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This paper presents a detailed balance analysis of a solar thermophotovoltaic system comprising an 
optical concentrator, a cut-off broad band absorber and emitter, and single junction photovoltaic cells 
working at the radiative limit with an integrated back-side reflector in a configuration in which the cells 
enclose the emitter to form an optical cavity. The analysis includes the effect of multiple variables on 
the system performance (efficiency 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 such as 
those attributed to a back-side reflector with reflectivity lower than one or to a semi-open optical cavity 
is also included. One of our main conclusions is that for a planar system configuration (the emitter, the 
cells and the absorber have the same area) the combination of low concentration and a spectrally 
selective absorber provides the highest system efficiencies. The efficiency limit of this kind of systems is 
45.3%, which exceeds the Shockley-Queisser limit of 40.8% (obtained for a single junction solar cell, 
directly illuminated by the sun, working under maximum concentration and with an optimized 
band-gap). This system also has the great benefit of requiring a very low concentration factor of 4.4 suns. 

1. Introduction 

Solar thermophotovoltaic (STPV) systems use solar radiation to 
heat an intermediate material. This material then radiates toward 
the photovoltaic (PV) cells where the radiation is converted into 
electricity. The surface of the intermediate material that absorbs 
the sunlight is the absorber and the surface that radiates toward 
the cells is the emitter. The emitter and the PV cells make up the 
thermophotovoltaic (TPV) optical cavity where the radiation is 
confined (Fig. 1). 

This configuration provides one of the highest limiting 
efficiencies among all of the proposed photovoltaic approaches 
(85.4%) [1,2]; the efficiency equals that of an ideal solar-thermal 
engine and is slightly below the efficiency limit of a tandem cell 
with an infinite number of band-gaps (86.8%) [3]. However, the 
efficiency limit of a STPV system is obtained under a set of very 
restrictive constraints. First, it is assumed that the absorber only 
exchanges photons with the sun and with no other part of the sky 
(which implies the use of an intermediate optical system with the 
maximum concentration factor [4] or a special kind of angular 
selective absorber [5,6]). Second, the emitter-to-cells photon 

exchange must be strictly monochromatic (with photon energies 
equaling the band-gap energy of the PV semiconductor). Finally, 
the emitter area must be much larger than that of the absorber 
(approaching infinity) to compensate for the very narrow spectral 
range of emission (approaching zero); thus, the extracted 
electrical power density is very low (approaching zero) [7[. 

These constraints introduce significant technological issues 
that make this efficiency unachievable in practice. First, very high 
concentration factors imply very low tolerances in both the sun 
tracking system and in the optical components that make up the 
concentrator. At present, achievable tolerances limit the practi
cally achievable geometrical concentration factor to approxi
mately ~ 1000 X [8]. Second, despite the fact that a number of 
proposed designs for quasi-monochromatic emitters have been 
developed, many of the issues concerning their performance at 
high temperatures have still not been resolved [9[. Finally, 
very large emitter-to-absorber area ratios require the use of 
3D-geometry emitters with a very large aspect ratio [10,11], 
which introduces problems with the TPV optical cavity design and 
the integration of PV cell arrays. 

In this paper we analyze STPV systems consisting of broadband 
cut-off thermal emitters and single junction PV cells. Under 
specific conditions that are described in this the paper, these 
kinds of systems allow both high efficiency and high electrical 
power density in configurations with a low emitter-to-absorber 
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Fig. 1. The radiation exchange at the absorber/emitter element of an STPV system. 

area ratio and concentration factor. In addition, they can be 
designed to have low sensitivity to optical losses within the TPV 
optical cavity. Therefore, in this paper we present practical 
alternatives to develop high efficiency STPV systems. The analysis 
is based on the detailed balance theory [12,13], which allows us to 
calculate the upper limits of efficiency. 

2. Theory 

2.1. Spatial/spectral extension of radiation 

The photon flux (Ñ) and the energy flux (or power density, £) 
of photons with electrochemical potential ¡i and energy between 
fi! and e2 that are emitted by a surface at temperature T in a 
vacuum in the normal direction and per unit of solid angle are 
given by the generalized Planck equation [1,14]: 
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where h is Planck's constant, k is Boltzmann's constant, c is the 
speed of light in a vacuum, e(e) is the spectral emissivity of the 
surface and n(e,T,¡i) and é(e,T,¡i) denote the spectral photon and 
energy fluxes in the normal direction and per unit of solid angle, 
respectively. In this paper it is assumed that e(e) = 1 for the 
interval (e^ -£2). The total photon and energy flux emitted by a 
surface dA immersed in a medium of refraction index nout in a 
solid angle dQ and in a direction defined by an angle 6 with the 
surface normal (Fig. 2) is given by Ñ(e1,e2,r,/í)dH and 
É(e1,e2,r,/í)dH, respectively, where dH is the differential of the 
Lagrange invariant or étendue (extension) [4] given by: 
dH = nlutcos6dAdQ = nlutcos6sm6dAd6d(p. Integration over 
A (0min,0m!¡x) and {(pmiw(pmix) produces 
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Fig. 2. The differential solid angle dQ of emission from a surface dA defining an 
angle 9 with the surface normal vector ñ. 

In geometrical optics, H represents the volume that a beam fills in the 
phase-space domain [4[; thus, it represents the spatial/angular 
extension of emission, and it must be conserved in a non-lossy 
optical system. Eqs. (l)-(3) are used to determine the radiative 
exchange between all the components that constitute the STPV 
system. 

2.2. Sunlight receptor 

In this paper, the radiation leaving the sun's surface is 
approximated by the emission of a black-body at 6000 K, which 
provides the spectral distribution of the photons described in 
Eqs. (1) and (2). The radiation intercepted by the Earth's surface is 
restricted to a very narrow solid angle that depends on the Sun-
Earth distance (approximately 150x l0 6 km) and the sun's 
diameter (approximately 1.4 x 106km). It represents an angle of 
6sun = 0.267°. Then, because the refractive index of air is close to 
one and assuming that no-optical losses and/or dispersion occurs 
in the atmosphere, the étendue H of the light coming from the sun 
that intercepts a receptor aperture of areaj4rec (given by Eq. (3)) is 
Hsun =ATec • 7isin2(0sun); therefore, the sunlight energy flux at the 
Earth's surface is approximately 0.16 W/cm2.1 

To take advantage of the sunlight, an intermediate sunlight 
receptor must be used to transfer this energy to the photovoltaic 
cells to produce useful work. The simplest receptor consists of a 
material (the absorber) that is able to absorb the radiation in the 
spatial/spectral extension of the incoming sunlight. However, 
every material able to absorb can also emit, as stated by 
Kirchhoff s law of radiation, and this emission represents losses. 
These losses depend on the spatial-spectral emission intrinsic 
properties of the material and its temperature. Therefore, to 
minimize these losses, either the spatial (area and angle) and/or 
the spectral extension of the emission must be restricted without 
reducing the absorption. 

2.2.2. Spatial restriction (optical concentration) 
Despite the fact that some materials can behave as angle-

selective absorbers/emitters [5], in most cases they behave as 
diffuse (Lambertian or isotropic) emitters, which means that the 
intensity (power per unit of solid angle) of the radiation leaving 
their surfaces is independent of direction. Therefore, in these 
materials, the only way to reduce emission losses is to reduce the 
absorber area, which requires the use of an optical concentration 
system between the receptor and the absorber in order to maintain 

- ^ ' A • (</>max-</>min) ' ( s i n # m a x -SÍn #min) (3) 

1 According to the more realistic sun spectra shown in the ASTM terrestrial 
reference standards, the sunlight energy flux at the Earth is closer to 0.13 W/cm2 

(AMO). Nevertheless, in order to allow the results to be compared with other 
studies, we abide by the convention of using the approximated spectrum of a black 
body at 6000 K, which reaches the Earth surface within an angle of 0.267°. 



the same input power. The ratio between the receptor and the 
absorber area is termed the concentration factor C=ArecIAsils, 
and it can be formulated as a function of the edge angles of the 
beams at the receptor and the absorber planes (Fig. 1): 
C =ATec/Aibs = sin2($in)/sin2($sun); therefore, C has an upper limit 
when 6in = n/2 of Cmax = l/sin2($sun) = 46,050 (assuming a 
material with n o u t =l surrounding the absorber). In this situation, 
all the radiation originating from the absorber leaves the receptor 
aperture within an angle 0sun; thus, the absorber exchanges 
photons with the sun but no other portion of the sky. 

2.2.2. Spectral restriction (Spectral selective absorber) 
Because the absorber temperature is lower than that of the sun 

(and therefore the absorber emission spectrum is shifted to lower 
photon energies), it is reasonable to restrict the absorption/ 
emission of the absorber to photons with energies higher than a 
specific threshold, eca [15]. Because the sun and absorber spectra 
overlap, the choice of eca must be determined by the trade-off 
between the absorbed and emitted energy, which strongly 
depends on the absorber temperature. These kinds of spectral-
selective absorbers usually consist of nanostructured surfaces 
with feature sizes on the order of lOOnm to 1 um depending on 
the desired cut-off energy [16,17]. 

2.3. PV cells 

The PV cells described in this paper consist of a diode 
(pn junction) made of a single semiconductor with an energy 
band gap egap (Fig. 3) the front side of which is completely 
uncovered to allow the light to penetrate into the semiconductor. 
In addition, the following assumptions are held: 

• The cells work at the radiative limit; in other words, only 
radiative recombination takes place and each photon can 
generate only one electron-hole pair (and vice versa) [12,13]. 

• The free electrons and holes have infinite mobility within the 
semiconductor (zero resistance); thus, quasi-Fermi level 
splitting can be assumed to be constant everywhere in the 
cell and equal to qV[13] (where Vis the external cell voltage). 

• The cells are covered with an ideal anti-reflective coating 
(ARC); thus, all the photons impinging on the cell surface 
penetrate into the semiconductor. 

• The cells have a specular back-side reflector (BSR) of 
reflectivity pb s r (Figs. 4 and 5). 

• The photon-to-electron conversion takes place in a region of 
the semiconductor, referred to as the diode active layers (Figs. 4 
and 5), where all the photons with energies above egap are 
absorbed (i.e. the diode spectral emissivity/absorptivity ad(e) 
equals zero if e < egap and equals one otherwise). 

According to the first two assumptions, both the photon and 
energy fluxes per unit of solid angle emitted due to radiative 
recombination between electrons and holes within the cells can 
be formulated by Eqs. (1) and (2) making ¡i = qV, e^ = £gap and 
e2 -> oo. Under these conditions, no electrons are lost due to any 
mechanism other than radiative recombination. Therefore, the 
current delivered to an external load (Fig. 3) can be calculated as 
the balance of the photon fluxes within the cells; that is, the flux 
of delivered electrons (electrical current) must equal the balance 
between the absorbed photon flux (generation) and the emitted 
photon flux (radiative recombination). From this balance, the 
delivered electric current is formulated as a function of the 
voltage (i.e., J=J(V)), and the maximum electric power delivered 
to an external load (i.e., the maximum power point (MPP)) of the 
J-V curve is found for a pair (VmppJmpp) that maximizes P = V • J. 

Because the photon flux impinging on the cells depends on the 
external conditions (i.e., the concentration factor, the TPV optical 
cavity configuration and the absorber/emitter characteristics), the 
analytical expression iorJ=J(V) must be calculated by considering 
all the characteristics of the complete system, as shown in 
Sections 2.4 and 2.6. 
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Fig. 3. The bands diagram of an ideal illuminated PV cell for which the quasi-
Fermi level splitting efc—ejv is constant and equals qV everywhere in the cell. The 
current delivered to an external load comes from the balance between generation 
and recombination of carriers, where the generation process is related to the 
absorption/collection of the incident photons and the recombination process 
represents the luminescent radiation (photons with chemical potential ¡i — qV) 
leaving the cells. 

2.4. TPV optical cavity 

In a TPV system, the PV cells enclose the emitter to form an 
optical cavity (Fig. 1), which consists of the emitter, the cells and 
the inactive areas or open holes. In this paper we assume that the 
emission from the emitter is restricted to photons with energies 
above ece (which is the emitter cut-off energy). In other words, the 
emitter spectral emissivity/absorptivity ae(e) equals zero if e < ece 

and equals one otherwise. To determine the radiative exchange 
within this cavity, the net-radiation method [18,19] can be used. In 
this method, a set of 2N equations (where N is the number of 
surfaces within the cavity) is established. Each of these equations 
results from the fact that the energy flux (energy per unit of time 
and area) leaving a surface is composed of directly emitted as well 
as reflected and transmitted energy. In our case, the TPV cavity 
(Fig. 4) can be modeled using four surfaces (N=4): the emitter, 
the outside boundary of the cells (or ARC), the + side of the diode 
active layers (the one facing the TPV cavity) and the - side of the 
diode active layers (the one facing the BSR). For this cavity, we 
assume that: 

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

• All of the surfaces are isothermal. 
• The emission originating from surfaces at room temperature 

and with ¡i = 0 (BSR and inactive areas within the cavity) is 
negligible. 

• The emitter is convex (it cannot see itself) and opaque. 
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Fig. 4. Energy fluxes within a TPV optical cavity consisting of a black-body emitter 
and BSR PV cells. 

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$ [18]. 

When the emissivity of the surfaces involved is spectrally 
dependent (as it is in our case), this method must be evaluated for 
a single photon energy, and therefore, spectral energy fluxes must 
be considered. Afterwards, these spectral energy fluxes must be 
integrated over the range of energies of interest to provide the 
total energy flux. To evaluate this method it is convenient to 
determine the radiation exchange within the PV cells and the TPV 
cavity. 

2.4.2. Radiation within PV cells 
Fig. 5 shows a detailed photon exchange within the PV cells, 

where two sources of photons exist: those that come from an 
external source (A), with an étendue Hext = 7iAcells (assumed 
diffuse) and those generated inside the cells due to radiative 
recombination (G) and (I), with an étendue Hint = nnfncAcens 

(also assumed diffuse) where nint ~ 3.5 for most of the 
semiconductors. Each kind of photon follow different paths 
within the cell: 

The spectral energy flux of photons impinging on the cells (A), 
noted by q\c(e), is transferred inside the cell (B). Because of the 
ideal ARC, no photons are lost from (A) to (B). Nevertheless, to 
maintain a constant étendue (Hext). the angular extension of light 
is reduced from n/2 (isotropic) to 9mix = arcsin(l/nint) because of 
the change in the refractive index from 1 to nint. Therefore, all 
these photons contribute to the spectral energy flux at the + side 
of the diode active layers q[+

d(E) (last term of Eq. (8)). Of these 
photons, those that have e > egap are absorbed in the diode active 
layers and generates an electron-hole pair. The rest of the 
photons (with e<egap) cross the diode active layers without 
being absorbed, which contributes to the outgoing spectral energy 
flux at the - side of the diode active layers q°¿(e) (the last term of 
Eq. (5)). These photons then reach the BSR (C), and a portion pb s r is 
reflected back (D) keeping the same angular extension (because 
the reflector is assumed to be specular). These photons contribute 
to the spectral energy flux that impinges on the - side of the 
diode active layers q'^ie) (the last term of Eq. (9)). Because all 
these photons have e < egap, they cross the diode active layers 
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Fig. 5. Radiative exchange within the ideal BSR PV cell. 

without being absorbed (E), and contribute to the spectral energy 
flux leaving the + side of the diode active layers q°¿ (e) (the last 
term of Eq. (4)). Finally they leave the cell, again as isotropic 
radiation (F) and contribute to the spectral energy flux leaving the 
cell surface q°c(e) (the last term of Eq. (6)). 

All of the photons originating at the diode active layers have 
£ > £gap. /i = <jV, and they are emitted from both + (G) and - (I) 
sides of the diode active layers. Of the photons emitted from 
the + side (G) (the first term of Eq. (4)), only those within an 
angle 6 < 6m3X (G2) come out of the cell as isotropic radiation (H), 
and contribute to the outgoing spectral energy flux at the 
cells q°c(e) (the first term of Eq. (6)). The rest of the photons 
(Gl) impinge on the + side of the diode active layers 
(the first term of Eq. (8)) and are reabsorbed. Of the photons 
emitted from the - side (I) (the first term of Eq. (5)), a portion pbs r 

impinge on the + side of the diode active layers (the first term 
of Eq. (9)) and are reabsorbed, and a portion l - p b s r is lost in 
the BSR. 

2.4.2. Radiation within the TPV cavity 
The spectral energy flux of the photons that impinges on the 

cells qj,iC(£) (Eq. (10)) has two components: the photons coming 
from the emitter q°e(e) and the photons coming from the cells 
themselves q°c(e). The ratio of each contribution is given by the 
emitter-to-cells view factor Fec and the cells-to-cells view factor 
when the emitter is a shadowing obstacle F ^ (the first and second 
terms of Eq. (10), respectively). Similarly, the spectral energy flux 
impinging on the emitter q'e e(e) is simply given by the fraction of 
the spectral energy flux of photons leaving the cells that 
intercepts the emitter (Eq. (11)). Finally, the outgoing spectral 
energy flux leaving the emitter surface q°e(e) has two compo
nents: the photons originating directly from the emitter surface 
(the first term of Eq. (7)) and the photons reflected at the emitter 
(the second term of Eq. (7)). 

<J°,d (£) = ™fM<ná(e) • é(e,rcells,qV) + pbsr(l-ad(e)) • q{c(e) (4) 
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Introducing Eqs. (10) and (11) into Eqs. (6) and (7) and 
integrating over all the possible energies of photons (0 < e < oo) 
produces 
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which represent the energy balance at the emitter surface, which 
is usually negative (output energy surpasses the input energy) 
because the emitter usually transfers energy to the cells and not 
vice versa. The first two terms of Eq. (12) account for the incoming 
energy flux: the first one accounts for the photons emitted by the 
diode active layers (with ¡i = qV) and the second one for the sub 
band-gap photons £Ce < £ < £gap returned to the emitter after 
reflection by the BSR. The third term represents the total energy 
flux leaving the emitter. 

2.5. The energy balance equation 

In a STPV system, the net absorbed energy from the sun 
(Section 2.2) is transferred to the emitter and then to the PV cells 
that convert the radiation into electricity. The system efficiency 
greatly depends on the absorber/emitter temperature, which 
comes from the solution of the energy balance equation at the 
absorber/emitter component. Assuming that the absorber and the 
emitter have the same temperature rabs = remit (which assumes 
infinite thermal conductivity between them), we can write 

H(i,Aabs,o,e in,O,2K) • [É(£ca,oo,rsun,o)-É(£ca,oo,remit,o)] 

+ H(1 Abs,ein,7i/2,0,27t) • [£(£ca,oo,rsky,0)-£(£ca,oo,remit,0)] 

+Aemic-[qi
e-q°] = 0 (13) 

In this equation, the first term accounts for the radiation exchange 
between the sun and the absorber (limited to photons with £ > £ca 

and within a cone forming an angle 6in relative to the surface normal, 
Fig. 1). The second term represents the radiation exchange between 
the absorber and the sky, which is usually a loss when rsky < remit. 
The third term represents the energy balance at the emitter surface 
(Eq. (12)), which depends on the optical cavity that encloses the 
emitter and is discussed in Section 2.4. The solution of Eq. (13) 
provides the equilibrium emitter temperature (remit) when 
rsun=6000K and rsky=renv=rce l l s=300K. 

After some algebraic operations and introducing Eq. (12) into 
Eq. (13) we obtain the final energy balance equation for the 
absorber/emitter component that includes the effects of the 
concentrator/absorber (Section 2.2), the PV cells (Section 2.3) and 

the TPV cavity (Section 2.4): 
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2.6. Photocurrent density and efficiency 

Once the energy balance equation (14) is solved, the photo-
current density can be calculated as the net rate of photon 
absorption at the diode active layers (see Section 2.3), which 
results in the following equation: 
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Substituting the solution of Eqs. (4)-( l l ) into Eq. (15) produces 
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where the first term accounts for the generation of electron-hole 
pairs and the last two terms account for the radiative recombina
tion from the + and - sides of the diode active layers, 
respectively. Then, the STPV system efficiency is calculated by 
dividing the electrical power extracted from the PV cells 
(Aceiis -J • V) by the incoming sun radiation, to obtain 

A:ells J V _ Ace]]s Aemit Cmax 1 

C n A-ersin n) ' c r r s m Ae A, err4 
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where a is the Stefan-Boltzmann constant. In this equation, J has 
a very complex dependence on the full system configuration 
(C, £ca, £gap, £ce, Aemit/j4abs, etc.) because it depends on the emitter 
temperature remi t, which is obtained from Eq. (14), which includes 
all these variables. 

3. Methods and results 

The first step must be to solve Eq. (14), which provides the 
absorber/emitter equilibrium temperature (remit). To obtain a unique 
solution for this equation, a set of 10 variables must be fixed. These 
variables are: the concentration factor (C), absorber cut-off energy 
(fica), emitter cut-off energy (£ce), band-gap energy of the semicon
ductor (figap), PV cell voltage (V), emitter-to-absorber area ratio (Aemit/ 
Aabs), emitter-to-cells area ratio (Aemit/ACeiis). BSR reflectivity (pbsr), 
emitter-to-cells view factor (fec) and cells-to-cells view factor (F¡£*). 
Therefore, the resulting system efficiency (calculated from Eqs. (16) 
and (17)) depends on all of these variables and the determination of 
the different dependences becomes too complex. Thus, we first 
decided to conduct a full-system optimization to find the maximum 
system efficiency using the simplex (or Nelder-Mead) multidimen
sional optimization algorithm [20]. This algorithm consists of a direct 
search to find the optimum combination of a set of variables that 
locally maximize a merit function (in our case, the system efficiency 
given by Eq. (17)). Therefore, to avoid local maximums, the algorithm 



must be run for several different sets of initial conditions. In addition, 
the solution of (14) and (16) requires us to numerically solve the 
integrals appearing in Eqs. (1) and (2). The numerical solution of 
these integrals is not trivial because they must be computed over a 
non-definite interval and their integrands have a singularity when e 
approaches ¡i. Both problems were overcome by making the variable 
change x = kT/(e—/X) [21 ] before composite integration. 

To simplify the analysis, we must note that some of the 
optimum values of the aforementioned variables can be easily 
predicted. For instance, for an ideal cavity we have: 

• F e c=l, which means that the TPV optical cavity is completely 
closed (without holes) and without any inactive areas; thus, 
the emitter only sees the cells. Using basic view factor algebra 
[18], this condition implies that f4?) = l -^emitMceiis-

• Pbsr = 1> which means that no photons are lost in the BSR. 
• ^ ' = 0 (or equivalently Aemit/j4cells = 1, taking into account 

the first assumption) because it provides the maximum 
short-circuit photocurrent density (Eq. (16)) and emitter 
temperature (Eq. (14)). 

If these assumptions are taken into account, ece disappears 
from Eqs. (14) and (16), and therefore, the value of the emitter 
cut-off energy ece becomes irrelevant because no photons escape 
from the cavity; consequently, all the photons with e < ece are 
reabsorbed by the emitter. Therefore, the ideal cavity case can be 
described using only five variables: C, V, egap, eca and Aemit//labs. 
Thus, the ideal STPV system represents the case in which all five 
variables are optimized, as discussed in Section 4.1. In addition, 
two kinds of non-ideal STPV systems are analyzed in Section 4.2. 
The special case in which the emitter-to-absorber area ratio 
equals one (representing a planar STPV system) is analyzed in 
Section 4.2.1, while assuming an ideal TPV cavity, and finally, the 
non-ideal cavity case is presented in Section 4.2.2 and analyzed 
using Fec < 1. 

4. Discussion 

4.1. The ideal STPV system 

For our purposes, an ideal STPV system represents the 
situation in which (I) the TPV cavity is ideal (see Section 3) and 
(II) all the system variables are optimized (i.e., they provide the 
maximum system efficiency). From (I), all the photons that do not 
generate electron-hole pairs are reabsorbed at the emitter. 
Nevertheless, two kinds of losses remain in this ideal situation: 
the emission losses from the absorber to the sun and the sky (ELA) 
and the thermalization losses of the generated electrons from the 
high energy states to the edge of the conduction band when the 
photons have e > egap (TLE). Therefore, a trade-off between these 
two kinds of losses exists and must be considered to obtain the 
maximum efficiency, i.e. condition (II). 

It is well known from black-body theory that as £gap/remit 

increases, the fraction of emitted energy by a black-body at a 
temperature remi t above egap diminishes and is close to zero when 
£gap/remit approaches approximately 1 meV/K. Consequently, for 
high 

egap/remit the TLE losses become less relevant (due to the 
narrower spectral range, relative to the spectral range of a black-
body emission, of the radiation exchanged between the cells and 
the emitter) and the ELA losses limit the efficiency. In contrast, for 
low egap/remit the TLE losses becomes more relevant. 

Figs. 6-8 show the maximum efficiency, the electric power 
density and the emitter temperature as a function of the band-gap 
energy, for different concentration factors and when the rest of 
variables are optimized; that is, Aemit//labs, eca and V(i.e., V= Vmpp). 

The optimum values of these variables are shown in Figs. 9, 10 
and 12 respectively. Fig. 13 shows the resulting parameter 
egap/remit after full optimization. 

Firstly, for a given band-gap energy, the efficiency (Fig. 6) 
increases with concentration, and it reaches its maximum for full 
concentration (i.e., C=Cm:lx) where the ELA losses are minimized. 
In addition, the effect of concentration on the maximum efficiency 
is much more relevant for high band-gap energies because the ELA 
losses have a greater impact on the efficiency than the TLE losses 
(because egap/remit is very high). In contrast, for low band-gap 
energies, the efficiency becomes almost independent of concen
tration, although it still has a great effect on the electric power 
density (Fig. 7). 

Secondly, the efficiency (Fig. 6) monotonically increases with 
the band-gap energy, which is a result of the increase in egap/remit 

(Fig. 13) that represents a quasi-monochromatic exchange 
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between the cells and the emitter. Nevertheless, this situation 
requires a very large emitter-to-absorber area ratio (Fig. 9) to 
avoid excessive ELA losses. Because of it, the system has a very 
low electric power density (Fig. 7), which reveals the existence of 
a trade-off between efficiency and power density (already 
identified [7]) and represents one of the fundamental barriers to 
reaching high efficiency in these kinds of STPV systems: the 
maximum efficiency is obtained when the electric power density 
approaches zero. 

Because the results shown in Figs. 6-8 are obtained for a set of 
optimized variables (i.e., cell voltage V, absorber cut-off energy eca 

and the emitter-to-cells area ratio AemitMabs), it is interesting to 
analyze the effect of each of these variables separately. 

4.2.2. PV cells voltage 
In STPV systems, the photons emitted by the cells due to 

radiative recombination (photons with ¡i = qV) can be absorbed 

by the emitter. As a result, the equilibrium emitter temperature 
depends on the cell voltage (this is consistent with the presence of 
V in Eq. (14)). Therefore, the resulting optimum cell voltage Vmpp 

is derived from a complex trade-off between generation, recom
bination and the resulting emitter equilibrium temperature 
(which is obtained from Eq. (14) and also depends on the full 
system configuration). 

In order to analyze the resulting optimized voltage, it is 
convenient to formulate qVmpp/egip (Fig. 12) as the product of two 
factors: (qV0C/egip) and (VmpP/Voc) shown in Figs. 14 and 15, 
respectively. First, it must be noted that the low Vmpp values 
obtained for low concentrations are attributed to a Voc decrease 
(Fig. 14) that results from a reduction of the carrier generation 
rate. Second, Fig. 12 shows that Vmpp increases with band-gap 
energy because Vmpp approaches Voc (Fig. 15), although Voc is 
slightly reduced with respect to the band-gap energy (Fig. 14). 
This situation represents an increase in the radiative 
recombination at the diode active layers, because £-qVmpp 

(the exponent of the exponential function of Eqs. (1) and (2)) is 
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decreased. Consequently, the radiative recombination 
contribution to heat the emitter is maximal for high band-gap 
energies. Nevertheless, at very low band-gap energies, Vmpp 

shows an unexpected increase, which must be attributed to a 
sharp increase in the open-circuit voltage (Fig. 14) that appears 
due to the increase in the carriers generation rate at low band-gap 
energies [7]. 

4.1.2. Absorber cut-off energy 
Both the concentration optics (C) and the spectral selective 

absorber (eca) make up the sunlight receptor system (Section 2.2), 
and their function is to minimize the ELA losses. The optimum eca 

is shown in Figs. 10 and 11 as a function of the band-gap energy 
and concentration factor, respectively. When C=Cmsx, the absor
ber only exchange photons with the sun; thus, the ELA losses 
cannot be further minimized, and the optimum eca is zero. 
In other words, a black-body absorber represents the best 
alternative when the concentration factor is close to Cmax. 
However, for C <^ Cmax the use of a spectral selective absorber is 

required because in this situation, the absorber also exchanges 
photons with the sky (which is much colder than the sun), 
and consequently a selective absorber is required to avoid 
excessive ELA losses. Therefore, spectrally selective absorbers 
operates better at low concentrations, as was demonstrated 
previously in [15]. 

It is also noted that the optimum eca diminishes as the band-
gap energy decreases to obtain a lower remit (Fig. 8) and to avoid a 
dramatic decrease of the parameter egap/remit (Fig. 13), which 
minimizes the TLE losses that become dominant at lower band-
gap energies. 

4.2.3. Emitter-to-absorber area ratio 
As we have previously noted, the STPV efficiency monotoni-

cally increases with the band-gap energy because the TLE losses 
are minimized. In this situation, the cells work almost like a 
perfect reflector, absorbing only a small portion of the photon flux 
(e>egap). If in this situation the emitter area were kept low 
(Ae "Aibs). almost all the power that the emitter/absorber 



component must radiate would be performed by the absorber side 
instead of the emitter one, increasing the ELA losses. Therefore, to 
compensate for this effect, /Wiit/Aibs must be increased (Fig. 9) in 
order to maintain an optimum balance between the net rate of 
photon absorption by the cells and the photon emission by the 
absorber. This leads to the very high.Aemit/j4abs and very low electrical 
power density obtained at high band-gap energies shown in Figs. 9 
and 7, respectively. Consequently, as egap goes to lower values both 
the maximum efficiency and the optimum Aemit//labs are reduced, 
and therefore the power density increases. 

Nevertheless, when egap falls below a certain value (which 
depends on the concentration factor), the optimum /WmtMabs stops 
decreasing and it starts to slightly increase (Fig. 9). As a result, remit 

(Fig. 8) decreases, which prevents a dramatic decrease of the 
parameter £gap/remit (Fig. 13), which could represent excessive TLE 
losses. This effect is stronger for high concentration factors because 
they provide higher emitter temperatures. Consequently, the band-
gap energy at which the optimum Aemit//labs is smallest, decreases 
with concentration. Therefore, different behavior occurs when 
£gap < 1.4 eV (where the lowest optimum Aemit//labs is obtained for 
low concentration factors) and when egap > 1.4 eV (where the lowest 
optimum Aemit/Aabs is obtained for high concentration factors). 

4.2. Non-ideal STPV systems 

4.2.1. Planar configuration 
As discussed in Section 4.1.3, the optimum AemitIA¿bs is usually 

very high (especially for large egap) and therefore, the planar STPV 
system (AemitMabs = 1) does not represent the optimum design. 
However, from a practical point of view a large emitter-to-
absorber area ratio is not desirable because it causes problems 
concerning the TPV optical cavity design [10]. From this 
perspective, the planar STPV system appears to be a desirable 
design and it must be analyzed. 

Fig. 16 shows how the maximum efficiency Var ies a s ^emit/-'»abs 

decreases from its optimum value down to one (the planar STPV 
system) for three different band-gap energies. In the case of 
%ap = 3.5 eV, the optimum Aemit//labs is very high; thus, its 
reduction to one represents a dramatic difference from the 
maximum achievable system efficiency due to a significant 

increase in the ELA losses. Nevertheless, the maximum efficiency 
is always obtained for C=CmaX as long as the ELA losses still limit 
the efficiency for all AemitIA¿bs. In contrast, in the case of 
£gap =0.5eV (where the TLE losses dominate), the results shown 
that for low AemitMabs. the maximum efficiency is obtained under 
lower concentration factors because under low concentrations, 
remit is lower, £gap/remit increases, and therefore, TLE losses are 
reduced. 

Fig. 17 shows the maximum efficiency for the limit situation in 
which AemitMabs = 1 (a planar STPV system) as a function of band-
gap energy and for different concentration factors, where V, and 
£Ca are optimized. The corresponding electrical power density is 
shown in Fig. 18. Both figures show the optimized concentration 
factor case, which maximizes the system efficiency for a given 
band-gap energy. In this case, a sharp change in the electrical 
power density occurs around egap ~ 2 eV, due to the change of the 
optimum concentration factor from one (for egap < 2eV) to Cmax 
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(for £gap>2eV). This sharp change occurs because a local 
maximum for the system efficiency exists when C=Cmix that 
becomes global when egap > 2 eV. This behavior illustrates the 
trade off between ELA and TLE losses; when the band-gap energy 
is high enough, the TLE losses are negligible, and therefore, the 
optimum system configuration requires minimizing the ELA 
losses by using the maximum concentration factor. 

From Fig. 17, we can conclude that, as expected after the 
previous explanations, the maximum efficiency (45.3%) is 
obtained under low concentration factors (C=4.4), low band-
gap energies (egap = 0.6 eV) and using spectral selective absorbers 
(with eca = 1.01 eV). It is remarkable that this efficiency exceeds 
the Shockley-Queisser limit of 40.8% [13] (calculated at max
imum concentration, optimum band-gap and approximating the 
sun spectrum to be that of a black body at 6000 K), which 
represents the maximum efficiency for direct conversion of sun 
radiation using single band-gap PV cells. In addition, the 
maximum efficiency is obtained at a very low concentration 
factor (4.4 suns), in contrast to the maximum concentration 
required for the Shockley-Queisser limit. 

This improvement is attributed to the differences in the nature 
of the light that is returned to the sun by a directly sun-
illuminated PV cell and by a cell illuminated by an intermediate 
thermal absorber/emitter. In the first case, which leads to the 
Shockley-Queisser limit, the emission from the cell to the sun 
consists of luminescent radiation (with ¡i = qV), which usually 
represents very high radiative energy fluxes for energies above 
the band-gap of the cell egap. In contrast, in the second case, the 
emission from the absorber consists of thermal radiation (with 
r=r e m i t ) that can be minimized using the proper combination of 
the absorber cut-off and concentration factor. 

Fig. 18 shows that the maximum efficiency is obtained for a 
relatively low electrical power density (compared with the others 
combinations of concentration and absorber cut-off) of 
~0.32W/cm2 . Therefore, the trade-off between efficiency and 
power density explained in the previous section still remains in 
the planar configuration. Nevertheless, the combination of Figs. 17 
and 18 show that both high efficiency (30-40%) and high 
electrical power density (1-100W/cm2) can be obtained under 
concentration ratios between 100 and 1000 if the spectrally 
selective absorber is properly designed. 

4.2.2. Non-ideal TPV cavity 
Two kinds of losses are attributed to a non-ideal TPV cavity: 

(I) absorption at the back-side reflector (pbsr < 1) and (II) photon 
loss outside the cavity (Fec < 1). In the second case, both Fec and 
Fie' are functions of the dimensions of the specific cavity 
geometry, making it difficult to provide general conclusions. Only 
assuming that the cells cannot see each other (i.e., FÍJ^O), for 
instance, when cells are placed very close to the emitter, allows 
this case to provide general results as a function of Fec only. 
Furthermore, it can be deduced from Eq. (14) that in the case of 
using an ideal cut-off emitter with ece = £gap, pbsr does not affect 
the system performance because the last term of Eq. (14) 
vanishes. In contrast, if a black-body emitter (ece = 0) is used 
(and assuming ^¿'=0), Fec has a greater impact in the system 
performance than pbs r because it appears squared in Eq. (14). For 
all of these reasons, we will only evaluate the impact of Fec on the 
system efficiency for two cases: a black-body emitter (ece = 0) 
(Fig. 19) and a perfect cut-off emitter with ece = egap (Fig. 20). In 
both cases, C=Cmax is assumed to minimize the ELA losses, which 
are out of the scope of this section. 

In both cases, the cavity losses have a greater impact on the 
system efficiency when the band-gap is high; this impact is much 
more relevant in the black-body emitter case (Fig. 19). For 
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instance, in the black-body emitter case (Fig. 19), if we consider 
the case of eg a p=4eV and a view factor of 99% (Fec=0.99) 
between the emitter and the cells (which means that only 1% of 
the areas in the cavity are inactive), the limiting efficiency drops 
from approximately 80% (ideal cavity case) to approximately 30%. 
However, when egap = 1 eV, the efficiency only drops from 
approximately 67% to approximately 63%. Furthermore, the 
optimum band-gap decreases as the cavity losses increase. 

As expected, the impact of Fec on the system efficiency is 
reduced when using a perfect cut-off emitter (Fig. 20) because the 
radiation lost outside the cavity is restricted to photons with 

e > ece : Nevertheless, realistic emitters do not behave as 
perfect cut-off emitters, and they show a non-zero emissivity for 
e > ece, which means that in realistic cases, the efficiency drop 



due to cavity losses varies from the best case of having a perfect 
cut-off emitter (Fig. 20) down to the worst case of having a 
black-body emitter (Fig. 19). 

5. Summary and conclusions 

In this paper we have presented a detailed balance analysis of 
an STPV system that consists of a sunlight receptor system 
(optical concentrator and a cut-off broad band absorber), a cut-off 
broad band emitter and single junction solar cells working in the 
radiative limit with an integrated back-side reflector, in a 
configuration where the cells enclose the emitter forming a TPV 
optical cavity. In this analysis, 10 variables have been considered: 
concentration factor, absorber and emitter cut-off energies, the 
band-gap energy of the PV cells, the PV cell voltage, the emitter-
to-absorber and emitter-to-cells area ratios, the reflectivity of the 
back-side reflector and, finally, the emitter-to-cells and cells-to-
cells view factors. All these variables affect the resulting emitter 
temperature (extracted from the solution of the energy balance 
equation at the absorber/emitter component); thus, analysis of 
this kind of system requires a complex multi-variable treatment, 
which has been proposed in this paper. 

We found that the limit efficiency monotonically increases 
with the band-gap energy when the rest of the variables are 
optimized and there are no optical losses within the TPV cavity. As 
the band-gap energy increases, the efficiency limit approximates 
(but is always lower than) that of an ideal solar thermal engine 
(85.4%). Nevertheless, this situation requires a very high emitter-
to-absorber area ratio (>107) , and consequently provides very 
low electrical power density. In addition, in this case, the 
efficiency drops sharply when a small fraction of photons are 
lost outside the TPV cavity. In contrast, the use of low band-gap 
PV cells require a much lower emitter-to-absorber area ratio 
(<103) , higher power densities (up to ~3W/cm 2 ) and the 
impact of the cavity losses on the system efficiency is drastically 
reduced. In addition, the efficiency limit in this case can be still 
very high (up to ~ 70%). For all of these reasons low-band gap PV 
cells represent a much more convenient alternative for the 
implementation of real high-efficiency STPV systems, despite 
their lower efficiency limit. 

In addition, we found that the optimum absorber cut-off 
energy approaches zero when the concentration factor ap
proaches the maximum, which means that a spectrally selective 
absorber works better for lower concentration factors. Never
theless, the system efficiency and, importantly, the electrical 
power density, increase with the concentration factor when the 
rest of the variables are optimized. As a result, both the maximum 
efficiency and the maximum electrical power densities are 
obtained for a combination of maximum concentrations and a 
black-body absorber. 

However, when the emitter-to absorber area ratio is reduced 
from the optimum, the optimum concentration is no longer the 
maximum, and the maximum efficiency is obtained for a specific 
combination of concentration factor (lower than the maximum) 
and absorber cut-off energy (higher than zero). This phenomenon 
occurs for an emitter-to-absorber area ratio of one, that is, a 
planar-STPV system, which represents a very interesting design 
from a practical point of view. The efficiency limit of planar STPV 
systems using single junction PV cells is 45.3%, which exceeds the 
Shockley-Queisser limit of 40.8% (obtained for a single junction 
solar cell, directly illuminated by the sun, working under a 
maximum concentration factor and with an optimized band-gap). 

This efficiency is obtained for a very low concentration factor of 
4.4 suns and a selective absorber with a cut-off energy of 1.01 eV 
In addition, it provides a relatively high electrical power density 
of 0.32 W/cm2 (compared with the sunlight energy flux at the 
Earth of ~0.16W/cm2). In addition, if higher concentration 
factors were used (from 100 to 1000 suns), the electrical power 
density of these systems could be drastically increased (from 1 to 
100 W/cm2) while maintaining a relatively high system efficiency 
limit (from 30% to 40%). 
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