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QUANTUM AND THERMAL CONVERSION OF SOLAR ENERGY TO USEFUL WORK 

D. H. Johnson 

1.0 INTRODUCTION 

This paper will summarize the results of a thermodynamic analysis of quantum 

and thermal processes for converting sunlight into useful work. Quantum and 

thermal processes acting alone as well as combined quantum-thermal processes 

will be discussed. Two types of combined processes have been analyzed, the 

thermally coupled process and the thermally de coupled process. These pro

cesses were addressed because there is a hope that a combined quantum-thermal 

conversion system will prove to be cheaper than either system acting sepa

rately. A first step in determining cost is to determine maximum system effi

ciency. The analysis also indicates the concept with the greatest potential 

so that further efforts can focus on it. Previous analyses of the thermody

namics of quantum and thermal conversion have been performed by Haught 

(Ref. 1), Bolton (Ref. 2), Ross (Ref. 3) , and others. This paper will review 

Haught's analysis and present the results of an extension of this analysis to 

a thermally decoupled combined quantum/thermal system performed at SERI. Only 

systems using unconcentrated solar flux will be considered in the present 

analysis. 

2. 0 THERMAL CONVERSION 

Figure 1 is a schematic of a thermal conversion system. Incident radiation is 

absorbed in a receiver operating at temperature TT. The receiver is assumed 

to be perfectly insulated against convective and conductive losses. Some of 

the absorbed radiation is reradiated to the environment. The rest is con

verted to heat at temperature TT . A heat engine converts some of this heat to 

useful work and rejects the rest to a heat reservoir at the ambient 

temperature. 
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We will assume here and in the rest of this report that the incident radiation 
is composed of radiation from the sun and from the ambient environment. We 
will also assume that all sources of radiant energy are black bodies charac-
terized by their temperature. Thus, the intensity of photons from the sun 
I8(v) as a function of frequency v is 

Ig(v) 
2 2 --1 

= .=.2n�n:---:-v- [exp( -hv/kTg) - 1 ] c2 
R 2 (R:o) (1) 

where n is the index of refraction (I assume n = 1), C is the speed of light 
(3.00 x 108 ms-1), h is Planck's constant (6.63 x 10-30 Js), k is Holtzman's 
constant (1.38 x 1023 JIC1), Rs is the radius of the sun (6.95 x 108 m), REO 
is the radius of the earth's orbit (1.49 x 10 11 m), and T8 is the temperature 
of the sun (6000 K). The factor (Rs/RE0)2 is the solid angle subtended by 
the sun and represents the fraction of the radiant energy emitted by the sun 
which is incident on the receiver. Similarly, the intensity of photons from 
the ambient environment IA(v) is 

2 2 2 --1 R 2 
= �2V [exp(-hv/kTA)- 1] [1 - (R:o) ] (2) 

where TA is the ambient temperature (300 K) and the factor [1 - (Rs/RE0)2] 
accounts for the blocking of the environment by the sun. The intensity of 
light reradiated from the receiver is 

I(v,TT) = 
-1 

[exp(-hv/kTT)- 1] (3) 

We will assume that the heat engine absorbs heat from a reservoir at tempera
ture TT (the receiver), rejects heat to a reservoir at temperature TA (the 
ambient environment), and converts the difference into work with a Carnot 
efficiency given by (1 - TA/TT). 
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The efficiency of the thermal conversion process is then given by 

TIT = (4) 

where the factor in brackets represents the number of photons absorbed per 

unit area of the receiver, hv is the energy per photon of frequency v, 

(1 - TA/TT) is the Carnot efficiency of conversion of thermal energy to work, 

and cr(v,TT) is the absorptivity of the receiver. 

According to the principle of detailed balancing the absorptivity equals the 

emissivity. Since the spectrum of incident photons from the sun is peaked at 

much higher frequency than the spectrum of the photons emitted from the 

receiver, conversion efficiency will be improved by choosing an absorptivity 

that is large at high frequencies and small at low frequencies. We will con

sider a step function absorptivity such that 

cr(v,TT) = 
0 v < vT(TT) 

1 v > 'Vrf(TT) 
(5 ) 

The conversion efficiency is a function of TT and vT. The temperature that 

produces the maximum conversion efficiency for each vT is plotted as a func

tion of vT in Figure 2. The conversion efficiency produced by using the opti

mum temperature for each vT is also plotted as a function of vT in Figure 2. 

The maximum possible conversion efficiency is 5 4% and occurs at a temperature 

of 862 K and an absorption cutoff of 2. 22 x 1014 s-1 (a wavelength A. of 

1. 35 x 10-16 m). Notice that the optimum temperature is essentially propor

tional to the absorption cutoff frequency except near VT = 0 where TT � 400K. 
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3.0 QUANTUM CONVERSION 

Figure 3 is a schematic of a quantum conversion system. The entire system is 

perfectly insulated against conductive and convective heat loss and operates 

at temperature T0. The receiver absorbs incident radiation, some of which is 

reradiated to the environment. However, the absorption process is different 

than in the thermal case. Instead of being completely converted to heat, a 

portion � of the energy of each absorbed photon is converted to the available 

energy of an excited state with the remaining energy dissipated as heat at the 

temperature T0• The population of the excited state is not in equilibrium 

with the receiver at temperature TQ. It can be thought of as the population 

that would exist in equilibrium with its surroundings at a higher temperature. 

The population of the excited state is separated from the surrounding 

unexcited material (and possibly stored for a time). A quantum engine then 

converts the population of the excited state to unexcited material, recovering 

the available energy � as useful work in the process. Notice that the separa

tion step is unavoidable. If this step were not performed independently, the 

process of converting the population of the excited state to unexcited mate

rial in the presence of material that was never excited would effectively 

result in separating the population of the excited state from that material. 

The intensity of ·photons incident from the sun and the ambient environment is 

as discussed in the preceding section. The requirement that the quantum 

receiver, which converts (hv - p.) of the energy of each absorbed photon to 

heat at temperature T0, be in equilibrium with the radiation that it emits, 

leads to the following intensity of light emitted from the receiver: 

2 2 2nn v 
c2 

-1 { exp[ -( hv - �) /kT0 ] - 1} • ( 6) 

We will assume that the quantum engine converts all of the available energy of 

the excited state into useful work. 

The efficiency of the quantum conversion process is then given by 
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T)Q 
= co (7 ) 

where, as before, the factor in brackets represents the number of photons 

absorbed per unit area of the receiver, � is the portion of the energy of each 

absorbed photon converted to available energy of the excited state, and 

cr (v,�,TQ) is the absorptivity of the receiver. The absorptivity of the quan

tum receiver is determined by the quantum process. We will assume a single 

photon excitation process characterized by a threshold frequency below which 

absorption and excitation of the medium does not occur. In this case, 

cr(v,�,To) = 
0 v < v0( �.TO) 

1 v) v0(�,TQ) 
( 8) 

Notice that to have a finite emission spectrum, the threshold for emission 

must always be less than the threshold for absorption h v0• The difference 

between hv0 and � is the heat of mixing, released during separation of the 

population of the excited state from the unexcited states. The fact that �is 

less than h v0 is required by the second law of thermodynamics and in that 

sense, �plays the same role as the Carnot efficiency of a heat engine. 

The conversion efficiency is a function of �. T0, and v0• By inspection of 

Eq. 7,  it is obvious that the maximum quantum conversion efficiency occurs at 

the lowest possible temperature of the receiver, which is the ambient tempera

ture TA. Henceforth, we will assume that for a pure quantum conversion system 

TQ = TA. If we find the available energy that maximizes the conversion effi

ciency for a given threshold frequency v0 and then do this again for a range 

of v0 we get the results shown in Figure 4. The maximum possible conversion 

efficiency is 31% and occurs at an available energy of 1. 5 x 10-12 erg and a 

threshold frequency of 3.16 x 1014 s-1 (A. = 9.5 x 10-7 m). Also, notice that 

the optimum � is approximately proportional to v0 and that at v0 = 0, the 

optimum � is zero. 
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4.0 THERMALLY COUPLED QUANTUM-THERMAL CONVERSION 

Figure 5 is a schematic of a thermally coupled combined quantum-thermal con

version system. A receiver operating at a temperature TQ absorbs incident 

radiation and converts a portion 1.1. of the energy of each absorbed photon to 

the available energy of an excited state. The remaining energy (hv - 1.1.) is 

rejected as waste heat at the temperature of the quantum converter TQ. This 

waste heat is used as the input to a bottoming thermal cycle. 

The incident radiation spectrum is the same as previously discussed and the 

emitted radiation spectrum is the same as for a quantum system. The quantum 

engine converts all of the available energy 1.1. into useful work while the heat 

engine converts the remaining energy (h v - 1.1.) of each photon into useful work 

with the Carnot efficiency ( 1  - TA/Tq)• 

The ef ficiency of the thermally coupled combined quantum-thermal conversion 

process is given by 

11q-T 

� TA b [r8(v ) + IA(v) - I(v,IJ.,TQ
)] [1.1. + (hv - 1.1.) ( 1  - �)] cr(v,IJ.,TQ)dv 

= �---------------------------------------------------------------- (9) 

where all the symbols have been previously defined and cr(v,IJ.,Tq) is, as 

before, the absorptivity of the receiver. We will assume, as previously, that 

cr(v,IJ.,Tq) = 
0 v < vq(IJ.,Tq) 

1 v > vq(IJ.,Tq) 
( 10) 

where vQ is, again, the threshold frequency below which absorption and excita

tion of the quantum process does not occur. 

The conversion efficiency is a function of 1.1., TQ, and vQ. Because of the 

appearance of TQ in the Carnot efficiency factor as well as the emitted radia

tion spectrum, the maximum efficiency will not in general occur at TQ = TA. 

6 



TP-2137 

If we find the available energy that maximizes the efficiency for a given v0 
and TQ and then plot contours of the efficiency for this value of � versus v0 
and T0, we get the results shown in Figure 6. The curve that runs from the 

lower left of the figure to the upper right· represents the conditions for 

which � = 0. Along this curve, the quantum part of the system produces no 

useful work and the combined system is equivalent to a pure thermal system. 

Efficiency and corresponding temperature plotted versus threshold frequency 

along this curve would reproduce Figure 2. Below this curve � would be less 

than zero, implying that the system was supplying energy to the incident 

radiation. Along the vertical axis at TQ = 300 K = TA, the Carnot efficiency 

of the thermal conversion part of the system is zero and the combined system 

is equivalent to a pure quantum system. Efficiency and available energy 

plotted versus threshold frequency along the vertical axis would reproduce 

Figure 4. The region between the vertical axis and the curve � = 0 represents 

combinations of v0 and T0 for which the system has both a quantum and a ther

mal part. It is instructive to explore further optimization of the system 

along two paths in this region. If we find the temperature that maximizes the 

efficiency for a given v0, then we will trace 
. 
out the lower portion of the 

� = 0 curve. This approach to optimization leads to a pure thermal system. 

If we. find the threshold frequency that maximizes the efficiency for a given 

T0, then we trace out the dashed curve in Figure 6. This approach to optimi

zation leads to systems with both a quantum and a thermal conversion part. 

If we plot overall system efficiency �Q-T and the individual contributions to 

overall efficiency of the quantum part �Q and the thermal part �T versus TQ 
along this dashed curve, we get the results presented in Figure 7. The over

all system efficiency increases from that of a pure quantum system at 

TQ = 300 K (�Q-T = �T = 0. 31) 

TQ = 862 K (�Q-T = �T = 0. 54) . 

to that of a pure thermal system at 

The contribution of the quantum part of the 

system to overall efficiency decreases monotonically from 0. 31 at TO = 300 K 

to zero at TQ = 862 K while that of the thermal part increases from zero at 

300 K to 0. 54 at 862 K. The quantum and thermal parts make equal contribution 

to overall efficiency at TQ = 450 K where each is 21%. 
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5.0 THERMALLY DECOUPLED QUANTUM/THERMAL CONVERSION 

Figure 8 is a schematic of a thermally decoupled combined quantum/thermal con

version system. The spectrum of incident radiation is split into a low fre

quency part and a high frequency part by a dichroic beam splitter (alterna

tively, the quantum process, which absorbs high frequencies but passes low 

frequencies, could be placed in front of the thermal process). The high fre

quency part of the incident spectrum is directed to a quantum receiver operat

ing at temperature T0 while the low frequency part is directed to a thermal 

receiver operating at temperature TT. The quantum and thermal parts of the 

system then each operate upon their part of the spectrum as previously 

described. 

The efficiency of the thermally decoupled combined quantum/thermal conversion 

process is given by 

TJQ/T = 1l [ I
s (v) + IA (v)- IQ (V, f.L,T

O
) ] IJ.C1DBS (v, f.L, T

O
, TT)dv 

m TA + f [ Ig(v) + IA(v) - IT(v, TT) ] hv(1 - --) 
0 

TT 

[1 - C1DBS (V, IJ.,TQ, TT) ) C1T(v, TT)dvf + �Ig(v) hvdv ( 11) 

where c:rDBS(V, !J., Tq, TT) is the transmissivity of the dichroic beam splitter that 

is chosen to match the absorptivity of the quantum process. As before, we 

will assume that 

0 v < vo(f.L,TQ, TT) 

1 v > vo(IJ., TQ,TT) 
( 12) 

where v0 is the excitation threshold of the quantum system. The absorptivity 

of the thermal receiver is given by crT• For the reasons discussed in Section 

2. 0, it is desirable to not absorb very low frequencies in the thermal 

receiver. We will assume that 
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( 13) 

In Eq. 11, I0 is the spectrum of light emitted from the quantum receiver as 

given by Eq. 6 and IT is that emit ted from the thermal receiver as given by 

Eq. 3. All other terms have been defined previously. 

The efficiency of the thermally decoupled combined quantum/thermal conversion 

system is a function of IJ., T0, TT, v0, and vT. Inspection of Eq. 11 shows 

that the maximum system efficiency occurs at the lowest possible temperature 

of the quantum receiver which is the ambient temperature. We will assume in 

the following that TQ = TA. If we now examine maximizing the overall conver

sion efficiency with respect to the remaining parameters, we find that the 

conditions on IJ. that result in maximizing Tl
Q/T for a given v0, TT, and vT are 

the same as for a pure quantum system ( the optimum IJ.. is a function only of v0 
and is that given in Figure 4). Similarly, the conditions on \IT that result in 

maximizing TJQ/T for a given v0, TT, and IJ. are the same as for a pure thermal 

system ( the optimum vT is a function only of TT and is that given in 

Figure 2). 

If we now use these optimum values of IJ. as a function of v0 and \IT as a func

tion of TT, we get the results shown in Figure 9. The curve that runs from 

the lower left portion of the figure to the upper right represents the case 

where \IT = v0 and IJ. = 0. Along this curve, both the thermal and the quantum 

parts of the system have zero conversion efficiency. Below this curve vT 
would be greater than v0 and the thermal part of the system would not work. 

Also, below this curve IJ. would be less than zero and the quantum part of the 

system would be supplying energy to the incident radiation. Along the verti

cal axis at TT = 300, K = TA, the Carnot conversion efficiency of the thermal 

conversion part of the system is zero and the combined system is equivalent to 

a pure quantum system. Efficiency and available energy plotted versus thresh

old frequency along the vertical axis would reproduce Figure 4. The region 

between the verti.cal axis and the v0 = vT, IJ. = 0 curve represents combinations 

of v0 and TT for which the system has both a quantum and a thermal part. It 

is instructive to explore further optimization of the system along two paths 

9 
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in this region. If we find the temperature that maximizes the efficiency for 
a given vQ, then we will trace out the dotted line in Figure 9. If we find 
the threshold frequency that maximizes the efficiency for a given TT, then we 
will trace out the dashed curve in Figure 9. Along both these curves, the 
system has both a quantum and a thermal part. 

Consider the behavior of the system along the curve of optimum temperature 
(the dotted curve of Figure 9) as shown in Figure 10. The overall system 
efficiency increases along this curve from zero at TT = 300 K, vQ = 0 s -1 to 
54.7% at TT = 834 K, vq = 7.83 x 1014 s-1 (A. = 3.8 x 10-7 m). This is a 
higher conversion efficiency than that achieved by either a quantum or a ther
mal system alone, or by a thermally coupled combined quantum�thermal system. 
The contribution of the thermal part of the system increases along this curve 
from zero at TT = 300 K to 46.3% at TT = 834 K, the temperature of each system 
efficiency. The contribution of the quantum part of the system first 
increases from zero at rT = 300 K, v

� 
= 0 s-1 to a peak of 31% at TT = 625 K, 

vQ = 3.16 x 1014 s-1 (A. = 9.52 x 10- m) and then decreases, but still con
tributes 8.4% at TT = 834 K, the temperature of peak system efficiency. The 
quantum and thermal parts make equal contributions at TT = 700 K where each is 
26%. 

Now consider the behavior of the system along the curve of optimum threshold 
frequency (the dashed curve in Figure 9) as shown in Figure 11. This curve is 
analogous to the dashed curve in Figure 7 for a thermally coupled system. The 
overall system efficiency increases along this curve from that of a pure quan
tum system at TT = 300 K (T)Q/T = 31%) to a peak of 54.7% at TT = 834 K and 
vq = 7.83 x 1014 s-1 (A. = 3.8 x 10-7 m). This is, of course, the same maximum 
system efficiency reached along the path of optimum TT discussed in the pre
ceding paragraph. The contribution of the thermal part of the system along 
this curve first increases from zero at TT = 300 K until it reaches 46.3% at 
TT = 834 K, the temperature of peak system efficiency, and continues to 
increase until it reaches 51.5% at TT = 858 K, vQ = 1016 s-1 (A. = 3 x 10-8 m). 
After this, it decreases monotonically to zero at high temperature. The con
tribution of the quantum part decreases monotonically from an efficiency of 
31% at TT = 300 K to zero at high temperature. However, as discussed before, 

10 
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the quantum part contributes 8. 3% at the conditions of maximum system effi-

ciency. 

6.0 CONCLUSIONS AND RECOMMENDATIONS 

For a pure quantum system compared to a pure thermal system, optimum thermal 

conversion is more efficient (by a factor of 1. 74) than optimum quantum con

version. This is largely because only a fixed portion of each photon absorbed 

by the quantum process is available to do work. The rest is immediately ther

malized and rejected as waste heat. In a thermal process, the full energy of 

each photon is available for conversion to useful work with Carnot efficiency. 

On the other hand, optimum thermal conversion occurs at high temperature 

(TT = 862 K). Since costs generally increase with temperature, it may be that 

a quantum conversion system will be cheaper than a thermal conversion system 

despite its lower efficiency. 

For a thermally coupled combined quantum-thermal conversion system, the peak 

efficiency of 54% occurs at TQ = 862 K, vQ = 2.22 x 1014 s-1 

(A. = 1. 35 x 10-7 m), t.t. = 0. Under these conditions, the contribution of the 

quantum part of the system is zero. From an efficiency point of view, ther

mally coupling quantum and thermal conversion processes does not favor quantum 

conversion. However, since costs generally increase with temperature, the 

cheapest system may operate at a temperature below that of maximum system 

efficiency. At temperatures between 300 K and 862 K, the thermally coupled 

combined system has a higher efficiency than either a pure quantum system or a 

pure thermal system operating alone and may be cheaper than either operating 

alone. 

However, the thermally coupled system severely penalizes the quantum component 

because the thermal component has a higher peak efficiency achieved at high 

temperature where the quantum component has a very low efficiency. One mani

festation of the penalties thermal coupling imposes on the quantum component 

is demonstrated by the latitude one has in choosing system parameters without 

greatly affecting overall efficiency. In Figure 6, the parameter that most 
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directly affects the quantum component is v0, displayed along the vertical 

axis, while the parameter that most directly affects the thermal component is 

T0, displayed along the horizontal axis. The contours of constant overall 

system efficiency are generally parallel to the horizontal axis; i. e. , TQ can 

be varied over a considerable range without appreciably aff,ecting overall sys

tem efficiency, while a small variation in v0 usually has a much stronger 

effect on overall system efficiency. 

For a thermally decoupled combined quantum/thermal conversion system, the peak 

efficiency is greater (54. 7 %  versus 54%) and occurs at a lower temperature 

(834 K versus 862 K) than the thermally coupled system. At peak system effi

ciency, the thermal part contributes 46. 3% and the quantum part contributes 

8.3%, unlike the thermally coupled system for which the quantum component con

tributes nothing under conditions of peak efficiency. The value of v0 under 

conditions of peak efficiency is 7.83 x 1014 s
-1 (71. = 3.8 x 10-7 m) . This is 

in the near ultraviolet. In other words, thermodynamics requires that this 

system portions the ultraviolet light to the quantum conversion part and the 

rest of the solar spectrum to the thermal conversion part. It happens that 

real quantum conversion processes often have excitation · thresholds in the 

ultraviolet, while ultraviolet light is usually considered harmful to the com

ponents of a real thermal system (i. e. , ultraviolet light causes devitrifica

tion of quartz, a material otherwise well suited for the window of a high

temperature receiver). 

The points just discussed demonstrate that the thermally decoupled system is 

much kinder to the quantum component than the thermally coupled system. This 

is because the thermally decoupled system allows the quantum component to 

operate at ambient temperature. This is further illustrated by the latitude 

one has in choosing system parameters without greatly affecting overall effi

ciency. In Figure 9, the parameter that most directly affects the quantum 

component is v0, displayed along the vertical axis, while the parameter that 

most directly affects the thermal component is TT, displayed along the hori

zontal axis. The contours of constant system efficiency generally lie paral

lel to the vertical axis; i. e. , v0 can be varied over a considerable range 

without appreciably affecting overall system efficiency, while a small varia-
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tion in TT has a much stronger effect on overall system efficiency. Since the 

temperature of the thermal conversion part of the system can be controlled by 

the rate of heat transfer while the excitation threshold of the quantum system 

is not so readily controlled, this aspect of the thermally decoupled system 

has important practical implications. 

Another indication of the greater role the quantum component plays in a ther

mally decoupled system than in a thermally coupled system is seen by consider

ing the conditions under which the quantum and thermal part contribute equally 

to the overall system efficiency of each type of system. This occurs for a 

thermally coupled system at Tq = 150 K where each part contributes 21% and for 

a thermally decoupled system ( along the path of optimum temperature) at 

TT = 700 K where each contributes 26%. 

It is clear from the above discussion that the thermally decoupled combined 

quantum/ thermal conversion system has considerable potential. However, there 

is still a large degree of uncertainty about the best operational conditions 

for the system and about its competitive position relative to the other types 

of systems. One important operational factor not yet considered is the affect 

of concentrating the incident sunlight. It is known that concentrating the 

incident sunlight, with other system parameters fixed, improves the perfor

mance of pure quantum and pure thermal conversion systems. As the concentra

tion is increased, heat must be transferred out of the system at an increasing 

rate to keep temperature constant. In a thermally decoupled system, the quan

tum part is operating near ambient temperature while the thermal part is 

operating at high temperature. Thus, it will be harder to transfer heat out 

of the quantum part than out of the thermal part. This means that the optimum 

operating conditions may call for a different degree of concentration for the 

two parts. Other operational factors that determine system configuration also 

need to be examined. Guided by this analysis a concept for a practical system 

should be developed. This concept should include all factors of importance to 

a real system such as the actual quantum process to be used, the limitations 

of real dichroic beam splitters, the actual thermal process to be used, etc. 

Finally, the concept should be laid out in enough detail to estimate cost and 

this cost should be compared to the cost of competitive systems. 

13 
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Figure 1. Thermal Conversion 

Figure 2. Conversion Efficiency for Thermal System 

Figure 3. Quantum Conversion 

Figure 4. Conversion Efficiency for Quantum System 

Figure 5. Thermally Coupled Combined Quantum-Thermal Conversion 

Figure 6. Conversion Efficiency for Thermally Coupled Combined 
Quantum-Thermal System 

Figure 7. Split Between Quantum and Thermal Conversion for Thermally Coupled 
Combined System. 

Figure 8. Thermally Decoupled Combined Quantum/Thermal Conversion 

Figure 9. Conversion Efficiency for Thermally Decoupled Combined 
Quantum/Thermal System. 

Figure 10. Split Between Quantum and Thermal Conversion for a Thermally 
Decoupled Combined System. 

Figure 11. Thermally Decoupled Combined System Efficiency for Optimum 
Quantum Excitation Frequency 
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