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a b s t r a c t

Radiation energy transfer is modeled as the enthalpy flux of photons across the boundary of a thermody-
namic system. It is proved that this energy transfer process can be treated as heat transfer. Compression
work must be applied to the system to push the photons out. The energy transfer rate and maximum con-
version efficiency computed from the model are identical to those determined from the Stefan–Boltz-
mann law and the Carnot efficiency for blackbody radiation.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Of the three heat transfer modes, radiation is probably the en-
ergy transfer process most important to all life forms on earth. It
is the only way energy can be transferred from the sun to the earth.
Recent soaring energy prices and increased concerns about global
warming and other environmental issues have attracted a lot of
attention and interest on solar radiation. A vast amount of work
on solar energy utilization and conversion has been published in
the past.

Various analyses based on classical or statistical thermodynam-
ics or quantum mechanics (e.g. [1–13]) have been carried out to
determine the maximum conversion efficiencies of solar and other
radiation sources. In these publications either the Carnot efficiency
was applied to a cyclic device operating between two thermal res-
ervoirs, or the change in exergy of a photon gas was calculated to
determine the maximum production of high-grade energy (e.g.
electricity or mechanical work) in a process.

The mechanism of radiation transfer is the propagation of elec-
tromagnetic waves [14], which can be modeled as the flow of a
photon gas. Thermodynamic properties of photon gas have been
determined and studied in detail. The total number of photons,
internal energy, entropy, and pressure of a photon gas at tempera-
ture T are [15,16]

N ¼ aT3V ð1Þ
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U ¼ bT4V ð2Þ

S ¼ 4
3

bT3V ð3Þ

P ¼ 1
3

bT4 ð4Þ

where a and b are constants (functions of the speed of light, the
Planck constant, and the Boltzmann constant), and V the volume
of the photon gas. All electromagnetic waves travel at the speed
of light c. The flux of internal energy of a photon gas across a surface
can be calculated from [16]

Ju ¼ U
c

4V
¼ rT4 ð5Þ

where r is the Stefan–Boltzmann constant. The entropy flux of a
photon gas also can be calculated from its specific entropy, S/V,
and the speed of light

Js ¼
4
3
rT3 ð6Þ

Because the internal energy flux of a photon gas is not equal to
the product of its entropy flux and temperature, some researchers
pointed out that electromagnetic wave propagation (or the flow of
a photon gas) should not be modeled as heat transfer. Conse-
quently the Carnot corollaries are not applicable for cycles receiv-
ing and/or rejecting radiation in their opinions.

2. Previous investigations on maximum conversion efficiency of
radiation energy

Computing the exergy change of a fixed quantity of photon gas
of constant volume (no boundary work [17] can be done on or by
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the photon gas in this case), Jeter [2] proved that the maximum
work output of a Carnot heat engine that extracts heat from the
photon gas and rejects heat to a thermal reservoir at To (the final
temperature of the photon gas) is

W ¼ Us 1� 4
3

To

Ts
þ 1

3
To

Ts

� �4
" #

ð7Þ

where Us and Ts are the initial internal energy and temperature of
the photon gas, respectively. This is the same result as the maxi-
mum work potential found in Gyftopoulos and Beretta’s book [7],
Landsberg and Tonge’s paper [1], and other early publications.

Jeter then extended the result given by Eq. (7) to steady flow of
radiant energy in an open-end, piston–cylinder device, and found
the maximum conversion efficiency for steady radiant transfer is
the Carnot efficiency

g ¼ ðinternal energy of photon gas entering the cylinderÞ
=ðnetwork output of the cylinder

- Carnot engine combinationÞ
¼ 1� ðTo=TsÞ ð8Þ

A solar conversion system consisting of an ideal concentrator, a
radiant cavity, and a Carnot heat engine was also investigated in
Jeter’s paper.

Other radiation converter designs for which radiation was not
treated as heat transfer have also been studied (e.g. [3,5,7]). De-
picted in Fig. 1 is a photo-thermal conversion system discussed
in [2–4,8,11,18]. Since radiation was not modeled as heat transfer,
a radiation absorber (or several absorbers) was installed between
the radiation source and a Carnot heat engine in Fig. 1. The radia-
tion absorbed by the absorber(s) is converted into heat and used as
the heat input for the Carnot engine. The maximum conversion
efficiency for this system with a single absorber was found to be

g ¼ 1� T4
a

T4
H

 !
1� TL

Ta

� �
ð9Þ

and the absorber temperature that maximizes the efficiency is the
positive real root of the equation

4T5
a � 3TLT4

a � TLT4
H ¼ 0 ð10Þ

The absorber in Fig. 1 must be heated up and cooled down dur-
ing startup and shut down if its initial and final temperatures are
not Ta. In addition, it is clear some entropy is generated when pho-
tons emitted by the blackbody source at TH are absorbed by the ab-
sorber at a lower temperature Ta without producing any work.
Badescu [11] proved that if the irreversibilites associated with fill-
ing a solar energy converter with and emptying it of radiation were
taken into account, the maximum efficiency of the radiation con-
verter was the Landsberg–Petela–Press efficiency

g ¼ 1� 4
3

TL

TH
þ 1

3
TL

TH

� �4

ð11Þ

With all processes treated as reversible, the conversion effi-
ciency becomes the Carnot efficiency. Jeter pointed out in [4] that
there may be radiation converter designs other than the one de-
picted in Fig. 1 that can totally eliminate the entropy generation
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Fig. 1. A photo-thermal converter for converting radiation energy into work.
during radiation energy conversion, thus yielding the Carnot effi-
ciency. Boehm [6] pointed out that back radiation was assumed
zero in Jeter’s derivation of the Carnot efficiency. Although Jeter’s
analysis is not in violation of any physics laws, innovative designs
(perhaps solid-state devices) other than conventional heat engines
that involve a working fluid are probably needed to achieve the
Carnot efficiency.

3. The present model for radiation energy transfer and
conversion

A model is proposed to demonstrate that electromagnetic
waves (or photons) absorbed or emitted by a thermodynamic sys-
tem or matter can be treated as heat transfer. The resultant energy
flux and maximum conversion efficiency are identical to those
determined from the Stefan–Boltzmann law and the Carnot
efficiency.

We first consider the exchange of radiation energy between two
blackbodies (BBH and BBL) at different temperatures TH and TL, as
shown in Fig. 2. Since a photon gas has internal energy as well as
pressure, the total energy flow across the surface area AH of the
high-temperature blackbody BBH should be the flow of its enthal-
py, not just internal energy

ðenthalpy fluxÞ Jh ¼ ðU þ PVÞ c
4V
¼ 4

3
rT4 ð12Þ

This energy flow process is internally reversible since the pho-
ton gas pushed out of BBH is in equilibrium with the other particles
inside BBH, and boundary work is applied to the system to push the
photons out in a quasi-equilibrium process. According to the defi-
nition of entropy change in classic thermodynamics

DS ¼ dQ
T

� �
internally reversible

ð13Þ

where DS is the entropy change of an equilibrium thermodynamic
system and dQ the amount of heat input across the system bound-
ary. The enthalpy flow through the surface area AH is equal to the
product of the entropy of the photon gas flow and the temperature
of the blackbody, and this process is internally reversible. As a result
the enthalpy flow across the system boundary AH can be treated as
heat transfer.

If there is no attenuation of radiation energy between the two
blackbodies, the energy absorbed by the low-temperature black-
body (BBL) is the enthalpy of the photon gas leaving the high-tem-
perature blackbody (BBH) according to the conservation of energy
principle. On the other hand, the entropy increase in the low-tem-
perature blackbody is not equal to the entropy of the photon gas
leaving BBH. This is because the photon gas entering BBL is not in
equilibrium with the other particles in BBL. There is entropy gener-
Environment Surface 
area AL  

Photon gas 
at TL  

Thermal reservoir at TL

Fig. 2. Energy exchange between two blackbodies at different temperatures
(TH > TL).
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ated when the photon gas emitted by BBH enters BBL and eventu-
ally becomes in equilibrium with the other particles in BBL. Based
on Eq. (3), the final entropy of these photons is

SL ¼
4
3

bT3
L VL ð14Þ

The increase in entropy in BBL can also be computed from the
heat input to BBL

SL ¼
Q L

TL
¼

4
3 bT4

HVH

TL
ð15Þ

Equating Eqs. (14) and (15), we obtain the ratio of the volumes
occupied by these photons in the two blackbodies

VL

VH
¼ T4

H

T4
L

ð16Þ

To push the photon gas of volume VH out of BBH, boundary work
equal to PHVH must be applied to BBH. This work is provided by BBL

for the energy exchange process considered in Fig. 2 in which there
is no net energy gain or loss in the environment (the region outside
BBH and BBL). Inspection of Eqs. (4) and (16) reveals that

PLVL

PHVH
¼ 1 ð17Þ

Thus the required boundary work to push the photon gas out of
BBH is equal to the boundary work produced by the same quantity
of photon gas when it enters and expands in BBL. This model for
photon gas flow and transfer of boundary work is similar to the
piston–cylinder device considered in Jeter’s analysis [2]. The envi-
ronment can be considered as full of photons even if it is a vacuum,
and work is done on or by the environment when the two pistons
in Fig. 2 move.

Similarly the flow of photons at temperature TL leaving BBL

through surface area AL can be treated as heat flow since its enthal-
py is equal to the product of the photon gas entropy and tempera-
ture. BBH must do work on BBL to push the photon gas of pressure
PL and volume VL out of BBL. The net energy transfer rate from BBH

to BBL is therefore the same as that determined from the Stefan–
Boltzmann law (for AH = AL and view factor from AH to AL = 1)

ðnet energy flux from BBH to BBLÞJe; net ¼ rðT4
H � T4

LÞ ð18Þ

It should be kept in mind that in the above energy transfer cal-
culation, the heat transfer due to radiation exchange between sur-
faces AH and AL is 4(UH � UL)/3. The transfer of work required to
push photons out of the two thermodynamic systems equals
�(UH � UL)/3. It should also be pointed out that, unlike a real gas,
the pressure of a photon gas is a function of temperature, not an
independent intensive property. The energy transfer rate between
the two blackbodies in Fig. 2, which includes transfer of both heat
and boundary work, depends only on the temperatures of the two
blackbodies.
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Fig. 3. A Carnot heat engine operating between two blackbodies.
Now consider a Carnot heat engine operating between the two
blackbodies as depicted in Fig. 3. The enthalpy flow across surface
area AH can be modeled as heat transfer as discussed in the preced-
ing paragraphs. This energy flow can be used as the heat input to
the Carnot engine. If heat is rejected from the engine in the form
of radiation, and the photon gas entering BBL is at almost the same
temperature as TL, the energy flow across AL of BBL is also heat
transfer since the process is internally reversible and the product
of entropy flow and temperature is equal to the flow of photon
gas enthalpy.

In Fig. 3 the required boundary work for BBH can be provided by
the heat engine, and the boundary work produced by BBL can be
added to the engine output. The net work output from the engine
is therefore

W ¼ 4
3

UH 1� TL

TH

� �
� 1

3
UH þ

1
3

UL ¼ UH 1� TL

TH

� �
ð19Þ

(where UH is the net flow of photon internal energy from BBH to the
engine) and the conversion efficiency is

g ¼ ðnet energy output of the high
- temperature blackbodyÞ
=ðnetwork output of the engineÞ

¼ 1� ðTL=THÞ ð20Þ

The above analysis demonstrates that the flow of photons
across a system boundary can be treated as heat transfer if the
radiation is modeled as cavity radiation and the enthalpy instead
of internal energy is used for computing the total energy flux
through the cavity opening. Boundary work, which depends on
the temperature of radiation for a photon gas, is consumed or pro-
duced as the photon gas volume within the system boundary
changes, and should be included in the calculation of net energy
transfer across the boundaries of the system.

Since heat and work are boundary phenomena and both are ob-
served only at the boundaries of a system [19], the energy flux for
radiation transfer within a system (such as in a medium or vac-
uum) can be simply computed from the flux of photon internal en-
ergy, not the enthalpy flux. There is no transfer of boundary work
due to the flow of photons within a system. It should also be
pointed out that, unlike the transfer of stresses between gas or li-
quid molecules in a continuum flow, photons do not exert forces
on photons since they have no electric charge. However momen-
tum is transferred between photons and a surface when the sur-
face is struck by photons. If the surface is a moving boundary of
a system, work can be done on or by the system as demonstrated
in the example of a photon-filled, piston–cylinder device in Jeter’s
paper [2].

An example is given here to illustrate the usefulness of the pres-
ent model. Consider a furnace cavity that has isothermal walls and
a constant and uniform temperature of TH = 1000 K. The radiation
emerging from the opening of the furnace closely resembles that
of blackbody radiation at TH if the opening is much smaller than
the interior surface of the furnace cavity. Thus the enthalpy flux
of photon gas leaving the furnace opening, which is equal to the
heat flux across the system boundary in the present model, is

JQ ; furnace ¼ Jh; furnace ¼ 4rT4
H=3 ¼ 75;560 W=m2 ð21Þ

If a heat engine operating on the Carnot cycle is employed to
produce work using radiation from the furnace opening, and the
engine rejects heat to the surroundings which are very large and
at a uniform temperature of TL = 300 K, the maximum thermal effi-
ciency of the heat engine is

gmax ¼ gCarnot ¼ 1� ðTL=THÞ ¼ 0:7 ð22Þ
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If the view of the furnace opening is totally blocked by the en-
gine, and the engine surface is black and at TH–dT during heat addi-
tion, the net rate of heat transfer from the furnace to the engine is

dQ H=dt ¼ JQ ; HAH ¼ ðJQ ; furnace � JQ ; engineÞAH

¼ 4AHr T4
H � ðTH � dTÞ4

h i.
3 ð23Þ

where AH is the surface area of the furnace opening. For dT = 0.1 K
(strictly speaking, the temperature difference during heat transfer
in the Carnot cycle should be infinitesimal) and AH = 0.01 m2, the
net rate of heat input to the engine is

dQ H=dt ¼ 0:3022 W ð24Þ

For the heat input rate given in Eq. (24), the maximum power out-
put of the heat engine is

dWengine; max=dt ¼ dQ H=dt gmax ¼ 0:2115 W ð25Þ

The net rate of boundary work transferred to the photons in the
furnace cavity, which is modeled as the high-temperature piston–
cylinder device in Fig. 3, can be calculated from

�dWH=dt ¼ �AHr T4
H � ðTH � dTÞ4

h i.
3

¼ �0:0755 Wð In the present analysis; work done by
a system is defined as positive:Þ ð26Þ

The net rate of energy flow out of the furnace is therefore the
Stefan–Boltzmann law

dQ H=dt � dWH=dt ¼ AHr½T4
H � ðTH � dTÞ4� ¼ 0:2267 W ð27Þ

The heat rejection rate of the Carnot heat engine is

dQ L=dt ¼ dQ H=dtðTL=THÞ ¼ 0:0907 W ð28Þ

If heat rejection from the engine to the surroundings is by radi-
ation alone through an aperture of surface area AL, and AL is much
smaller than the surroundings, the aperture can be approximated
as a blackbody at TL. In this case the heat rejection rate can be ex-
pressed as

dQ L=dt ¼ JQ ; LAL ¼ 4ALr ðTL þ dTÞ4 � T4
L

h i.
3 ð29Þ

In the above equation dT is the temperature difference between
the engine surface and the surroundings during heat rejection. The
required aperture surface area for the low-temperature blackbody
can be determined from Eqs. (28) and (29). The result is

AL ¼ 0:111 m2 ð30Þ

Since the surroundings are modeled as the low-temperature,
piston–cylinder device in Fig. 3, the net boundary work it can pro-
duce (per unit time) during heat rejection is

dWL=dt ¼ ALr ðTL þ dTÞ4 � T4
L

h i.
3 ¼ 0:0227 W ð31Þ
The maximum net power output for the system depicted in
Fig. 3, which consists of a Carnot heat engine and two photon-
filled, piston–cylinder devices, is

dWnet; max=dt ¼ dWengine; max=dt � dWH=dt þ dWL=dt ¼ 0:1587 W

ð32Þ

The above calculated power output is equal to the one deter-
mined from the product of the internal energy flow rate (the Ste-
fan–Boltzmann law) and the Carnot cycle efficiency

dWnet; max=dt ¼ AHr T4
H � ðTH � dTÞ4

h i
gCarnot ¼ 0:1587 W ð33Þ
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