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ABSTRACT

As the core of theoretical modeling for concentrated photovoltaic and thermal (CPV/T) systems, carrier balance (CB) and lattice thermal equilibrium (TE) in
semiconductors are typically coupled solely at the maximum power point (MPP) of CPVs. Here, we demonstrate that this single-point coupling approach, derived
from the Shockley model, introduces significant inaccuracies as it fails to capture the temperature-voltage (TV) characteristics of CPV/T systems. To address this
limitation, a full-voltage-range coupling model (FRCM) is developed. This model reveals pronounced TV characteristics in CPV/T systems, resulting from voltage-
dependent variations of CB-TE coupling induced by concentrated radiation, which are validated by experimental data. The TV characteristic markedly influences the
current-voltage characteristic and total exergy efficiency (77,,,,;) of CPV/T systems through CB-TE coupling and results in a maximum exergy point distinct from the
MPP. Using the FRCM, universal principles for enhancing 7, through heat transfer adjustments are identified. Based on these principles, the theoretical limit for
N Of an ideal CPV/T system is established. Wide-range calculations indicate that the theoretical #,,, can exceed 56 %. This work deepens the fundamental un-
derstanding of CPV/T systems and provides a robust framework for guiding optimization, contributing to unlocking their potential as highly efficient and sustainable

energy solutions.

1. Introduction

Concentrated photovoltaic and thermal (CPV/T) systems remove
heat of CPVs by enhancing heat transfer and thus simultaneously
improve the output of electricity and thermal exergy, which effectively
enhances the total exergy efficiencies (17,,,,;) of converting solar energy
[1-3]. As the #,,,y; of advanced CPV/T systems has reached 33.9 % [4],
slightly surpassing the Shockley-Queisser limit for single-junction
photovoltaics, developing robust theoretical models and exploring the
theoretical limits of 7,,,; are critical for driving further advancements.
The core of CPV/T systems modeling lies in understanding the behavior
of semiconductors under concentrated radiation. The role of the lattice
in concentrated semiconductors becomes critical because elevated
temperature of semiconductors (Ty,) intensifies its vibrations [5].
Consequently, carrier balance (CB), lattice thermal equilibrium (TE),
and the coupling between CB and TE are three essential physical pro-
cesses in concentrated semiconductors at a steady state. Substantial
theoretical progress has been made in these three processes. The
Shockley model established CB for calculating the current-voltage (IV)
characteristics of photovoltaics under non-concentrated radiation [6]. In
concentrated semiconductors, however, CB must account for the effects
of Tsm on bandgap and carrier dynamics, which has been addressed by
refinements to the Shockley model [7-9]. TE is defined as the
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equilibrium between thermal source terms and thermal output terms in
semiconductors. The thermal output terms can be accurately modeled
through heat transfer analysis [10,11]. The coupling between CB and TE
has been summarized into two relationships: T in CB is determined by
TE [12,13], and the thermal source terms in TE originate from physical
processes in CB, which generate thermal energy through electroacoustic
interactions [14,15].

Despite foundational progress, current models of CPV/T systems
exhibit theoretical shortcomings, particularly in the CB-TE coupling.
Specifically, existing models are the single-point coupling model
(SPCM), where CB and TE are coupled only at the maximum power point
(MPP) of the CPV [16-18]. This coupling approach contradicts the
physical reality that interactions between carriers and the lattice persist
continuously in concentrated semiconductors. Moreover, the single-
point coupling is fundamentally based on the assumption that T, at
all other voltages is equal to Tsm at Vypp [19]. This is because, although
TE and CB are coupled only at MPP, the determination of MPP still re-
quires the complete IV characteristic [20]. When using CB to calculate
the IV characteristic at other voltages, Ts, in CB can only be assumed to
be equal to Ty at Vipp, as it is the only value of T, obtainable through
coupling TE. However, the validity of this assumption in SPCM has
received minimal scrutiny. This is likely due to its alignment with the
implicit assumption in the Shockley model, which assumes that Tsen
remains constant with voltage under non-concentrated radiation [6]. In
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Nomenclature AQcon-mpp reduction in thermal energy at MEP
AQy_con-mep reduction in thermal exergy at MEP
Eele power of extracted carriers Nearnot efficiency of the Carnot cycle
Eg bandgap of semiconductor catalysts NEete ratio of Eg, to the incident solar power
E; bandgap of semiconductor catalysts at 298.15 K Hele electricity efficiency
Eipn the incident solar power Ngsource  T@t10 Of Qsource to the incident solar power
Eiso power of isothermal dissipation Nshockiey ~ Shockley-Queisser limit of efficiency
Enonrad power of non-radiative recombination Niema  thermal exergy efficiency
Erad power of radiative recombination Nrotal total exergy efficiency
Eg power of excited carriers
Ethe power of thermalization Abbreviations
Fuonrea non-radiative recombination rate of carriers C concentration ratio
Fraa radiative recombination rate of carriers CB carrier balance
F, excitation rate of carriers CPV/T  concentrated photovoltaic/thermal
I current of photovoltaics FF fill factor
q elementary charge FRCM full-voltage-range coupling model
Qcon convective heat transfer power H height of the microchannel
Qeonduction conductive heat transfer power HTF heat transfer fluid
Qrad radiative heat transfer power v current-voltage
Qrec reaction heat power MEP maximum exergy point
Qsource thermal source power MPP maximum power point
To ambient temperature, 298.15 K ocC Open-circuit
Teap difference between T and Toyger PTC photothermal chemistry
Toutter the outlet temperature of HTF SPCM  single-point coupling model
Tsem temperature of semiconductor catalysts TE lattice thermal equilibrium
1% voltage of photovoltaics TV temperature-voltage
AEg, mpp rise in electricity at MEP

concentrated semiconductors, nevertheless, it remains unclear whether
the assumption is still valid. Addressing these questions requires a full-
voltage-range coupling model (FRCM) that couples CB and TE across
the entire operating voltage range.

In addition to theoretical shortcomings, the exploration of the
theoretical limit for #,,,; of CPV/T systems remains inadequate. The
theoretical limit of #,,, defines the maximum capability of CPV/T sys-
tems to convert input solar energy into exergy, which is established by
optimizing heat transfer conditions when semiconductor properties and
input energy are set. Nonetheless, some models are tailored to specific
CPV/T devices, and the variation of T, is constrained by the thermal
tolerance of photovoltaic materials or other system components, which
restricts the scope of heat transfer adjustment and undervalues the
contribution of e tO Mo [21-231. Therefore, these models typically
predict theoretical 7,,,, values below 40 %, which represent only mar-
ginal potential enhancements beyond the Shockley—Queisser limit. In
fact, advancements in material science have significantly enhanced the
thermal tolerance of CPV devices. Some III-V photovoltaics can with-
stand temperatures exceeding 723 K [24-26], and even some next-
generation photovoltaics also exhibit thermal tolerance above 473 K
[27-29]. Models that incorporate a broader range of T, variations have
broadened the scope of heat transfer adjustment and demonstrated
theoretical 7,,, values exceeding 40 %. However, the incomplete
application of existing theoretical frameworks often leads to insufficient
self-consistency and physical interpretability. For instance, in some
cases, Tsm is artificially assigned rather than being derived from TE
[30,31], or empirical parameters, such as the temperature coefficient of
Nee» are employed to replace the construction of CB [17,32]. These
simplifications make the effects of heat transfer adjustment on CB, TE,
and CB-TE coupling unidentifiable, thereby impeding the exploration of
universal principles governing heat transfer adjustment and the theo-
retical limits of 7,5

In this study, an FRCM that couples CB and TE across the entire
operating voltage range is developed. This model reveals pronounced
TV characteristics in CPV/T systems, resulting from voltage-dependent

variations of CB-TE coupling induced by concentrated radiation,
which are validated by experimental data. The TV characteristic sub-
stantially influences the IV characteristic and 7#,,, of CPV/T systems
through CB-TE coupling and results in a maximum exergy point that
differs from the MPP. In contrast, the SPCM introduces significant
inaccuracies, as its constant Ty, assumption fails to capture TV char-
acteristics and their effects on IV characteristics. Using the FRCM, uni-
versal principles for enhancing #,,,; of CPV/T systems through heat
transfer adjustments are explored, and the theoretical limit for 7,,,; of an
ideal CPV/T system is established based on these principles. Calcula-
tions across a wide range of bandgaps and concentration ratios
demonstrate that the theoretical #,,,,; of CPV/T systems can exceed 56
%. This work emphasizes the vast potential of CPV/T systems for effi-
ciently converting solar energy into exergy, laying a robust foundation
for advancing the understanding and optimization of CPV/T systems.

2. Full-range coupling model
2.1. CB

The ideal CPV/T device in this study is shown in Fig. 1a. The FRCM is
established by coupling CB and TE across the entire operating voltage
range, and the existing theoretical framework is applied comprehen-
sively. The CB with temperature effects is expressed as: [6]

Fs(T)_Fmd(V\, T)_Fnunmd(va T)_I(‘%T):O (1)

Here, Fs, Frad, Fnonrad, are the rates of carrier generation, radiative
recombination, and nonradiative recombination, respectively.I, V, and q
denote the current to the external circuit, the voltage of CPV, and the
elementary charge, respectively. All terms are functions of T, and the
bandgap [20], with the bandgap also being a function of Ty, [33,34]
(Supplementary Note 1, Supplementary Fig. 1). Fuonreq is zero for the
ideal CPV. The calculation methods for F;, F,4 are detailed in



Y. Gao et al.

Cover plate
Vacuum

Energy Conversion and Management 344 (2025) 120266

Semiconductor

Heat transfer fluid

hv

¢ ¢ ¢

C oF|
V: radiative recombination
E lsc
C i P WA
B g 3 3
------- 5 » 3 N
o IV: electricity Iy -
2 3
qv 8
2
2
=
S
I
Voltage VocEq

Fig. 1. Schematic of the ideal CPV/T device and CB in semiconductors. (a) The schematic of the ideal CPV/T device in this work. There is a vacuum between the CPV
and the transparent cover plate, and the heat transfer fluid flows through microchannels beneath the CPV to carry away the heat. A more detailed introduction is
provided in Supplementary Note 4. (b) Carrier dynamics within the semiconductor, including I) carrier excitation, II) thermalization, IIT) isothermal dissipation: A
portion of the energy of the extracted carriers to the external circuit is dissipated as heat due to the difference between E; and V. IV) extraction and utilization, V)
radiative recombination: an electron in the conduction band recombines with a hole in the valence band, and the excess energy is emitted in the form of a photon. VI)
non-radiative recombination: electrons and holes recombine and release phonons instead of photons. The yellow and pink arrows represent the absorption (emission)
of photons and phonons, respectively. The phonons are not explicitly depicted. (c) Energy diagram of Processes II-V in (b), and the blue line is the IV curve. Process VI
is not depicted, as non-radiative recombination is zero in an ideal semiconductor. The sum of energy from Processes II to V is the total energy of excited carriers in
Process 1. F, Isc, E; and Voc are the rates of carrier generation, short-circuit current, bandgap, and open-circuit voltage, respectively.

Supplementary Note 2. Since F.qq(V, T) has a critical influence on CB, it
is described explicitly as follows:

T\® Eo EJ(T 1%
Fas(V. ) = Fus(0.T0) (7. ) vl - 5 lesn () @

Here, Ty is ambient temperature, set at 298.15 K unless otherwise
specified. F,4(0, To) represents the radiative recombination rate at Tp
under no illumination. Eg and E,(T) are bandgap when Ty, at To and T,
respectively, and k is the Boltzmann constant.

2.2. TE and CB-TE coupling

The energy conservation in the semiconductor can be established
based on CB:

ES(T) = Ethe(V; T) +Eiso (V7 T) + Eele(V1 T) + Emd(V7 T) + Enonrad(va T) (3)

Es, Ene, Eiso, Eetes Erads Enonrad are powers of excited carriers, thermali-
zation, isothermal dissipation, electricity, radiative recombination, and
non-radiative recombination, respectively [35]. The diagrams of each
term in Eq. (3) are shown in Fig. 1b-c, with detailed formulas provided in
Supplementary Note 3. The isothermal dissipation is rarely mentioned in
the literature, so a more detailed explanation is provided here. Carriers
extracted to the external circuit experience the isothermal dissipation
process, and the contribution of a single carrier is the difference between
E,; and qV (III process in Fig. 1b). Therefore, Ej, is calculated as [36]:

Eio(V,T) =I(V, T)[Eg(T) — V] @

The first CB-TE coupling relationship is that Ty, in CB is calculated by
TE. The TE in the semiconductor is given by [37],

Qsource ( T) = Qconduction ( T) + Qx:on ( T) + Qrad (T) (5)

Thermal output terms include Qconducrions Qeon @nd Qrqq, Which corre-
spond to the power of conduction, convection, and radiation heat
transfer, respectively. CPV/T systems typically utilize the thermal en-
ergy in conduction and convection heat transfer. Although the Q44 in
high temperature can be harnessed in devices like thermophotovoltaics,
it is generally considered to be unexploitable in CPV/T systems [38]. In
this study, an ideal CPV/T system is designed to utilize only convective
heat transfer to extract thermal energy (Fig. 1a). High-temperature
thermal oil [39], serving as the heat transfer fluid (HTF), flows
through microchannels to remove heat of CPV. Q. and Q4 of the
system are established as functions of T, through heat transfer analysis
(Supplementary Note 4).

The second CB-TE coupling relationship is that thermal source terms
in TE originate from CB. Three processes in CB generate thermal energy
via electroacoustic interactions, including thermalization, isothermal

dissipation, and non-radiative recombination. Current models
commonly adopt an indirect definition of Qssurce, [40,411
Qsource = ES(T) - Eele(v-, T) - Emd(V~, T) (6)

The indirect definition renders the individual variations of three thermal
source terms implicit, which is unfavorable for the analysis of in-
teractions between CB and TE. To overcome this limitation, we adopt a
direct definition of Qspyurce in this work:

Qsource = Ee ( V7 T) + Enonrad ( V-, T) +Eis ( V1 T) (7)

External heat sources can also be included in Qsoyrce if present. Therefore,
the TE in the semiconductor is

Ethe ( Va T) + Enonrad (V7 T) +Eisa (V7 T) = Qconduction (T) + Qcon (T) + (2rad ( T)
(8)

This expression reveals that the thermal source terms originating from
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CB vary with voltage, resulting in changes of TE and T, with voltage.
This theoretically indicates the existence of TV characteristics in CPV/T
systems, analogous to IV characteristics. The FRCM is established by
simultaneously solving Egs. (3) and (8) across the entire operating
voltage range. A computational framework is constructed to implement
this process (Supplementary Fig. 2), which is executed using MATLAB.
For comparison, an SPCM is also developed, with its computational
framework detailed in Supplementary Fig. 3.

The electricity efficiency (7,,), thermal exergy efficiency (7ermar)
and 7, are defined as

Eele

Nete = E (C))
Qcon X |:1 - (ﬁ) :|
= 1
Nthermal Ej, ( 0)
Neotal = Mele + Nthermal (11)

E;, is the power of input solar energy, and T,y is the outlet temperature
of HTF. The proportion of thermal energy converted into exergy is
determined by the efficiency of the Carnot cycle.

3. TV characteristics in CPV/T systems
The FRCM was employed to analyze the performance of the CPV/T

system under varying concentration ratios (C). Eg was set to 1.34 eV,
consistent with the optimal bandgap in the Shockley model [42]. The
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mass flow rate of the HTF and the height of the microchannel (H) were
fixed at 1 kg/s and 500 pm, respectively. The FRCM revealed pro-
nounced TV characteristics in the CPV/T systems, where T, decreases
with increasing voltage (Fig. 2a). The TV characteristics arise because
changes in CB with voltage lead to a reduction in the thermal source
efficiency (gsource = "giso + Mpme) With rising voltages (Fig. 2b-c).
Consequently, Tsm and the thermal output power (Qcn and Qqq)
decrease to maintain TE. The reduction in 5 is primarily attributed
to a decrease in isothermal dissipation efficiency (1,,). Specifically, the
isothermal dissipation per carrier in CB diminishes at higher voltages
(Equation (4)), and the number of carriers available for isothermal
dissipation is also reduced at higher voltages because of the declining

current caused by increased radiative recombination. The gradient of

Tsem with respect to voltage (ddT%) intensifies as C rises (Fig. 2a). The

difference in Ty, between V = 0 and open-circuit voltage (V,.) reaches
643.8 K at C = 1000. The increasing e
gradient of Qe With respect to voltage (d‘ﬁ%) at higher C

is attributed to the larger

(Supplementary Fig. 4). This trend arises because d”‘é““,"'“ increases with
rising C (Fig. 2b-c, Supplementary Fig. 5), and the higher incident en-
ergy under greater C further amplifies this gradient (Qsource = Ngsource X
Ein). This also explains that the constant T, assumption is valid under
non-concentrated radiation because % can be neglected due to the
low Ej,.

The experimental data for actual CPVs were fitted using the FRCM to
demonstrate the existence of TV characteristics. Literature data on
AlGaInP CPV and GaInP CPV were selected considering their IV char-
acteristics and recombination mechanisms are well-documented [43].
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Fig. 2. TV characteristics of CPV/T systems. (a) IV and TV characteristics derived from the FRCM and SPCM under different C. Dashed droplines mark the MPPs on
the IV curves, and pentagrams denote the maximum exergy points in FRCM. (b, c) Variations in the energy efficiencies of terms in CB and TE with voltage at (b) C =
100 and (c) C = 1000. The energy efficiency is defined as n, = g—;, where x denotes a specific term. The region where y > 0 in (b) and (c) includes the energy

efficiencies of all the output terms in the CB (Eye, Eiso, Eele, and E,qq). The sum of them corresponds to the energy efficiency of Eg. Therefore, this region represents
energy conservation of the CPV/T system (Eq. (3)). The area enclosed by the pink dashed lines indicates the TE of the CPV/T system. The region where y >
0 corresponds to the energy efficiencies of thermal source terms (Eg,, and Ej,), while the region where y < 0 corresponds to the energy efficiencies of thermal output
terms(Qconductions Qeons and Qrqaq; see Eq. (8)), respectively. The label of Qo4 is omitted in (b) due to its negligible magnitude. Diagrams for C = 400 and C = 700 are
presented in Supplementary Fig. 5. (d) IV characteristics and fitted TV characteristics of the AlGaInP CPV at C = 1000 with Ty of 473 K, 573 K, and 673 K. (e)
Variations in the energy efficiencies of terms in CB and TE with voltage for the AlGaInP CPV at Ty = 573 K. Unlike the ideal CPV/T device, Enonrqg appears as a

thermal source term here (see Eq. (8)).
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The CPV was placed on a temperature-controlled stage, with the stage
temperature (Tqq ) varied from 473 K to 673 K, and C is fixed at 1000
[44]. Non-radiative recombination must be taken into account in actual
CPVs. The dominant non-radiative recombination process in the
AlGalnP and GalnP is thermionic emission, and the F;qq is assumed to
be unaffected by TV characteristics, as variable temperature measure-
ments have illustrated that it increases slowly with Tse, when Teen €x-
ceeds Ty [45]. Fitting details are provided in Supplementary Note 5. The
fitting results confirm that AlGaInP and GaInP exhibit pronounced TV
characteristics under all three Ty (Fig. 2d, Supplementary Fig. 6). Tsem

consistently exceeds Tyqe due to the thermal effects of concentrated

dTsem
dv

E;s, with respect to voltage (Fig. 2e, Supplementary Fig. 7). Compared to
the ideal PV under the same radiation, the dgs‘;’" of two kinds of CPVs is
relatively small. This is because the relatively large Ey (2.01 eV for
AlGalInP and 1.90 eV for GalnP) and significant non-radiative recom-
bination results in a smaller current, which reduces the gradient of Ej,
with respect to voltage (Equation (4)). In addition, despite the constant
non-radiative recombination with respect to voltage having minimal

impact on dgs‘;"‘, it significantly contributes to Qsource and increasing the

radiation. The observed

also primarily arises from the gradient of

overall T.,. For instance, non-radiative recombination accounts for 24
% to 50 % of Qsource for AlGaInP CPV at Tyqe = 573 K (Fig. 2e). These
findings underscore the dual role of non-radiative recombination in
CPV/T systems: it not only depletes carriers in CB but also acts as a
significant heat source term in TE. This dual effect is crucial for opti-
mizing real-world CPV/T devices, and the FRCM is a powerful tool to
study it.

4. Comparisons between FRCM and SPCM

TV characteristics significantly influence the IV characteristics of
CPV/T systems through the CB-TE coupling. Consequently, the SPCM
leads to inaccuracies in IV characteristics due to the constant T,
assumption. First, in the FRCM, the current begins to decrease from V =

-~O=FRCM =%/-SPCM
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0, which becomes particularly evident when C > 100. In comparison, the
SPCM shows a relatively constant current before Vypp (Fig. 2a). This
discrepancy arises because the TV characteristic in the FRCM reflects the
increase in E; from V = 0, which leads to the reduction in absorbed
photons with rising voltage (Supplementary Fig. 8). Additionally, the TV
characteristics dictate that Ts, has a stronger enhancing effect on
radiative recombination in the low-voltage region (Equation (2)),
thereby negatively impacting the current in this region (Fig. 2¢, Sup-
plementary Fig. 5b). The constant T, in the SPCM fails to capture these
two effects (Supplementary Figs. 8b, 9), so the current decreases only
when radiative recombination becomes significant in the high-voltage
region. Second, V,. is underestimated in the SPCM (Fig. 3a). This oc-
curs because T, is overestimated in the high-voltage region (Fig. 2a),
which leads to an exaggerated radiative recombination rate
(Supplementary Fig. 9), ultimately causing the current to reach zero
more rapidly. The above two types of inaccuracies collectively make the
IV curve of the SPCM closer to a rectangular shape, resulting in an
overestimation of the fill factor (FF) compared to the FRCM (Fig. 3a).
These deviations become more pronounced as C increases because the
increasing dg% represents escalating errors of the constant Tiem
assumption in the SPCM. At C = 1000, the errors in V,, and FF can reach
up to —0.48 V and 26.27 %, respectively. The exergy efficiencies also
exhibit increasing deviations with rising C (Fig. 3b).

It is important to note that while CB and TE are coupled at Vypp in the
SPCM, this does not mean that the SPCM is accurate when considering
only MPP performance. The CB-TE coupling indeed yields the correct
values for the current and T, at Vypp, as evidenced by both the IV and
TV curves of the two models intersecting at the Vypp of the SPCM
(Fig. 2a). However, the Vjpp itself is inaccurate, and the error (the dis-
tance between two dashed lines in Fig. 2a) increases with C, reaching as
much as —0.29 V when C = 1000. This error arises because the deter-
mination of the Vypp relies on the accuracy of the overall TV and IV
characteristics, rather than relying solely on the CB-TE coupling at Vipp.
This error can be quantitatively analyzed. Since T, is a function of

b 4«
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Fig. 3. The influence of TV characteristics on IV characteristics and the maximum exergy point of CPV/T systems. (a) Comparison of V,, and FF in FRCM and SPCM.
(b) Comparison of exergy efficiencies at MPP in two models. (c) Changes in exergy efficiencies with voltage in the FRCM at C = 700. (d) Changes in exergy effi-

ciencies with voltage in the SPCM at C = 700.
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voltage, the electrical power of the CPV/T system can be expressed as:

P=IV,T(V)]V=P[V,T(V)] (12)

The Vypp is the voltage where the derivative of P is zero:

dP 0P oPdT
=45 13
v ov T av 1s)
Tsem can be considered constant with respect to voltage under non-
concentrated conditions, allowing % +% 4L = 0 to simplify to & = 0,
which is the equation used in the Shockley model to determine Vypp [6].
However, the TV characteristics in CPV/T systems dictate that g—‘T, cannot
be ignored. Therefore, the constant T, assumption in the SPCM leads to
errors in Vypp, which become more pronounced with rising C because of

the increased ¢

Tyem
av -
5. Maximum exergy point of CPV/T systems

The FRCM can determine the maximum exergy point (MEP) of CPV/
T systems and reveals that Vjgp is not identical to Vypp (Fig. 3c). This
discrepancy arises because the MEP is jointly determined by #,, and
Nihermat> @S the TV characteristic causes 7,,mq to also vary with voltage.

Vuep decreases and diverges further from Vypp with rising C, as d’%;’"ﬂl

increases due to the growth of d?&"‘ at elevated C (Supplementary
Fig. 10). The SPCM is unable to accurately predict the MEP. Vygp in the
SPCM remains identical to Vypp because the constant T, assumption
results in 7,,,,; being constant with respect to voltage (Fig. 3d). These
findings emphasize the pivotal role of the FRCM in guiding the opti-
mization of #,,,,;, as the core of optimizing lies in maximizing 7,,,,; at the

MEP (ota1-mep)-
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6. General principles for optimizing N¢otal.mep through heat
transfer adjustments

Notar—mep Under the initial heat transfer conditions—defined as a flow
rate of 1 kg/s and H = 500 pm—is analyzed first. The 7,,,;_yzp declines
at high C (gray line in Fig. 4a) and does not exceed 40 %, which can be
attributed to two factors. First, 5, g consistently decreases with
increasing C (gray line in Fig. 4b) due to the rise in Ti,. Second,
although #perma_mep increases with C because of the rise in Tym (gray
line in Fig. 4c), the potential for high T, to produce thermal exergy is
not fully realized. This is reflected in the significant gap between
Touttet—mep Of the HTF and Tsem—mep (Teqp), Which exceeds 200 K when C >
500 (Fig. 5a). These findings indicate that #,,.,;_yep can be optimized by
enhancing the heat transfer to reduce T, or narrow the Tyqp.

6.1. Reducing Tsem-mep

Convective heat transfer plays a dominant role in thermal output
(Fig. 2b-c), so two types of methods to enhance convective heat transfer
were tested: increasing the HTF flow rate and improving heat transfer
without altering the flow rate. The latter can be achieved through ap-
proaches such as increasing the heat exchange area [46,47] or reducing
the hydraulic diameter (d,) of the flow channel [48,49]. In this study,
the approach of reducing d. by decreasing H was chosen (Equation (S7)).
Both methods effectively reduce Tsem-mrp (Fig. 5b, e). However, the
decrease in Touge mep When reducing H is modest (Fig. 5¢) but becomes
pronounced with an increased flow rate (Fig. 5f). Therefore, their effects
on Ty and #,4,q_pep are markedly different. Reducing H significantly
decreases Tgqy, which can drop to less than 5 K when H is 50 pm (Fig. 5a),
whereas increasing the flow rate has minimal impact on Ty, (Fig. 5d).
Reducing H enhances #,,,,;_yep and strengthens its positive correlation
with increasing C (Fig. 4a), allowing 7,,, to exceed 45 % at high C, but
increasing flow rate has the opposite effect (Fig. 4d). Both methods lead
to a monotonic increase in #,;,_yzp (Fig. 4b, €) and a monotonic decrease
in Ngerma—mep (Fig. 4c, f) when C is fixed. Therefore, reducing H enhances
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Fig. 4. Variations in exergy efficiencies at MEP when reducing H or increasing flow rate. (a-c) Variations in (a) 7,5, (b) 7, and (¢) #erma at MEP with increasing C
when H is reduced, maintaining a flow rate of 1 kg/s. (d-f) Variations in (d) #,,y, (€) 74 and (f) #erma @t MEP with increasing C when the flow rate is increased, with
H =500 pm. Eg is 1.34 eV in (a)-(f), and a data point is recorded for every increment of 20 in C.
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Neota—mpp DeCause the rise in electricity at MEP (AEg, yrp) exceeds the
reduction in thermal exergy at MEP (AQx—con—mep, Fig. 6a). Conversely,
AE,,_pep is smaller than AQy_con—mep (Fig. 6b) when increasing the flow
rate.

A larger AEg . ypp than AQy_con-mep and the increase in 7., pep
appear to be associated with the narrowing of Ty, when reducing
Tsem-mep- This relationship arises because both the relative magnitudes
of AQx—con—mep and AEg._ypp and the change in Ty, are determined by
the reduction in Tsem—MEP (ATsem—MEP) and in Toutlet—MEP (ATuutlet—MEP)
after heat transfer adjustments. Specifically, ATsm-_mep directly de-
termines AEg, pypp, and the reduction in thermal energy at MEP
(AQcon—mep) is close to AEg, yep (Fig. 6a-b), which is governed by the
intrinsic properties of semiconductors (Supplementary Fig. 11). How-
ever, AQx_con-mep depends not only on AQn-mpp but also on
AToutter—mep, a5 ATouder—mep controls changes in the efficiency of the
Carnot cycle (1¢gmo:)> Which dictates the conversion efficiency of ther-
mal energy to exergy. ATouue mep is small when reducing H
(Supplementary Fig. 12a), resulting in only a slight decline in 7o
Consequently, AQy_con—mep is less than AQcon—mep and AEg, yep (Fig. 6a,
AQx—con-mep can be approximated as AQcon—Mmep X Hcgmoe Under this
condition). The smaller AT,y pmep compared to ATse,—pep also drives a
reduction in Ty, linking the narrowing of Ty, to the increase in
Neota—mep- Conversely, when increasing the flow rate, ATouer mep iS
approximately equal to ATsen—ymep (Supplementary Fig. 12b), leading to
a nearly unchanged Tqp. Therefore, AQx_con—mrp €xceeds AQcon—mep and
AE,._ypp due to the significant decline in 5.4y, (Fig. 6b), causing the
decrease in #,q_pEp- Overall, for the strategy to enhance 1,0 mmp
through reducing Tsem-mzp, a simultaneous decrease in Ty is a necessary
condition. Therefore, the upper limit of the Tsem—mep redcution strategy
is reached when T, is exactly zero after the heat transfer adjustment, as
further simultaneous reductions in Tem-mep and Ty become unavai-
lable. This is supported by the observation that reducing H from 100 pm
to 50 pm results in only a slight increase in 77,,,y_pp (Fig. 4a), as Tgqp is
already sufficiently small at H =100 pm (< 30 K at C = 1000, Fig. 5a).
The different relative magnitudes of ATsem_pmep and ATy mep in the
two types of heat transfer adjustments are attributed to their distinct
impacts on the convective heat transfer coefficient, which are discussed
in detail in Supplementary Note 6 and Supplementary Figs. 13-17.

6.2. Increasing Tsem—mep

The preceding discussion is based on the premise of reducing
Tsem—mep to improve 7,, ppp. However, a reverse analysis of Fig. 4d re-
veals that increasing Tsm-mep can also enhance 7, yep- Although
Nete—mep decreases with rising Tem—mep as the flow rate decreases from 6
kg/s to 1 kg/s (Fig. 4e, Fig. 5€), Nym_mpp iNCreases because the rise in
Nehermal—mep OUtweighs the decline in #,,_yEp (Fig. 4f). Reducing the flow
rate to 0.6 kg/s further validates the effectiveness of the Tsem_ppp in-
crease strategy (Supplementary Fig. 18). Minimizing T is also crucial
for this strategy, as it facilitates the conversion of high Tsm_mpp into
thermal exergy, thereby amplifying the dominance of the increase in
Nihermal—mep OVeT the decrease in #,,_yzp. The necessity of narrowing Tgq,
suggests combining reducing the flow rate with decreasing H.
Decreasing H to 100 pm can effectively narrow Ty, to near zero under
reduced flow rate conditions (Supplementary Fig. 19), enabling the
combined method (Fig. 6¢) to significantly outperform the approach of
reducing the flow rate alone (Supplementary Fig. 18). Under this con-
dition, the ideal CPV/T system achieves a peak #,,.,;_mep Value of 54.6 %
when the flow rate is reduced to 0.3 kg/s at C = 1000. The peak value
also defines the theoretical upper limit of the Tsm_pmgp increase strategy
at C = 1000. Further reductions in flow rate lead to declines in
Nihermat—mep aNd Mo s despite Tyem_mpp continuing to increase and
Tyqp remaining near zero. This occurs because E.q and Qg gradually
dominate at higher thereby compressing  Qcon—mEep
(Supplementary Fig. 20).

Tsem —MEP>
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7. Theoretical limit of 1) and achievable noia)

The peak 7,,,,; value of 54.6 % highlights that the Tsm_umzp increase
strategy provides a higher theoretical upper limit compared to the
Tsem-mep reduction strategy (Fig. 6¢). The latter achieves a theoretical
maximum #,,.,; of 46.4 % at C = 1000 (Fig. 4a) under conditions with H
= 50 p m and Ty, near zero. Consequently, the theoretical limit ach-
ieved by the Tim-mrp increase strategy defines the theoretical limit for
Neorar Of the ideal CPV/T system, which can be reached by simultaneously
reducing Ty, to near zero and appropriately elevating Tsen,—mep through
precise heat transfer adjustments.

Although the value of 54.6 % can be regarded as the theoretical limit
for 1,4 of the ideal CPV/T system with Eg = 1.34 eV, C=1000,and e =
1, achieving this limit presents significant challenges due to the
extremely high T, (1144.4 K, Supplementary Fig. 19), which far ex-
ceeds the temperature tolerance of existing CPVs. 7, also drops to zero
under such a high Ts.». However, by carefully managing the reduction in
flow rate, #,,,,; can be substantially improved while preventing device
overheating. For example, when the flow rate is reduced to 0.6 kg/s
instead of 0.3 kg/s with H = 100 pm, an impressive #,,,;_yep Of 50.9 % is
achieved (Fig. 6¢). Meanwhile, Tsem—mep (601.7 K) remains well within
the temperature tolerance of CPVs [25], and 7, retains an excellent
value of 24.7 %. Therefore, we adopted heat transfer conditions of H =
100 pm and a flow rate of 0.6 kg/s to explore more achievable theo-
retical ,,,,; over a broader range. C varied from 100 to 1000, and Ey was
set between 1 eV and 3 eV, encompassing most PVs with practical ap-
plications. The combination of reduced H and decreased flow rate en-
sures excellent 7,,,,; performance. Specifically, 7,,,,; €xceeds 40 % even at
Cslightly above 150 when E, < 1.35 eV, and surpasses 55 % at higher C
(Fig. 6d), which is a significant advancement compared to the prediction
of previous models. The small H ensures that T,,, remains below 33 K
(Supplementary Fig. 21a), which ensures that #,,,,; remains positively
correlated with higher C and lower Eg (Fig. 6d, 4a). Furthermore, the
reduced H effectively limits the rise of T (Fig. 5b). For most Eg and C
values, T, remains below 600 K (Supplementary Fig. 21b), with a
maximum T, of less than 710 K, which is well within the tolerance of
high-temperature CPVs. The relatively low T, ensures that 7,;, does not
significantly decrease with rising C (Fig. 6e). Consequently, 7,, con-
tributes over 80 % to 7,,,,; in most regions, and even in regions where
Tsem exceeds 700 K, its contribution remains above 30 % (Supplementary
Fig. 22). However, in the blue region at the upper left corner of Fig. 6e,
Tsem €xceeds 710 K (with a maximum of 775 K), and the contribution of
114 drops below 30 %, despite 7,,,; continuing to increase with higher C
and lower Eg. This occurs because the same flow rate was applied for all
C and Egy for comparison. Nonetheless, higher C and lower Eg in the
blue region require larger flow rate due to the greater thermal source
power. As shown in Supplementary Fig. 23, increasing the flow rate from
0.6 kg/s to 1 kg/s effectively narrows the blue area and increases the
contribution rate of 7,;,. This principle of flow rate matching also illus-
trates that 0.6 kg/s is excessive in regions where Eg > 1.34 eV or where
Eg < 1.34 eV but C is relatively low. In these regions, #enmq and 7
(Fig. 6d, f) can be further improved by reducing the flow rate to
appropriately increase Tsem—mep-

The theoretical 7,,, of CPV/T systems demonstrates a substantial
improvement compared to the Shockley-Queisser limit of PV (1gyockiey )
even when the blue region in Fig. 6e is excluded. The relative increase

(lod Mshodler) piges with higher C and lower Eg (Supplementary Fig. 24a),

NShockley

exceeding 30 % for Ey < 1.5 eV when C > 460 and reaching 40 %-78 %
around Ey = 1.34 eV when C > 600, which corresponds to an absolute
increase of 15 % to 24 % (Supplementary Fig. 24b). The highest theo-
retical 17,,,y within the explored range is 56.1 %, observed at Ego = 1.1 eV
and C = 880, representing a relative increase of 69.0 % over the
Shockley-Queisser limit for the optimal bandgap (33.2 %) [42]. This
underscores the remarkable potential of CPV/T systems. If full-spectrum
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utilization is considered—converting radiation outside the absorption
range of the CPV into thermal energy at Toyger—];0, at Ego = 1.1 €V and
C = 880 increases to 62.5 %. Notably, this study focuses exclusively on
single-junction devices. The implementation of multi-junction CPV is
expected to further enhance the theoretical #,,4-

8. Model generalizability and future research
8.1. Model generality and practical applicability

The FRCM exhibits strong generality. Although the FRCM is applied
to ideal CPV/T devices in this study, it reserves interfaces for both CB
and TE of practical CPV/T systems, enabling accurate modeling and
facilitating design and optimization of real-world devices to enhance
their #,,,- Several key interfaces are introduced below:

(1) Non-radiative recombination. In practical materials, non-
radiative recombination cannot be neglected. It not only affects
CB but also acts as a thermal source participating in TE through
CB-TE coupling [14]. We have reserved an interface to accom-
modate non-radiative recombination (see E,y;qq in Egs. (3) and
(8)), allowing non-radiative recombination characteristics of real
materials to be incorporated.

(2) Temperature-dependent parameters. For instance, the tempera-
ture dependence of the bandgap and the radiative recombination
coefficient in real materials can be directly incorporated into the
FRCM (Equations (S1) and (S2)).

(3) TE. FRCM includes dedicated interfaces for conductive, convec-
tive, and radiative heat transfer (Eq. (8)), enabling accurate
modeling tailored to the heat transfer conditions of practical
CPV/T devices. In addition, the FRCM can also be incorporated as
a CB-TE coupling module into commercial multiphysics plat-
forms such as Fluent or COMSOL, leveraging their mature capa-
bilities in heat transfer, multiphase flow. This is also the direction
of our future work.

In summary, the FRCM can support the modeling and optimization of
practical CPV/T systems. For example, it can determine the tuning di-
rection of the temperature dependence of the bandgap in material
design, the optimization of thermal management strategies of practical
devices, and aid in selecting thermal utilization technologies that align
with specific CPV/T devices.

8.2. Current status and future research of practical CPV/T devices

Considering the existing high-temperature CPV technologies and
cooling technologies, the high-temperature CPV/T devices proposed in
this study are a feasible concept with strong economic viability:

(1) Significant progress has been made in high-temperature CPVs.
For instance, some advanced III-V CPVs are now capable of
maintaining a 5, of approximately 10 % at 673 K [44]. They are
fabricated via chemical vapor deposition (CVD), which is
compatible with existing industrial infrastructure. Additionally,
the high-temperature performance of emerging solar cells con-
tinues to improve—for instance, there are perovskite solar cells
that exhibit only a 30 % reduction in 75,, at 500 K compared to
room temperature operation.

(2) The microchannel dimensions used for cooling in this model
(50-500 pm) are common in current industrial applications, [50]
although the associated manufacturing costs still require further
reduction.

(3) The cost of optical concentrator components is steadily
decreasing with the rapid advancement of concentrated solar
power technologies [39]
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However, the 7,y of current high-temperature CPV/T devices
remain far below the theoretical limit. Many critical challenges remain
to be addressed:

(1) Severe non-radiative recombination at elevated temperatures still
significantly constrains the photoelectric performance of CPVs.
Further advances in defect passivation, interface engineering,
and structural optimization are required to suppress recombina-
tion and extend device longevity.

(2) The use of tandem semiconductors is expected to further enhance
Notar Of CPV/T systems, and some progress has been reported on
tandem devices operating at high temperatures [51]. Neverthe-
less, achieving high interfacial carrier transport efficiency, effi-
cient thermal conduction between layers, and mechanical
compatibility under thermal stress remains a challenge. These
issues depend heavily on future advancements in materials and
device architecture.

(3) System-level modeling and optimization require further
advancement, particularly in the coordinated management of
multiple energy flows, including optical, thermal, and electrical
energy.

(4) Breakthroughs in more efficient thermal utilization technologies
and their integration with CPV/T systems are also expected to
make positive contributions to the enhancement of both #.ma
and Ntotat-

9. Conclusion

We developed an FRCM that couples CB and TE across the entire
operating voltage range. This model reveals pronounced TV character-
istics in CPV/T systems due to voltage-dependent variations of CB-TE
coupling, as validated by experimental data. The TV characteristic
substantially influences the IV characteristic and 7,,,,; of CPV/T systems
through CB-TE coupling and results in an MEP that differs from the MPP.
In contrast, the traditional SPCM fails to reflect these effects because its
constant T, assumption cannot capture the TV characteristics, thereby
leading to inaccuracies. Universal principles for enhancing 7,,,,; through
heat transfer adjustment are identified with FRCM. The Tem_mep in-
crease strategy is shown to provide a higher upper limit than the
Tsem—mep reduction strategy. For both strategies, minimizing Tgq
emerges as a common criterion for effectively enhancing #,,,,;- Based on
these principles, we demonstrate that the theoretical limit for #,,,, of the
ideal CPV/T system can be reached by simultaneously reducing Ty to
near zero and appropriately elevating Tsm-mep through precise heat
transfer adjustments. Calculations across a wide range of bandgaps and
concentration ratios indicate that the theoretical ,,,,; can exceed 56 %.
This work deepens the fundamental understanding of CPV/T systems
and establishes a robust framework for predicting performance and
guiding optimization, providing critical insights for advancing CPV/T
technologies toward highly efficient and sustainable energy solutions.
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