W/m2 direct irradiance

203



Chapter 8. Assembly and characterization of the complete STPV system

8.6 Summary and conclusions

In this chapter we presented outdoor experimental results of full STPV systems, compris-

ing a sunlight concentrator system (3180X), cylindrical pure-tungsten and ARC-tungsten

(coated with HfO2) emitters and an octagonal/hexagonal water-cooled TPV generator con-

taining eighth/six TPV cell modules. The cylindrical emitter was enclosed in a sealed

quartz chamber where Argon flow is established to prevent the emitter from oxidation.

The full system was mounted on a sun tracker system on the roof of IES-UPM to be

operated under real outdoor conditions.

From the experimental results we identified some performance issues:

• The TPV generator short-circuit current has a supra-linear dependence on the ir-

radiance level. This means that the overall system efficiency increases with the

irradiance (at least, if we assume a constant FF), and therefore we can conclude that

the emitter temperature has not reached the optimum value.

• We detected a notable non-uniformity in the short-circuit current generated by the

TPV cells, which causes mismatch losses in the series-connection between the cells.

• The shingled TPV modules make the cells reach too high temperatures (up to 100oC

for 900 W/cm2), which drastically deteriorates both the VOC and the FF of the cell

array. However, very low cell temperatures (∼ 35oC) were measured under real

operation of the STPV system using a simpler TPV module design, which had a

better cooling of the cells than that of the shingled TPV modules, but a very low

cell packing density.

For these reasons, the measured STPV system efficiency (electrical output power to

incident sun power ratio) is only about 0.8%. However, efficiencies of about 1.5% could

be achieved if the cells operated at 25oC and had no current mismatch losses. Efficiencies

of 3-4% are obtained if we do not compute the concentrator optical losses. This is in a

good agreement with the results recently reported by Ioffe Institute for a similar system,

but using GaSb cells instead of Ge cells [KSP+10].

Finally, a loss analysis was carried out using the analytical model presented in chapter

4. From this analysis it was found that the sunlight concentrator system is one of the major

loss sources, responsible for 40-60% of the total losses. Efficiencies above 5% would be

plausible just improving the concentrator system and the thermal management in the cells.
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The other major source of loss is the TPV cavity; due to the quartz absorption, the power

lost outside the cavity and the absorption of photons with energies below the band-gap at

the cells. Efficiencies above 10% would require an improvement in the TPV cavity design

and its components to enhance the photon recycling process.
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Summary and conclusions

This thesis focuses on the estimation of the achievable sun-to-electricity conversion effi-

ciency of STPV systems, as well as its development and construction. Up to our knowl-

edge, for the first time an overall optimization of a full STPV system is presented, tak-

ing into account the complex interrelations between all its components. Besides, it also

presents, for the first time, a model of a specific cylindrical STPV system, that was imple-

mented in practice. This system, together with that developed at Ioffe Institute within the

frame of the FULLSPECTRUM project, is the first implementation of a STPV system in

Europe and one of the first prototypes developed worldwide.

The thesis is structured in two clearly distinct parts: theory (Part I) and experimental

(Part II). We summarize some of the main conclusions of each part:

PART I: THEORY

This part of the thesis provides theoretical models for STPV systems that take into account

the complex relations among all their integrating components. Using such models we

presented a thorough analysis of these systems and provided several guidelines to design

future efficient systems.

Chapter 1 presents a brief history of STPV technology, the main components re-

quired in a STPV system, and the main competing technologies which are the Stirling and

Thermoelectric generators. Besides, it gives a brief overview of the framework in which

this thesis was carried out (FULLSPECTRUM project) as well as its main objectives and

motivations.

Chapter 2 presents the calculation of the ultimate efficiency limit of STPV systems.

We have seen that this efficiency approaches that of an ideal solar-thermal engine (85.4%).

However, this efficiency is achieved only under a set of very restrictive requirements,

which makes it practically unattainable. These requirements are:

• Maximum sunlight concentration (about 46000X)
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• Ultra high emitter-to-absorber area ratio (tending to infinity)

• Monochromatic radiative exchange between the emitter and the cells

• No optical losses

• No non-radiative recombination mechanisms nor ohmic losses at the cells

• The cells operate at 300K

• There are no temperature gradients in the emitter (meaning that both the emitter and

the absorber are at the same temperature)

Chapter 3 presents a more complete model of solar thermophotovoltaic systems. This

model includes the effect of the sunlight concentration factor, the optical cavity losses, the

emitter-to-absorber area ratio and the non-monochromatic exchange between the emitter

and the cells. Nevertheless, it still considers ideal TPV cells (without non-radiative re-

combination mechanisms nor ohmic losses) and no temperature gradients in the emitter.

Using this model we carried out a multi-parameter optimization of the full system, us-

ing a direct search optimization algorithm. This analysis illustrated the complexity of

the optimization process of a STPV system, in which all components must be considered

simultaneously.

Specifically, we noted the importance of the amount of optical cavity losses on the

optimization of the system. It was realized that ultra-low optical losses are mandatory

to obtain notable benefits from the photon recycling process (turning back to the emitter

the sub band-gap photons). Otherwise, the presence of optical losses barely affects the

maximum achievable efficiency (rarely exceeding 50%). This is because the proper opti-

mization of the system (concentration, band-gap energy of the cells, emitter-to-absorber

area ratio, etc.) attenuates the impact of these losses in the overall performance. This

emphasizes the relevance of a proper optimization of the full STPV system.

Two general requirements were identified to achieve the maximum efficiency in a

STPV system: The highest sunlight concentration factor (above 1000 suns) and a high

emitter-to-absorber area ratio (about 10-30). Both aspects enormously complicate the

practical implementation of these systems. Besides, the high emitter-to-absorber area ratio

leads to a reduction in the produced electrical power density, which drastically affects the

cost of the system.
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In this regard, we identified two solutions that can enhance the conversion efficiencies

and the electrical power densities in STPV systems with moderate sunlight concentration

and emitter-to-absorber area ratios:

• Spectrally selective absorbers

They suppress the absorber emission in the long-wavelength spectral range. This

has two effects: First, allows achieving high emitter temperatures with a lower

sunlight concentration factor. Second, they enhance the energy transfer from the

absorber to the cells, rather than from the absorber to the sun, allowing the use of a

lower emitter-to-absorber area ratio.

As an example, we have seen that a planar configuration (emitter-to-absorber area

ratio of 1) can provide up to 45.3% conversion efficiency (assuming no optical

losses in the cavity) with a sunlight concentration factor of 4.4 suns and a spectrally

selective absorber with a cut-off energy of 1.01 eV. This is the highest photovoltaic

conversion efficiency reported to date for such low concentration factor. With a

more realistic system (assuming 10% of optical cavity losses, a sunlight concentra-

tion of 1000 suns and an emitter-to-absorber area ratio of 2-3), we saw that electri-

cal power densities above 50 W/cm2 and conversion efficiencies exceeding 30% are

possible using an optimized spectrally selective absorber.

• Multijunction cells

They can enhance the efficiency of the conversion of the emitter radiation into elec-

tricity. Therefore, they can provide higher electrical power densities without the

need of a higher emitter temperature. Importantly, they can allow an enhancement

in the conversion efficiency limit even if there is a poor recycling of sub-band gap

photons in the emitter.

For instance, a planar system (emitter-to-absorber area ratio of 1) comprising single

junction cells and a spectrally selective absorber in which 70% of the sub band-gap

photons are lost, provides an efficiency limit of 22.2%, an electrical power density

of 27.1 W/cm2 and an emitter temperature of 2023K. However, if we used dual

junction cells, the efficiency limit would be 29.2% with an electrical power density

of 39.9 W/cm2 and an emitter temperature of 2059K.
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Chapter 4 presents a more realistic model of a specific cylindrical STPV system,

which attempts to predict the performance of the real STPV system implemented in this

thesis and presented in Part II. The modeled system comprises a cylindrical enclosure

whose inner walls play the role of the sunlight absorber and the outer walls play the role

of TPV emitter. The cells are modeled by a concentric external cylinder surrounding the

emitter. The model incorporates the real opto-electronic characteristics of devices (cells,

emitter, etc.) extracted from experimental data.

Concerning the absorber enclosure, if its aspect ratio (L/R) is sufficiently large it is

possible to obtain a very high apparent absorptivity (exceeding 90%), even with a low

absorptivity material in the absorber walls. Besides, this enclosure exhibits an angular de-

pendent absorptivity, which enhances the absorption of the low concentrated sunlight with

respect to the hemispherical emission of the hole. This selectivity is more pronounced if

the emissivity of the absorber walls is low, which results in an improvement in the ab-

sorber efficiency.

We also analyzed two different realistic designs of STPV systems. For a system com-

prising BSR Germanium TPV cells and ARC-tungsten emitters (devices that are presently

available) we calculated efficiencies in the range of 10-15% and electrical power densities

of 1-5 W/cm2, for sunlight concentration ratios ranging from 1,000 to 10,000X. How-

ever, if tungsten emitters (rather than ARC-tungsetn emitters) and Germanium TPV cells

without BSR are used, the expected efficiencies and electrical power density, for the same

range of concetrations, are in the range of 4-10% and 0.1-1 W/cm2, respectively. These

calculations assume a 100% efficient concentrator and TPV cells at room temperature, so

the actual predicted efficiency would be even lower if such assumptions were replaced by

more realistic ones.

PART II: EXPERIMENTAL

This part of the thesis shows the implementation of a complete real STPV system. This

work was carried out at the beginning of the thesis, within the frame of the FULLSPEC-

TRUM project. Therefore, none of the conclusions extracted from the theoretical analysis

(Part I) were applied to design this system. The aim of this part of the thesis was to

identify the main problems concerning the practical implementation of STPV systems,

which led to the theoretical analysis presented in the first part. Therefore, the practical

optimization of the system using the results of Part I is outside the scope of this thesis.
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Chapter 5 shows a description of the full STPV system developed. This system con-

sist in the sunlight receptor system (sunlight concentrator and the cylindrical cup-shape

absorber/emitter) and the polyhedral TPV generator, containing the TPV cell modules,

mounted on a water-cooled polyhedral heat-sink, which is surrounding the emitter.

Chapter 6 presents the characterization of the sunlight receptor system. The sunlight

concentrator, composed of the primary Fresnel lens and a secondary meniscus lens, was

mounted in a two-axis sun-tracker at the IES-UPM roof. The optical efficiency of the

concentrator was measured as a function of the geometrical concentration factor. For that,

we used a broad-band thermal detector at the focus plane and a set of different hole masks

emulating different absorber hole diameters. The use of the secondary lens is found im-

portant to achieve high concentration ratios. For instance, a concentrator efficiency of

67% for C = 3183X (i.e. absorber hole diameter of 12 mm) is obtained when using the

secondary lens; but only of 60% if no secondary is used. On th other hand, for low con-

centration ratios (<1000X) it is preferable not to include the secondary, to avoid reflection

losses.

This concentrator heated several emitters, made of graphite and tungsten, enclosed

in a quartz chamber with an over-pressurized Argon flux. We attempted to measure the

temperature of several emitters using thermocouples. Unfortunately, only approximate

temperature values were obtained because we were not able to reach thermal equilibrium

between the thermocouple and the emitters. Taking into account both experimental data

and model calculations, we have seen that graphite emitters, with diameters of 12,16 and

19 mm and lengths of 16, 24, 32 and 40 mm, can reach temperatures of 800-1200oC. Be-

sides, it was seen that the 12 mm diameter emitters (corresponding to a sunlight concen-

tration factor of 3183X) achieved the highest temperature for a given L/R value, despite

the lower concentrator efficiency.

Using tabulated emissivity data for pure-tungsten and the room-temperature reflectiv-

ity measurements of ARC-tungsten emitters, we estimated that these emitters can reach

temperatures in the range of 1300-1500oC, assuming a diameter of 12 mm and emitter

lengths between 40 and 16 mm, respectively.

Chapter 7 presents the development and characterization of the TPV cell modules.

Each module contains an array of Germanium TPV cells. Three kinds of TPV modules

were developed, each leading to a different TPV generator. The early module designs

comprised only one or two parallel-connected cells. Using these modules, we built an
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octagonal 8x1 (8 series connected cells) and an hexagonal 6x2 (6 series by 2 parallel

connected cells) TPV generator.

More sophisticated modules were manufactured using the shingled arrangement. With

this approach we built TPV modules comprising two series-connected (shingled) cells by

two parallel-connected cells. Using these modules we built an hexagonal 6x4 (12 series

by two parallel-connected cells) TPV generator. The shingled arrangement attempted to

maximize the packing density of the TPV cell array. The manufactured shingled mod-

ules showed a relatively high FF (65-70%) for relatively high current densities (up to

2 A/cm2), demonstrating that the shingled arrangement is suitable for developing prac-

tical TPV modules. Besides, using these modules, the full TPV generator can provide

a total open-circuit voltage of about 4V and a short-circuit current of 3.1 A, assuming

1 A/cm2 current density and that the cells operate at room temperature. The different

lessons learned during the manufacturing of shingled TPV modules are described along

the chapter.

Chapter 8 presents the characterization of full STPV systems under real outdoor con-

ditions. It was observed that the short-circuit current of the TPV generator shows a supra-

linear dependence on the irradiance level. This means that the emitter temperature did not

reach the optimum value. Besides, we detected other undesirable effects: a notable non-

uniformity of the short-circuit current generated at the different TPV cells, which causes

mismatch losses in the series connection between them, and a too high cell temperature

(up to 100oC for 900 W/cm2) which drastically deteriorates both the VOC and the FF

of the array. As a consequence, the measured STPV system efficiency (electrical output

power divided by the incident sun power) is extremely low: about 0.8%.

The loss analysis shows that if the cells operated at 25oC and had no current mismatch

losses, the overall efficiency would be about 1.5%4, which would represent almost an

100% improvement. However, that efficiency is still extremely low. There are two main

reasons for such low efficiency: First, the emitter temperature did not reach a sufficiently

high value. Second, the high concentration losses (estimated to be about 40-60%). The

improvement of the sunlight concentrator system is a key aspect, since it would also allow

a higher emitter temperature. If we do not compute the concentrator optical losses, the

overall system efficiency would be about of 3-4%. This is in a good agreement with

4Very low cell temperatures (∼ 35oC) were measured under real operation of the STPV system using a

simpler TPV module design, which had a better cooling of the cells than that of the shingled TPV modules,

but a very low cell packing density.
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the results recently reported by Ioffe Institute for a similar system, but using GaSb cells

instead of Ge cells [KSP+10]. To the best of our knowledge, these two results are the first

reported overall solar-to-electricity efficiencies of STPV systems.

Using the model presented in Chapter 4, it was predicted that efficiencies above 5%

could be attainable by this system just by improving the concentrator system and the ther-

mal management in the cells. Actually, efficiencies above 10% are achievable in practice,

but it would be required to redesign the TPV optical cavity, incorporating spectral control

components to perform a better recycling of sub band-gap photons (filters, better selective

emitters, reflectors at the back-side of the cells, etc.).

APPENDICES

Several appendices has been also included. Appendix A presents a brief theoretical

background, useful to understand the theoretical part of this thesis (Part I). Appendix

B presents the modeling of STPV systems, taking into account not only the radiative ex-

change but also the thermal conduction within the STPV components. This analysis is,

in fact, the continuation of the modeling activity presented in the first part of the the-

sis (chapters 2 to 4), and it could be useful as a starting point for future research in this

topic. Appendix C explains the Nelder and Mead algorithm, mostly used in chapter 3, to

optimize the STPV system. Appendix D describes the proposed method to model TPV

cells under variable irradiance conditions. This model was employed in chapter 4 to sim-

ulate realistic Ge TPV cells. Appendix E explains the details of the implementation of a

constant-voltage multi-flash I-V tester, used to measure TPV cells and TPV cell modules.

Finally, Appendix F presents the development of a specific TPV cell module designed to

be used in a micro-TPV generator.
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Future work

The main contributions of this thesis are: (I) the theoretical tools that can be used to design

future efficient STPV systems and (II) the experimental characterization of a complete

STPV system, which provides feedback data for the models and for the loss analysis.

Using these models, we estimated that efficiencies of about 10% and electrical power

densities of about 1 W/cm2 are achievable in practice, using devices and components that

are presently available. Besides, efficiencies of about 30% and electrical power densities

of 50 W/cm2 are plausible in the long term.

At the moment, considering the high direct sun-to-electricity conversion efficiencies

achieved by other concentration photovoltaic systems using multijunction cells (above

30%), we realize that the use of STPV systems is not justified just in terms of conversion

efficiency. This is mainly due to the high complexity of these systems, which also affect

the cost of the produced energy.

However, STPV systems offer two main potential advantages with respect to the rest of

photovoltaic alternatives: the possibility of solar thermal storage and also the possibility of

developing solar/fuel hybrid systems. In this regard, the lower efficiency and higher cost

of STPV systems, relative to other photovoltaic technologies, could be compensated by

the better performance of these systems, which could provide electricity upon demand and

not only when the sun shines. Besides, since the STPV technology is based on solid-state

devices (without moving parts) these systems can provide drastic advantages with respect

to other technologies, such as Stirling generators. Therefore, we think that future research

in STPV should focus on the development of generators with solar thermal energy storage

and/or hybrid fuel/sun inputs.

One of the main conclusions of this thesis is that with the use of a spectrally selective

absorber and multijunction cells it is possible to design efficient planar STPV systems.

The planar configuration provides considerable advantages to implement a real STPV

system. For instance, the easier assembly of the cells in a planar substrate, rather than
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in an polyhedral-shape structure. Besides, the fabrication of spectrally selective emitters

and filters is also made easier, since they are usually manufactured by planar technologies

(coating, photo-lithography processes, etc.). Therefore, we think that both planar configu-

ration (designed using multijunction cells and a spectrally selective absorber) and thermal

storage (or alternative fuel/sun input) should be combined to design a STPV system. This

system would have a relatively simple configuration with the important added value of

providing energy from the sun upon demand.

For that, the models presented in this thesis should be modified accordingly, to take

into account materials phase change during melting, which is responsible of the thermal

storage. This would require the inclusion of the time variable in the dynamic radiative

exchange problem.
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Appendix A

Theoretical Background

A.1 Characteristics of radiation

The photon flux (Ṅ ) and the energy flux (or power density, Ė) of photons with chemical

potential µ and energy between ε1 and ε2 that are emitted by a surface at temperature T

in vacuum in the normal direction (θ = 0, Figure A.1) and per unit of solid angle (dΩ) are

given by

Ṅ(ε1, ε2, T, µ) ≡
∫ ε2

ε1

ṅ(ε, T, µ)dε (A.1)

Ė(ε1, ε2, T, µ) ≡
∫ ε2

ε1

ė(ε, T, µ)dε (A.2)

where ṅ(ε, T, µ) and ė(ε, T, µ) denote, respectively, the spectral photon and energy fluxes

in the normal direction (θ = 0) and per unit of solid angle (dΩ). There are given by the

generalized Planck equation [LH03, Wür82]:

ṅ(ε, T, µ) ≡ 2

h3c2
· ε2

exp ( ε−µ
kT

)− 1
· ε(ε, θ = 0, ϕ) (A.3)

ė(ε, T, µ) ≡ 2

h3c2
· ε3

exp ( ε−µ
kT

)− 1
· ε(ε, θ = 0, ϕ) (A.4)

where h is Planck’s constant, k is Boltzmann’s constant, c is the speed of light in vacuum

and ε(ε, θ, ϕ) is the directional-spectral emissivity (for each photon energy ε and angle

of incidence) of the surface in a direction given by the angles θ and ϕ (Figure A.1), and

it equals the directional-spectral absorptivity α(ε, θ, ϕ), as stated by the Kirchhoff law of

radiation:
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Figure A.1: The differential solid angle dΩ of emission from a surface dA defining an angle θ with the

surface normal vector n̂

α(ε, θ, ϕ) = ε(ε, θ, ϕ) (A.5)

The total photon and energy flux emitted by a surface dA immersed in a medium of

refractive index nr in a solid angle dΩ and in a direction defined by the angles θ and ϕ

(Figure A.1) are given by Ṅ(ε1, ε2, T, µ)dH and Ė(ε1, ε2, T, µ)dH , respectively. Being

dH the differential of the Lagrange invariant or étendue (extension) [WMB05] given by:

dH ≡ n2
r cos θdAdΩ = n2

r cos θsinθdAdθdϕ (A.6)

Consequently, the total number of photons and energy rates emitted by a surface within

a finite étendue H , i.e. finite emitter area (A) and finite solid angle (Ω), and within a

specific spectral band (ε1,ε2) are given by:

N(ε1, ε2, T, µ,H) ≡
∫ ε2

ε1

n(ε, T, µ,H)dε (A.7)

E(ε1, ε2, T, µ,H) ≡
∫ ε2

ε1

e(ε, T, µ,H)dε (A.8)

where n(ε, T, µ,H) and e(ε, T, µ,H) are the number of photons and energy rates for a

finite étendue and per unit of photon energy:

n(ε, T, µ,H) ≡ 2

h3c2

∫
H
ε(ε, θ, ϕ) · ε2

exp ( ε−µ
kT

)− 1
· dH (A.9)

e(ε, T, µ,H) ≡ 2

h3c2

∫
H
ε(ε, θ, ϕ) · ε3

exp ( ε−µ
kT

)− 1
· dH (A.10)
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If the emissivity of the surface is independent of direction (Lambertian absorber/emitter)

the integration over spatial coordinates can be separated from the integration in photon en-

ergies, and equations (A.7)-(A.10) can be expressed as:

N(ε1, ε2, T, µ,H) = H · Ṅ(ε1, ε2, T, µ) (A.11)

E(ε1, ε2, T, µ,H) = H · Ė(ε1, ε2, T, µ) (A.12)

n(ε, T, µ,H) = H · ṅ(ε, T, µ) (A.13)

e(ε, T, µ,H) = H · ė(ε, T, µ) (A.14)

where the finite étendue H is obtained by integration of equation (A.6):

H = n2
out ·

∫
A

∫ θmax

θmin

∫ ϕmax

ϕmin

cos θsinθdAdθdϕ =

=
n2

out

2
· A · (ϕmax − ϕmin) ·

(
sin2 θmax − sin2 θmin

)
(A.15)

In geometrical optics, H represents the volume filled by a beam in the phase-space

domain [WMB05]; thus, it represents the spatial/angular extension of emission, and it

must be conserved in a non-lossy optical system.

From equation A.15 it follows that the étendue corresponding to the emission of a

Lambertian surface in the whole hemisphere is given by H = n2
outπA (making θmin =

0, θmax = π/2, ϕmin = 0 and ϕmax = 2π). Moreover, if we assume a grey emitter

(emissivity independent of photon energy), it can be demonstrated that the solution of

equation (A.2) when µ = 0 (thermal radiation), ε1 = 0 and ε2 → ∞ is Ė(0,∞, T, 0) =

(1/π)·σT 4 [SH72], being σ the Stefan-Boltzman constant. Hence, the total energy emitted

by a Lambertian-grey surface (of area A, emissivity ε and surrounded by a medium of

refraction index nout) in the whole hemisphere can be expressed as:

E(0,∞, T, 0, n2
r πA) = εn2

rAσT
4 (A.16)

Finally, specially interesting quantities for dealing with radiation are the energy flux

per unit of area (radiative power density), q, and the spectral energy flux per unit of area

(radiative spectral power density),qε, given by:

q = E(ε1, ε2, T, µ,H)/A (A.17)

qε = e(ε, T, µ,H)/A (A.18)

221



Appendix A. Theoretical Background

Independent variable
Magnitude

Photon energy Wavelength
Units (SI)

spectral-normal energy flux ė(ε, T, µ) ė(λ, T, µ) W/m2sr-J

spectral-normal photon flux ṅ(ε, T, µ) ṅ(λ, T, µ) No.ph/m2sr-J-seg

spectral energy rate e(ε, T, µ,H) e(λ, T, µ,H) W/J

spectral photon rate n(ε, T, µ,H) n(λ, T, µ,H) No.ph/J-seg

normal energy flux Ė(ε1, ε2, T, µ) Ė(λ2, λ1, T, µ) W/m2sr

normal photon flux Ṅ(ε1, ε2, T, µ) Ṅ(λ2, λ1, T, µ) No.ph/m2sr-seg

energy rate (power) E(ε1, ε2, T, µ,H) E(λ2, λ1, T, µ,H) W

photon rate N(ε1, ε2, T, µ,H) N(λ2, λ1, T, µ,H) No.ph/seg

spectral energy flux qε = e(ε, T, µ,H)/A qλ = e(λ, T, µ,H)/A W/m2-J

energy flux q = E(ε1, ε2, T, µ,H)/A q = E(λ2, λ1, T, µ,H)/A W/m2

Table A.1: Summary of the nomenclature used in this thesis for radiative energy and photon fluxes

Alternative expressions for all these magnitudes can be obtained with the wavelength

(λ) as the independent variable, instead of the photon energy (ε). For that, equations (A.3)

and (A.4) have to be rewritten taking into account that ė(ε, T, µ)dε = ė(λ, T, µ)dλ and

that ε = hc/λ, so that dε = −(hc/λ2)dλ. It leads to:

ṅ(λ, T, µ) ≡ 2c

λ4
· 1

exp (hc/λ−µ
kT

)− 1
· ε(λ, θ = 0, ϕ) (A.19)

ė(λ, T, µ) ≡ 2hc2

λ5
· 1

exp (hc/λ−µ
kT

)− 1
· ε(λ, θ = 0, ϕ) (A.20)

In table A.1 all the quantities introduced in this chapter are summarized.

A.2 Radiative exchange within optical cavities

Let’s now take a Lambertian surface Ak at temperature Tk exchanging radiation with a set

of N Lambertian surfaces, having each of them an area Aj and temperatures Tj (j ranging

from 1 to N) and assume that all these surfaces are immersed in vacuum (nr = 1). A

relevant parameter to analyze the radiative exchange between two of these surfaces is the

view-factor (F ), defined as the fraction of energy leaving a Lambertian and isothermal

emitting surface Ak impinging the surface Aj [SH72]:

Fk-j =
1

Ak

∫
Ak

∫
Aj

cos βk cos βj

πd2
dAkdAj (A.21)
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Figure A.2: The radiation exchange between N Lambertian surfaces of area Aj, temperature Tj and when

external energy Qj is supplied to or dissipated from each component

where βk (βj) is the angle formed between the surface normal and the vector of length d

joining the differential element dAk (dAj) (Figure A.2). Obviously, a similar definition

can be stated for the fraction of energy leaving each surface Aj that arrives at surface Ak;

and due to the symmetry of equation A.21 the following reciprocity relation holds:

AkFk-j = AjFj-k (A.22)

The complex radiative exchange between the N surfaces of Figure A.2 can be analyzed

by means of the net-radiation method [SH72]. This method was firstly devised in [Hot54]

and has been already used for analyzing TPV cavities [Chu07a]. In this method, two kind

of equations can be written for each of the surfaces within the cavity:

qo
ε,k = πεε,k · ė(ε, Tk, 0) + ρε,k · qi

ε,k (A.23)

Qk = Ak ·
∫ ∞

0

εε,k · (π · ė(ε, Tk, 0)− qi
ε,k) · dε (A.24)

Equation A.23 states that the spectral power density (qo
ε,k) outgoing from surface Ak

is composed of directly emitted (first term) plus reflected energy (second term). Here εε,k
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and ρε,k are the diffuse spectral emissivity and reflectivity of surface Ak, respectively, and

qi
ε,k is the incident spectral power density on surface Ak. This results from the emission

of the rest of the surfaces in the cavity, so it can be formulated as a function of qo
ε,j:

qi
ε,k =

N∑
j=1

qo
ε,j · τε,j−k · Fk-j (A.25)

where τε,j−k is the spectral transmittance of any obstacle placed between surfaces Aj and

Ak. Equation A.24 states that the external energy Qk supplied to (if positive) or dissipated

from (if negative) the kth component results from an energy balance at the component.

By introducing equation A.23 into equation A.24 and assuming opaque surfaces (εε,k =

1− ρε,k) we obtain:

Qk = Ak ·
∫ ∞

0

(qo
ε,k − qi

ε,k) · dε (A.26)

Both equations A.23 and A.24 (or A.26) are combined to provide the qo
ε,j values, which

constitute the solution of the radiation exchange problem. Equation A.23 is evaluated for

the components with a known Tk, and equation A.24 is evaluated for those with a known

Qk. In that case, just one equation (either A.23 or A.24) for each surface is required.

Nevertheless, in most of cases, neither Tk nor Qk are known and Qk is a function of Tk.

As such, both A.23 and A.24 must be evaluated simultaneously, providing 2N equations

with 2N unknowns. Being the qo
ε,j values, N of the unknowns and the other N, the Tj or

equivalently Qj values.

The net-radiation method assumes Lambertian emitting/reflecting surfaces uniformly

illuminated. Lambertian surfaces are assumed in order to allow the definition of the view-

factor (equation A.21), greatly simplifying the solution of the problem. Moreover, the

assumption of uniform illumination is required to allow the addition of the two terms

of equation A.23. Therefore, the size of the areas considered to analyze the problem

becomes a key aspect. If very large areas were considered, the radiation on each of them

could hardly be taken as uniform, and such assumption would become invalid. For this

reason, the cavity must be decomposed on small isothermal portions in which the radiation

coming from the other surfaces can be assumed uniform.
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Analytical modeling of STPV systems

considering coupled

radiative-conductive heat transfer

mechanisms

In [AHL03] it is described how to model a TPV system considering coupled radiation and

conduction mechanisms: ”An iterative solution procedure between the radiative (e.g. with

the Monte Carlo method) and the conductive contribution (e.g. with the finite difference

method) is necessary”. To illustrate the complexity of this analysis let’s show how solar

energy is transferred to the TPV cells in the system of the Figure 4.1: First, the sunlight

is absorbed by the inner walls of the absorber, after multiple reflections within the inlet

hole. Depending on the sunlight spatial/angular distribution at the mouth of the hole and

the surface finishing of the inner walls of the absorber, the sunlight is absorbed with differ-

ent probability at different locations within the hole (x or r). The thermal emission from

the absorber walls also contributes to the radiative exchange in the hole. This results in a

temperature profile at the inner walls of the absorber which is affected by the lateral ther-

mal conduction (along the x or r directions). This temperature profile is the result of an

energy balance at each portion of the absorber walls (dx or dr). Besides, due to the pres-

ence of both the filter and the cells around the emitter, part of the radiative energy leaving

each dx of the emitter is reflected back and (part of it) is reabsorbed at different emitter

locations dx′, modifying the temperature distribution along the x direction. In brief, each

portion of the absorber/emitter (dx and dr) undergoes a complex heat exchange involving
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conduction, radiation and, if a gas fills the volume surrounding the absorber/emitter, also

convection heat transfer mechanisms. Moreover, each of the surfaces has spectral and

angular dependent properties which must be taken into account.

In this appendix we present an analytical approach to solve this problem, assuming

non-grey diffuse surfaces and avoiding the presence of convective heat transfer mecha-

nisms.

B.1 Model formulation

Figure B.1 shows the heat fluxes (both radiative and conductive) involved in each infinites-

imal portion of the cylindrical components. The net conductive heat flux is proportional

to the temperature derivative in a given direction (x or r), as stated by the Fourier law of

heat conduction. Therefore, if we assume that the temperature profile is a function of one

coordinate only (x for the cylinder walls or r for the disk), the net conductive heat fluxes

shall become a function of only that coordinate too. Since each portion is illuminated

(absorbs energy) and radiates towards other elements (looses energy), the conductive heat

input (Q+(xik) or Q+(rik)) does not equal the conductive heat output (Q−(xik + δx) or

Q−(rik + δr)) but is increased or decreased depending on the radiative balance at the

+ and − surfaces. Given these considerations, the output conductive heat flux can be

expressed as a function of the input heat flux by means of a Taylor expansion:

Q−(x+ δx) = Q+(x) +
dQ+(x)

dx
· δx+ ... (B.1)

Q−(r + δr) = Q+(r) +
dQ+(r)

dr
· δr + ... (B.2)

The Fourier law states that:

Q+(x) = kth ·
[
π(R2

0 + lr)
2 − πR2

0

]
· dT
dx

(B.3)

Q+(r) = kth · [2πrlx] ·
dT

dr
(B.4)

Where kth is the thermal conductivity of the material. Therefore, combining equations

(B.1)-(B.4), and assuming a constant kth, results in:
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B.1. Model formulation

Figure B.1: Energy balance in infinitesimal portions of the cylindrical components (left: hollow cylinder,

right: disk)

Qk(x) = Q+
k (x)−Q−k (x+ δx) = kth

[
π(R2

0 + lr)
2 − πR2

0

]
· d

2Tk(x)

dx2
δx (B.5)

Qk(r) = Q+
k (r)−Q−k (r + δr) = kth [2πlx] ·

d

dr

(
r · dTk(r)

dr

)
δr (B.6)

Which represents the net conductive heat supplied (if positive) or dissipated (if nega-

tive) from that infinitesimal portion of the component. The excess (or deficiency) of heat

must be compensated by the net radiative energy emitted (or absorbed) at each portion

(denoted as qk(ξ)). Therefore we can write:

Qk(ξ) = qk(ξ) =

∫ ∞
λ=0

dA+
k (ξ) ·

[
qo+λk (ξ)− qi+λk(ξ)

]
+ dA−k (ξ) ·

[
qo−λk (ξ)− qi−λk(ξ)

]
· dλ
(B.7)

where ξ takes either r or x values, depending on the component considered. The functions

q
o(+−)
λk (ξ) represent the spectral energy flux outgoing from the position ξ (≡ x or r) of the

+ or − side of the component k. These functions are given by the sum of the directly

emitted plus reflected energy:
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qo+λk (ξ) = ε+λ,k · πė(λ, Tk(ξ), 0) + ρ+
λk ·
∑
n

∫
ξ′
qo−λn (ξ′) · τλ,ξ′n−ξk · dFdξk−dξ′n (B.8)

qo−λk (ξ) = ε−λ,k · πė(λ, Tk(ξ), 0) + ρ−λk ·
∑
m

∫
ξ′
qo+λ (ξ′) · τλ,ξ′m−ξk · dFdξk−dξ′m (B.9)

where subscripts k, m and n identify each component within the system. k identifies the

component over which equations (B.8) and (B.9) are evaluated, n identifies the compo-

nents radiating to the + side of the component k andm identifies the components radiating

to the − side of the component k. The variable ξ defines the position of the k component,

and variable ξ′ defines the position of the m and n components. Note that the same tem-

perature is assumed for both sides of the component (i.e. T+
k (ξ) = T−k (ξ) = Tk(ξ)). The

functions qi(+−)
λk (ξ) represent the incoming spectral energy flux at the position ξ (≡ x or

r), at the + or − side of the k component, and can be easily obtained from q
o(+−)
λk (ξ):

qi+λk(ξ) =
1

ρ+
λ,k

·
[
qo+λk (ξ)− ε+λk · πė(λ, Tk(ξ), 0)

]
(B.10)

qi−λk(ξ) =
1

ρ−λk
·
[
qo−λk (ξ)− ε−λk · πė(λ, Tk(ξ), 0)

]
(B.11)

Finally, inserting equation (B.7) on the left of equations (B.5) and (B.6), and noting

that the functions qk(ξ) are also dependent on the temperature profiles of every component

within the cavity, we arrive at the two following differential equations, one for each kind

of component (hollow cylinder and disk, respectively) of figure B.1:

kth
[
2π(2R0lr + l2r )

]
· d

2Tk(x)

dx2
δx− qk(x, T1(ξ), ..., Tk(x), ..., TN(ξ)) = 0(B.12)

kth [2πlx] ·
d

dr

(
r · dTk(r)

dr

)
δr − qk(r, T1(ξ), ..., Tk(r), ..., TN(ξ)) = 0(B.13)

Note that these equations require two contour conditions, either for the temperature or

its derivative. The complex form of the function qk makes it difficult to find an analytical

solution of this equations. Besides, for a given system composed by a set of components,

these equations must be solved simultaneously for all the components since qk depends

on the temperature distribution in each of them. Therefore, an iterative approach similar

to that shown in Figure 4.6 has to be used. The only difference now is that every quantity

(either energy fluxes or temperature) is dependent on the location within each component.

The next section gives a detailed description of the solution of equations (B.12) and (B.13)

for the cylindrical STPV system of figure 4.1.
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B.2 Solution of the one-dimensional heat equation for cylin-

drical components

In this section we describe how to solve equations (B.12) and (B.13) for the particular

problem of the cylindrical STPV system of Figure 4.1. We consider small (but finite)

portions of each component (see figure B.1) of length δx (for longitudinal coordinates)

or δr (for radial coordinates)1. In this way, the integrals in equations (B.8) and (B.9)

can be converted into discrete sums. If a component is divided into N − 1 portions, the

locations of all the portions can be grouped in a coordinates vector: x = [x1, x2, ...xi...xN ]

or r = [r1, r2, ...ri...rN ]. The evaluation of equations (B.8)-(B.9) in each component

provides the following set of equations:

qo−λE(xi) = ρ−λE ·

[
qi−λ,sun(xi) +

∑
j

qo−λE(xj) · FδxiE−δxjE+

+
∑
j

qo−λE′(rj) · FδxiE−δrjE′

]
+ ε−λE · πė(λ, TE(xi), 0) (B.14)

qo+λE(xi) = ρ+
λE ·

[∑
j

qo−λC(xj) · FδxiE−δxjC +
∑
j

qo−λR1(rj) · FδxiE−δrjR1
+

+
∑
j

qo−λR2(rj) · FδxiE−δrjR2

]
+ ε+λE · πė(λ, TE(xi), 0) (B.15)

qo+λE′(ri) = ρ+
λE′ ·

∑
j

qo−λR3(rj) · FδriE′−δrjR3
+ ε+λE′ · πė(λ, TE′(ri), 0) (B.16)

qo−λE′(ri) = ρ−λE′ ·

[
qi−λ,sun(ri) +

∑
j

qo−λE(xj) · FδriE′−δxjE

]
+ε−λE′ · πė(λ, TE′(ri), 0) (B.17)

qo−λR3(ri) = ρ−λR3 ·
∑
j

qo+λE′(rj) · FδriR3−δrjE′ + ε−λR3 · πė(λ, TR3(ri), 0) (B.18)

qo−λC(xi) = ρ−λC ·

[∑
j

qo+λE(xj) · FδxiC−δxjE +
∑
j

qo−λR2(rj) · FE
δxiC−δrjR2

+

+
∑
j

qo−λR1(rj) · FE
δxiC−δrjR1

+
∑
j

qo−λC(xj) · FE
δxiC−δxjC

]
+

+ε−λC · πė(λ, TC(xi), µ(xi)) (B.19)

1δx or δr must be small enough to ensure uniform illumination and uniform temperature in each portion
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qo−λR1(ri) = ρ−λR1 ·

[∑
j

qo+λE(xj) · FδriR1−δxjE +
∑
j

qo−λC(xj) · FE
δriR1−δxjC+

+
∑
j

qo−λR2(rj) · FE
δriR1−δrjR2

]
+ ε−λR1 · πė(λ, TR1(ri), 0) (B.20)

qo−λR2(ri) = ρ−λR2 ·

[∑
j

qo+λE(xj) · FδriR2−δxjE +
∑
j

qo−λC(xj) · FE
δriR2−δxjC+

+
∑
j

qo−λR1(rj) · FE
δriR2−δrjR1

]
+ ε−λR2 · πė(λ, TR2(ri), 0) (B.21)

where subscript E represents the cylindrical walls of the absorber/emitter (the + side

is the emitter and the − side is the absorber), E ′ represents the bottom disk of the ab-

sorber/emitter (the + side is the inactive part of the emitter and the− side is the bottom of

the absorber enclosure), R3 represents a reflector placed in front of the inactive emitter (+

side of the element E ′), C represents the TPV cells and R1 and R2 represent the lateral

reflectors placed between the emitter and the TPV cells. Note that qi−λ,sun(x) is the sunlight

spectral energy flux distribution, incident on the inner walls of the absorber. We assume

this function known2. Equations (B.14)-(B.21) can be formulated in matrix form:

qoλ = Aλ · qoλ +Bλ ⇒ qoλ = Bλ · [I− Aλ]
−1 (B.22)

where I is the identity matrix and qoλ is the concatenation of every vector qo(+,−)
λk (ξ) (being

ξ ≡ x or r):

qoλ =
[
qo−λE(x), qo+λE(x), qo+λE′(r), q

o−
λE′(r), q

o−
λR3(r), qo−λC(x), qo−λR1(r), qo−λR2(r)

]
(B.23)

The matrix Aλ includes all the information of the cavity (i.e. view-factors and spectral

reflectivity of every surface) and the vector Bλ includes the emission properties of every

portion (last terms of equations (B.14)-(B.21)) which depend on the portion temperature.

For a given temperature profile (estimated), Equation (B.22) is evaluated for every λ of

interest to obtain the spectral energy fluxes at any location in the system. Then, these

values are introduced into equation (B.7) to obtain a first approximation of the vector

qk, which represents the external heat that should be supplied to each portion of every

component to obtain such estimated temperature profiles. Then, an iterative process is
2This function could be obtained, for instance, from stochastic ray-tracing tools.
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carried out, in which better approximations to the temperature profiles are determined,

until the equations (B.12) or (B.13) are satisfied for each component. To numerically

evaluate these equations we discretize the derivatives. This leads to:

kth
[
2π(2R0lr + l2r )

]
· Tk(xi+1)− 2Tk(xi) + Tk(xi−1)

δx2
δx− qk(xi) = 0(B.24)

kth [2πlx] ·
Tk(ri+1) · (ri + 2δr)− 2riTk(ri) + Tk(ri−1) · (ri − 2δr)

δr2
δr − qk(ri) = 0(B.25)

Each differential equation is decomposed in a system of N − 2 linear equations 3

(being N the number of elements of the vector ξ ≡ x or r) with N unknowns (the values

of the temperatures at each location). The remaining two equations required to solve the

problem are of the two contour conditions relative to the temperature and its derivative:

Tk(ξ)|ξ=ξ0 = C1 ⇒ Tk(ξi) = C1 (B.26)

dTk(ξ)

dξ

∣∣∣∣
ξ=ξ0

= C2 ⇒
Tk(ξi+1)− Tk(ξi−1)

2δξ
= C2 (B.27)

The system of N equations given by equation (B.24) or (B.25) plus the two contour

conditions given by (B.26) and/or (B.27) can be written in the following matrix form:

Mk · Tk − qk = 0 (B.28)

Moreover, when all the components are considered simultaneously, so we write:



[
(M1)ij

]
. . . [

(Mk)ij

]
. . . [

(MP )ij

]


·



T1

...

Tk
...

TP


−



q1

...

qk
...

qP


= 0

(B.29)

where P is the number of components composing up the system, in our case P = 6:

cylindrical emitter (E), bottom-disk emitter (E ′), lateral reflectors (R1 and R2), reflector

3Note that equations (B.24) and (B.25) can only be evaluated over the central elements of ξ ≡ x or r,

i.e. i ranging from 2 to N-1.
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at the bottom-disc emitter (R3), and the TPV cells (C). Therefore, equation (B.29) rep-

resents a set of N × P equations with N × P unknowns that must be solved iteratively

because q depends on T . To solve this equation, note that it can be expressed in the form:

G(T ) = 0 (B.30)

Therefore, the problem is reduced to finding the zeros of the function G(T ). For

that, the multidimensional Newton method can be used. In this method, the temperature

profile in the iteration j+1 is given as a function of the temperature profile in the previous

iteration (j):

T j+1 = T j −
[
∇G(T j)

]−1 ·G(T j) (B.31)

where ∇G is the jacobian of the function G, computed numerically.

B.3 Model results

As an example, we perform the analysis of a planar STPV system. In this case, the number

of components is reduced to P = 3 (the absorber, the emitter and the TPV cells), so the so-

lution effort is considerably reduced. Assuming that an optical concentrator is used to heat

the absorber, the resulting sunlight profile at the focus plane (absorber) is non-uniform.

Depending on the specific concentrator design, the difference between the maximum and

minimum concentration levels ranges from tens to thousands of suns [VDIG09]. This

non-uniform profile has a great impact on the temperature profile of the absorber/emitter,

also influenced by the lateral thermal conductivity in the radial direction. Figure B.2

shows the temperature profiles obtained for a Gaussian sunlight distribution from 10,000

suns down to 300 suns, for different thermal conductivity values. In this example, we

considered a black-body absorber and emitter, and GaSb TPV cells with an ideal BSR

(reflectivity of one). The GaSb cells are modeled with the pseudo-experimental model

proposed in [FF95]. Note that, as expected, the temperature profile is more accentuated

for low thermal conductivities. The resultant STPV efficiencies are shown in Table B.1

for different thermal conductivities and distances between the cells and emitter. It should

be highlighted the remarkable effect of the thermal conductivity (or equivalently, the tem-
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perature profile) on the system efficiency4. Note that efficiencies ranging from 1% up to

10% are obtained, depending on both the thermal conductivity and the distance between

the cells and the emitter.

Figure B.2: Temperature profiles, for different absorber/emitter thermal conductivities kth, of a planar STPV

system under a non-uniform Gaussian concentration level. Assuming d = 500µm, R = 2.5cm and h =

0.1cm.

4Note that these efficiencies does not consider any kind of losses associated with non-uniform current

generation at the TPV cells
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kth (W/m-K) h = 0.1cm h = 0.5cm h = 1cm

1 9.34 8.09 6.35

10 8.52 7.35 5.75

50 5.59 4.72 3.61

100 3.61 2.91 2.17

200 2.26 1.66 1.20

Table B.1: STPV efficiency of a planar STPV system composed of GaSb cells as a function of the thermal

conductivity of the absorber/emitter and the distance between the emitter and the cells (the GaSb cells are

modeled using the model proposed in [FF95]).
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Appendix C

Nelder and Mead simplex algorithm

The Nelder and Mead multidimensional optimization algorithm ”attempts to minimize a

scalar-valued nonlinear function of n real variables using only function values, without

any derivative information (explicit or implicit). The Nelder and Mead method thus falls

in the general class of direct search methods” [LRWW98]. In this method, each iteration

starts with a non-degenerated simplex1, which consists of a set of n+1 points (or vertices)

and their associated function values. Let’s denote the simplex as ∆k = [x1x2...xn+1],

where the xi represent a set of n variables required to evaluate the function, and f(xi)

is the function value associated with the vertex xi of the simplex. In each iteration the

simplex ∆k+1 is modified, according to some specific rules, to minimize (or maximize)

the function f . A detailed explanation of the algorithm is found in [LRWW98] and a

simple flux diagram is shown in figure C.1.

Note that, in this figure, x is the centroid of the n best vertices (all except for xn+1) of

the simplex:

x =
n∑
i=1

xi
n

(C.1)

The scalar coefficients ρ > 0 (reflection), χ > 1 and χ > ρ (expansion), 0 < γ < 1

(contraction) and 0 < σ < 1 (shrinkage) usually take the values: 1, 2, 0.5 and 0.5,

respectively.

1”geometric figure in n dimensions of nonzero volume that is the convex hull of n + 1 vertices”

[LRWW98]
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Appendix C. Nelder and Mead simplex algorithm

Figure C.1: Flux diagram of the Nelder and Mead multidimensional optimization algorithm
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Appendix D

Modeling TPV cells under variable

irradiance conditions

TPV cells consist of PV devices with some particularities. Usually, they consist of single-

junction PV cells of a low band-gap semiconductor (Ge, GaSb, InGaAs, InGaAsSb, etc.).

Additionally, they are commonly operate under very high irradiance conditions. There-

fore, TPV cells provide high current densities and low voltages. For this reason, it is

important to evaluate their performance under high irradiation conditions. This can be

done experimentally, using pulsed-light (flash) simulators [SAD06] (section E). Never-

theless, a reliable model of the TPV cell is also required to reproduce its performance

under different operation conditions (mainly irradiance and temperature).

There are many different approaches to model PV devices. The most complex ones

use the intrinsic technological and material parameters, extracted from ad-hoc experi-

ments or from the literature, to build a complex 3D finite-element opto-electronic model

of the full device [BARS05]. Others use the same technological and material parameters

to build a one-dimensional model of the cell, avoiding the complexity and time consump-

tion of 3D models [Hov75]. These models provide the link between the external device

electro-optical characteristics and the intrinsic technological parameters, so they are very

useful for PV cell manufacturers. Another approach, which is much more useful for sys-

tems integration, consists in building a simplified model based on a lumped electronic

circuit (made of a set of diodes, resistances and current-sources) which can be assumed

equivalent to an existing (real) PV cell under a specific range of operation conditions. The

parameters defining this model (i.e. the resistance values, the intrinsic parameters of the

diode, etc.) are obtained from a careful fit of the model to the experimental data. The
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simplest model of a PV cell consists of the circuit shown in Figure D.1, which includes

a diode (representing the recombination at the p/n junction of the TPV cell), a resistance

(representing the finite electrical conductivity of the semiconductor and electrical con-

tacts) and a current source (representing the current generated by the incident light).

Figure D.1: Schematic of the procedure to find the optimum set of parameters RS, J0 and m that fit the

experimental I-V-C curves. Index i indicates the irradiance level and index j indicates the point of the IV

curve for a given irradiance level.

To check the reliability of this simple model in predicting the performance of a TPV

cell, it is mandatory to test it under different irradiance conditions. For that, we have used

the iterative approach shown in Figure D.1 to fit the model parameters (RS, J0 and m)

to the experimental data obtained from a multi-flash simulator, similar to that shown in

appendix E. The Nelder and Mead algorithm is used to find the optimum set of parameters
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that minimize the merit function ε (the mean square error of the fitting at each irradiance

level i). This method finds the optimum parameters that fit, simultaneously, all the I-V

curves at different irradiance levels.

Figure D.2: Model fit to experimental data for a Germanium TPV cell of 1.55 cm2, manufactured at

Fraunhofer-ISE (Germany)

Figure D.2 shows the unexpected ability of this simple model to predict the elec-

trical performance of a Germanium TPV cell, manufactured at Fraunhofer-ISE (Ger-

many) [Fer10]. In addition to this positive result, it must be noted that the use of the

procedure shown in Figure D.1 has an additional advantage: In contrast to the parameters

obtained when fitting only one single I-V curve (for a single irradiance level), the param-

eters obtained from this procedure are the only values which make the model fit to the

experimental data in the full range of irradiance levels. This is logical, because the use of

a larger number of experimental data restricts the number of possible solutions for the pa-

rameters. Furthermore, it can be seen in the resultant parameters in the inset of Figure D.2

that the value ofm is almost equal to one (i.e. an ideal diode). This suggests that the effect

of parallel resistance and/or recombination processes with m = 2 (typical at the depletion

zone and in the perimeter of the cell) are second-order effects that do not significantly

affect the I-V curve for high irradiance levels. The worst fit obtained at high irradiance

levels could be attributed to a dependence of RS on the irradiance level, maybe because it

entered the regime of high injection which is expected to occur in germanium cells only at

few hundreds of milliamperes (considering a substrate doping level of 4 ·1016−1017cm−3
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and a substrate thickness of 170 µm [FDOB07, vdHPF+09]). Alternatively, it could be

also due to the distributed effects that are not included in this simple model. Another

possibility is that the experimental value of JSC at high irradiances is not well acquired,

because of the inherent limitation of the multi-flash tester (see appendix E).
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Appendix E

Development of a constant voltage

multi-flash I-V tester

A constant voltage multi-flash IV tester is used to acquire the IV curves of PV devices

under different illumination levels. Since in a TPV system the cells are expected to op-

erate under different (and high) irradiance conditions, this kind of tester constitutes a key

characterization tool for TPV cells [SAD06]. In [KBC04] a description is given about the

basic operation principles of a multi-flash tester: ”In operation, a bias voltage is applied

to the cell and sufficient time is allowed for the device to stabilize. The flash is then trig-

gered and the light intensity, cell current, and cell voltage are measured repeatedly for the

duration of the flash. Then, one I-V point is extracted for each light intensity at which an

I-V curve is being generated. This process is repeated for different bias voltages, during

subsequent flashes, to measure the entire set of I-V curves” (see Figure E.1).

Most of the measurements performed in this thesis were conducted with a home-made

multi-flash tester, developed by the ISI group of the Instituto de Energı́a Solar. However,

a simpler multi-flash tester prototype was developed in this thesis during a stay at MIT

(Massachusetts Institute of Technology) to test low band-gap TPV cells. In this appendix

we provide the details of the development of such prototype.

The system setup is shown in Figure E.2(a). For each flash pulse, the KEITHLEY

fixes a voltage across the capacitors. These capacitors are used to keep a constant voltage

value during the flash duration. Therefore, they should have a low internal resistance and

high capacitance (C) value. Furthermore, the KEITHLEY must be configured in the 4-

probe sense mode and the sense terminals must be connected across the capacitor. The

DUT (Device Under Testing) is connected in series with a calibrated shunt resistance
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Figure E.1: Operating principle of a constant-voltage multi-flash IV tester (from [KBC04])

(RSHUNT-DUT). Then, both are connected in parallel with the capacitors. The reference cell

(REF) is used to know the irradiance conditions along the measurement, and it should

have the same spectral response as the DUT because the spectrum of the flash light is not

identical during all the flash duration.

The specific values of C, RSHUNT-REF, RSHUNT-DUT depend on the specific characteristics

of the DUT and REF devices. In the case of TPV cells, two specific characteristics are

common:

• Very low open-circuit voltage (VOC = 0.2 - 0.5 V)

• Very high photogenerated current (1-5 amps)

Therefore, the following components were chosen to match these characteristics:

• RSHUNT-DUT : Simpson 06703 (50mV/5A)

• RSHUNT-REF : Simpson 06704 (50mV/10A)

• 3 capacitors (connected in parallel): Cornell-Dubilier CGS214U016X5R (0.21mF)

• 4 probe source/meter KEITHLEY 2440 (up to 5 amps driven current)
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• DAQ: National Instruments NI-USB-6251 (1 Ms/sec, 16 bits ADC)

Three differential signals are acquired with a DAQ board:

• Voltage across RSHUNT-REF (Channel 2 in Figure E.2(a))

This signal has to be proportional to the light intensity, i.e. it works as a light sensor.

Usually a PV cell is used as REF. In this case, and in order to ensure that the voltage

across RSHUNT-REF is proportional to the light intensity, the REF cell is polarized near

the short-circuit point, i.e. VCHO <<VOC(REF). This can be accomplished by using

a very low RSHUNT-REF resistance. However, the voltage across RSHUNT-REF should

be large enough to be read by the DAQ board, so there is a trade-off concerning the

RSHUNT-REF value. It is a good idea to include an amplification circuit to read VCHO

in order to allow very low signal values.

• Voltage across RSHUNT-DUT (Channel 0 in Figure E.2(a))

This signal is proportional to the current generated by the DUT cell. Since we are

keeping an almost constant voltage across the capacitors (C), the voltage drop in the

RSHUNT-DUT will change the bias voltage of the DUT during the flash duration. This

effect (well explained in [KBC04]) could induce non-desirable transient effects in

the DUT due to its internal capacitance. Therefore, the RSHUNT-DUT value should

be as low as possible. Nevertheless, the signal VCH1 has to be sufficiently large

to be read by the DAQ. So, again, there is a trade-off concerning the selection of

RSHUNT-DUT. Note that the cable resistance also contributes to the change in the

DUT bias voltage during the flash duration, so the cables/contacts should be as

low-resistive as possible.

• Voltage across the DUT terminals (Channel 1 in Figure E.2(a))

Ideally this voltage should be constant during the flash duration. However, the

RSHUNT-DUT and the resistance of the cables and contacts affect that voltage.

Figure E.4 shows three I-V curves acquired with this setup. A part of the I-V curve is

not acquired due to the variation of the voltage across the DUT terminals (Channel 1 in

Figure E.2(a)). This variation is related with the current flow through the RSHUNT-DUT, the

capacitors internal resistance and the cables resistance. This resistance value is obtained

from the slope of the dashed line of Figure E.4 and corresponds to 27.4 mΩ (note that

the RSHUNT-DUT value is 50mV/5A=10mΩ). The higher the current generated by the DUT,
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the higher the voltage variation. This impedes the measurement of the short-circuit cur-

rent for high irradiance levels. To overcome this limitation, negative polarization should

be applied to the load. Nevertheless, such solution is not possible in this setup because

electrolytic capacitors are being used. Therefore, the short-circuit current has to be ex-

trapolated from the IV curve. However, such extrapolation is only accurate for relatively

low irradiance levels, where the current at low voltages is constant.
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(a)

(b)

Figure E.2: Setup of the constant-voltage multi-flash tester developed in this Thesis at MIT
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Figure E.3: Labview software controlling the multi-flash system. The screen shows the three voltage signals

acquired during the flash pulse: DUT, REF-shunt and DUT-shunt.

Figure E.4: InGaAsSb TPV cell I-V curves acquired with the multi-flash tester developed in MIT
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Appendix F

Planar TPV cell module for a

micro-TPV generator

Most of the work carried out in this Thesis regards the manufacturing of hexagonal/octagonal

large TPV cell modules to be used in a cylindrical STPV system. Nevertheless, in this ap-

pendix we show the preliminary results of the manufacturing planar and small TPV cell

module that were conducted during a staying at MIT (Massachusetts Institute of Tech-

nology) from September to December 2009. These arrays are designed to be integrated

in a micro-TPV gas-fired generator which aim is to built a portable low-weight power

generator system for the Army.

The cell-array comprises two series-connected InGaAsSb TPV cells, 0.5 cm2 each and

with a lateral bus-bar, which were manufactured at Lincoln Labs. The back-side of the

TPV cells were soldered with a low melting point BiSn solder paste to the copper sheet

of a DBC substrate. The front side of the TPV cell was connected using the wire-bonding

facilities at IES-UPM. The substrate was cut from a large 130x180 mm sheet of DBC

using the watter-jet cutting facilities at MIT (Figure F.1(a)). Water-jet technique allows

to cut the non-mechanizable alumina sheet of the DBC substrate. The first tests cutting

DBC substrates showed us that the sharp change of hardness from the copper layer to the

ceramic one makes the watter to go underneath the copper layer, leading to undesirable

final results. This problem was solved removing the copper from the cutting channels

(using a FeCl solution and conventional PCB techniques) before the cutting process.

We performed 4-probe dark IV measurements of: (1) non-assembled cells, (2) cells

with back soldering (3) cells with back and front contacts and (4) full cell-array (2 series

connected cells). The aim of these measurements is to estimate the series resistance added

247



Appendix F. Planar TPV cell module for a micro-TPV generator

(a) (b)

Figure F.1: (a) Water-jet cutting of DBC substrates at MIT facilities (b) TPV array designed and manufac-

tured to be integrated in the micro-TPV system

by the assembling process, which can be obtained from the slope of the dark IV curves at

high current. From that measurements we saw that the cells show higher series resistance

(lower slope) before back soldering. It is because the measurement set-up has an intrinsic

resistance (from the back side probes to the back side cell contact) which is reduced after

back soldering. Because of that, it is difficult to estimate the back side contact resistance.

The back side soldered TPV cells show a series resistance of about 69.4 mΩ for both the

cells InGaAsSb-1 and InGaAsSb-2 (comprising the full module). After the wire bond-

ing process, the cell series resistance increased up to 130.3 mΩ for the cell InGaAsSb-1

(connected using 5 wires) and up to 92.5 mΩ for the cell InGaAsSb-2 (connected using 7

wires). Assuming that the only difference between both cases is the number of wires, a

resistance of 304.5 mΩ/wire and 162.4 mΩ/wire are obtained, respectively. Nevertheless,

because the wires are identical in both cases, the difference must be attributed to some

other effects, such as to a bad contact between some of the wires and the bus-bar or the

copper trace. A total array series resistance of 212 mΩ is deduced from the full module

dark IV curve, which matches relatively well with the addition of the series resistance of

the independent cells (130.3 mΩ + 92.5 mΩ = 222.8 mΩ). The added series resistance

deteriorates the performance of the TPV array at high irradiance levels. It is corroborated

by the Flash measurement shown in Figure F.2. However, the resultant arrays are well

suited to generate photocurrent densities of about 1 A/cm2 (i.e. 0.5 A).

Finally, the full TPV cell-array was tested with a multi-flash equipment at different

temperatures, controlled with a Peltier cooler. A Voc variation from -4 mV/oC to -4.8

mV/oC is founded for the full module under photocurrent densities of 0.1 A/cm2 and 3

248



Figure F.2: FF, Voc and efficiency (a.u.) of the TPV array shown in Figure F.1(b) as a function of the

short-circuit current. Obtained from multi-flash measurements.

A/cm2, respectively. Note that it means that each cell comprising the module presents half

of this variation (from -2 to -2.4 mV/oC).
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