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Abstract 

Solar radiation provides the energy for many processes on Earth including processes 
that sustain living systems and circulation of the atmosphere and oceans. The Earth does 
not consume this energy; it is simply converted to outgoing thermal radiation. However, 
the entropy production rate of Earth causes energy degradation and the exergy 
destruction rate quantifies this degradation relative to a reference environment. The 
global entropy production rate also provides an additional constraint for comparison 
with atmospheric modeling results. In this paper a simplified expression for the global 
entropy production rate, associated with the absorbed portion of the solar flux, is 
presented based on a radiative model. The second purpose of this work is to investigate 
the exergetic analysis of the Earth. It is desirable to consider environment temperatures 
that are typical temperatures on Earth when comparing the total entropy production rate 
and irreversibility rate of the planet to those due to processes such as the global energy 
system; in other words, typical temperatures where these processes occur. However, 
multiplying the estimated global entropy production rate by an arbitrary environment 
temperature appears to result in irreversibility rates that violate the second law of 
thermodynamics. It is shown that the radiative interaction of the Earth with its 
surroundings can be theoretically modeled and tested in a laboratory environment 
showing that arbitrary environment temperature specifications should not cause these 
violations. These apparent violations are resolved through corrections to the energy, 
entropy and exergy calculations that are due to the specific character of radiative heat 
transfer. As a result, this analysis also provides an illustrative example of the 
implications of environment specifications on exergy analysis involving radiative heat 
transfer. 

Key words: irreversible thermodynamics, irreversibility, entropy production, exergy 
analysis, atmospheric modeling, radiative planetary model 

1. Introduction 

Soiar;radiatien in many ways: ~stainsthe 
Eartl:i sys4'~ Fot example, ~Jjll" radiation 
inQj~~p.t Ol!-~ 'provi~' all the energy that so. the flor8.i.and ;;faUJll!.'l/U1d a.l$okeeps the 
Earth ,at a $uitabletemperatu.te for life on a 
planet. tha.t ~Qp1a oth~ -be at .temperatures 
negr :Ubs~~,~ro. Soiai'-f4di~1l is a direct 
renewable" energy source but: is 'also indir~t1y 
respo~sible for oiher enell8'X ~urceB s;{tcb as 
bydrOelectncpower' (due to 'the- water cycle), 

winal' d,,~~~,~.eilve~~1:~il ti'~~ls SfuCh laras 
co !'an(:J-'~1'~0f, . .L~ .~Qfl?,o~.,<?so " 
radiation is also respOnsible for the circUlation of 

the atmosphere and oceans due to non-uniform 
heating of the atmosphere, land and oceans. 

Yet the amount of energy flowing from 
Earth to space by thermal radiation is essentially 
equal to the amount of solar energy absorbed by 
the system, otherwise the mean temperature of 
Earth would be changing. This is because 
radiative exchange is essentially the only form of 
energy interaction between the Earth and its 
surroundings. The Earth as a thermodynamic 
system does not consume energy; the low 
entropy incident solar radiation is simply 
degraded to a higher entropy stream of thermal 
radiation leaving the system. Consequently, the 
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entropy production rate, or the rate of exergy 
destruction (irreversibility), is an important 
quantity in characterizing the Earth system. 

To compare the global irreversibility rate to 
the irreversibility rates of various sources on 
Earth, such as atmospheric circulation or the 
global energy system, it is desirable to determine 
irreversibility rates relative to a reference 
environment with temperatures typical on Earth. 
However, for certain specifications of 
environment temperature, the calculated 
irreversibility rates, based on ·the energy and 
entropy fluxes of the incident solar radiation and 
outgoing thermal radiation, appear to violate the 
second law of thermodynamics. 

The global entropy production rate also 
provides a boundary value or benchmark for 
atmospheric modeling. A primary motivating 
force for atmospheric modeling efforts is to 
predict the effects of rising greenhouse gas 
effects on the Earth's temperatures and 
circulation patterns. The interaction of many 
contributing phenomena, however, makes 
modeling of the atmosphere a difficult task. For 
an overview of this subject see, for example, 
Peixoto and Oort (1992). Recently researchers 
have made efforts to incorporate the second law 
of thermodynamics to reduce the large number of 
predicted possible states made by models ~ased 
on the principles of energy, momentum (linear 
and angular), and mass conservation. For further 
information, see, for example, O'Brien and 
Stephens (1995), and Stephens and O'Brien 
(1993). 

Even though the Earth is a very complex 
system, radiative models of the planet provide 
valuable insight because the thermodynamics of 
the Earth system is dominated by radiative 
processes. For example, Wright et al., (2000) 
finds that the mean temperature of Earth has a 
tendency of being independent of the amount of 
solar radiation absorbed while being dependent 
on effects such as the greenhouse effect. 

In the research reported in this paper the 
objectives are: 

1) to investigate the exergy destruction rate 
(irreversibility rate) of the Earth system, 

2) 

3) 

to estimate the entropy production rates on 
the planet due to the specific processes of 
reflection of solar radiation and absorption 
with simultaneous emission by the 
absorbing material, 

to present· a simplified expression for the 
global entropy production . rate based on 
analysis results by Wright et al. 2000. 
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2. Radiative Model 

Researchers have analyzed simple 
blackbody type radiative models to investigate 
the thermodynamic behavior of the Earth system 
(for example see Aoki 1982; Stephens and 
O'Brien 1993 and Weiss 1996). Wright et al., 
(2000) provided analysis of a graybody model of 
the planet that more accurately characterizes the 
radiative behavior of the planet. This model 
provides improved estimates of the planetary 
entropy rate and mean planetary temperature 
because the Earth system only partially absorbs 
incident solar radiation and emission of thermal 
radiation is substantially less than that of a 
blackbody. 

In this analysis the Earth system is 
represented by an isothermal, solid sphere with 
uniform properties. The approximation of 
uniform temperature implies the material of the 
sphere has a very high thermal conductivity. The 
analysis is at steady state and the 'long wave' 
emissivity of the sphere is assumed to be 
independent of the 'short wave' albedo of Earth, 
where the albedo (a) is an overall measure of the 
reflectivity of the planet (or one minus the 
absorptivity). Note that for the Earth the long 
wave emissivity ELW is approximately 0.61 while 
the short wave albedo (a) is approximately 0.30. 

By definition of the planetary albedo (a), 

the energy flow rate absorbed (EAm> from the 

incident solar radiation is 

(1) 

The incident solar radiation, depicted in 
Figure 1, is contained in a small solid angle (.Qs) 
given by 

(2) 

where Rs is the mean radius of the Sun, and r is 
the mean orbital radius of the Earth or one 
astronomical unit. 
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Figure 1. Illustration of SR incident on 
Earth and the SR solid angle 



,.; "C6l'lS'eqtte!'1~,the inCid~nt 'cnergyflux: "&nc 
with·,~lm' rtfctiatit>rl oli' it '1XlO1' with cross
~ectiofti:d arcli·1tR2 &.tn'be expressed as 

. 2 2 4(R s J2 E Ine =1tRE(QSKlne )=1tRE°'Ts -r- (3) 

whe~ ~ is 'die m-eaD W1i~·0f th~Eartli, T is 
fu~ ~fte9ti\fe": ~n1i~~1t;'D~ '~iem~ture,' of. s~ar 
mdiat'ibil. '~'.Is' th.~ e'n'bt:SY rlldi/itiee "ofble 
incident solar"'ta,Uiii6Ii '(forI further ~taiis See 
W;ri~t.iet.al. '2000):; 'Th:e e$itted",energy 'flux is 
emitte'C:i:oveltthe:.surface area' ofthe-sphere and, is 
gifyetl by .-

(4) 

where 'etv 1:s'·th'# ~ave!JetbiSSifity of the 
't1laiiet; (t'iSltbe.~'BOf~lcoti.stam", and 
~ 19'the(e_ti.ve-~piratUte of the, pla'net: The 
mean\.Planemry~·~ture"iS' d~rmmed by 
~g~_libsot'Qedt'and eniittedenergy fl6w 
tates ....... aud1t:gwen by; ., 

(5) 

The entropy production rate of the planet is 
simply the difference between the entropy of 
incoming solar radiation and outgoing reflected 
and emitted radiative fluxes: 

(6) 

'": ~~ ~~u(6)~the' ei\tI:~,y'ef'!the emitted 
and ;i~fleeteJ\'k, f.lwces::!$e~""iaSsUJ.ne(Ltobe 
indepeDdent."Sinee ~l Aux.es.;ilil'avel in".tbe 
@Q).eu~tiQIlI.~ .¢&~ Etbatthe~ energy: 
s~tl'PnlS . >()i/(Jh~ Atl~ d,Q •. ;-Aot:, .... ~Vterla,p 
significantly as to affect the·~py~eaW1l.ati~. 

,j ' ..... J'Tbe eQ,tr9PY ~lU.~ f~ elQitted,and, re~ected\ 
riidiati<?ll can 'be .expte&sed' jb teri.'llB, of the energy 
'~.~:~a1'~i'ilisSion 'tenipel!8:tiJte '. 

4H 
J = 1(£)-- (7) 

3T 

w~:"!1l~1ia1iil' l,)~:the ;;eh~ and; entrap.y 
~ .. ~tiVel}( Jnd 1(8) is. aooeffiGien.t 
that ,~.i~! ror,·bla'Olfbody· radiation. ~d··js 
greater than one "for noi1-bl~'kbedy radfation 
(Wright et-a1.. ZOOl):Tb.e approximation for the 
~~ll(£)' ,,< .•• ,'.' '" .,., , 

-," \, ··,-"'~d.t~~. - -~ . 

," I(£)~ £~ - (2.336 - 0.260£) In £} (8) 

has a maximum percent error of 0.33% for 
emissivities greater than 0.005 (Wright et aI., 
2001). 

The entropy production rate for this model 
can be expressed as 

Using eq. (1) and eq. (3) for the absorbed 
energy flux, the global entropy production rate 
may alternatively be expressed as 

r'I = ~ E A .. 1 I, (ecw)1;;' -T,' (1- ,r' 
(10) 

and if the longwave emissivity (ELW) is 
approximately equal to the shortwave 
absorptivity (I-a), then the planetary entropy 
production rate associated with absorbed energy 
flux becomes 

To determine the global entropy production 
rate (nAbs) associated with only the solar 

radiation that is absorbed by the system, we may 
omit the entropy flux of the solar radiation that is 
reflected back to space. Also, for an albedo a the 
planet absorbs (l-a)% of the incident energy. 
However, the entropy flux of the solar radiation 
that is absorbed is greater than (1-a)% of the 
incident entropy flux .. Consequently, the entropy 
production associated with the absorbed flux 
may be expressed as 

(12) 

and if ELW is approximately equal to I-a then the 
planetary entropy production rate associated with 
absorbed energy flux becomes 

. 4 II 1 ] . IT =-!I (P .. a) --- E Abs 
3 Tp Ts 

(13) 

or with 4/311(E) = 1.45 (Wright et al., 2(01) we 
have 

rr=1.4S[J... -~]EAbS 
Tp Ts 

(14) 

By substituting data for the Earth (a = 0.30, 
ELW = 0.61, R = 6.37 X 106 m and r = 1.486 x 1011 
m) and the Sun (Rg = 6.923 X 108 m and Ts = 
5760 K), the planetary entropy production rate of 
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the Earth associated with the absorbed portion of 
the solar radiation flux (12) is estimated as 602 
TW IK, compared to the total entropy production 
rate of 641 TWIK (Wright et al., 2000). The 
difference between these two results is the 
entropy production rate due to the diffuse 
reflection of a portion of the incident solar 
radiation and is approximately 39 TW IK. 

3. Exergetic (Second Law) Analysis 

The fIrst law of thermodynamics states that 
energy is neither created nOl destroyedl

. The 
Earth as a thermodynamic system does not 
consume energy; the low entropy incident solar 
radiation is simply degraded to a higher entropy 
stream of thermal radiation leaving the system. 
Consequently, the entropy production rate, orthe 
rate of exergy destruction (irreversibility), is an 
important quantity in charact~rizing the Earth 
system. 

The .entropy content of incoming and 
outgoing radiative fluxes is used to calculate the 
exergy content or thermodynamic value of the 
radiative energy flux in a given environment. 
Note that the entropy content alone does not 
determine the value of the energy flux (exergy 
content) that is also dependent on the 
environment specifIcation. Likewise, the entropy 
production rate is used to calculate the exergy 
destruction rate that occurs in a system. The 
Gouy-Stodola theorem states that the exergy 
destruction rate or irreversibility of a system is 
given by the product of the entropy production 
rate and the environment temperature 

(15) 

The entropy production rate, as well as the 
irreversibility rate,are proportional to the albedo 
or the absorbed energy flow rate. On the other 
hand, for a fIxed albedo or absorbed energy flow 
rate, the planetary entropy production rate 
(Wright et al., 2000) is only weakly dependent 
on longwave emissivilf. However, even when 

Energy is conserved even in nuclear processes because of 
the equivalency of energy and matter according to 
Einstein's relation (E = me). 

2 For this radiative model the greenhouse effect may be 
represented by a difference between longwave emissivity 
and global albedo. When the albedo is considered fixed, 
this has little effect on the global entropy production rate. 
However, the greenhouse effect will significantly affect 
the estimated mean global temperature, and indirectly the 
albedo of the actual Earth, thereby affecting the 
irreversibility rate calculation through both the 
temperature and entropy production rate. As a result, the 
relationship between the dynamic behavior of the 
greenhouse effect and the global irreversibility rate is not 
straightforward to determine and is not considered in the 
present paper. Also, dynamic effects such as daily 
variations due to rotation of the Earth, seasonal variations 
and the effects of cloud formation are not considered in the 
present paper. 
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there is little variation in the entropy production 
rate, the irreversibility rate (15) is strongly 
dependent on the specifIcation of the 
environment temperature. 

In general, the environment is defIned as a 
region with uniform properties that is beyond the 
immediate surroundings and whose intensive 
properties (such as temperature and pressure) are 
not affected by the system (for example, see 
Cengel and Boles 2002 or Bejan 1997). 

The surroundings of the Earth system are 
not homogenous and do not have uniform 
properties. However, the" surroundings of the 
Earth system appear as a very low temperature 
region (near 3 to 4 K) as far as thermal 
interactions are concerned. With an environment 
temperature of say 4 K, the irreversibility rate of 
the Earth system is (4 K)*(641 TWIK) ~ 2600 
TW; a quantity that is orders of magnitude lower 
than the incident energy flow rate of s91ar 
radiation, estimated as 173,000 TW. This means 
that the exergy content of thermal radiation 
leaving the Earth is very high (nearly unity) 
relative to an environment with such a low 
temperature. 

If instead we wish to specify an 
environment temperature typical of temperatures 
on Earth, the calculated irreversibility rate is 
much higher. This serves the purpose of 
determining exergy content and irreversibility 
rates with respect to the environment on the 
surface of the Earth or in the atmo·sphere where 
the processes of absorption and emission occur. 
However, in this case the distinction between the 
system and environment becomes unclear and 
the irreversibility rate for the planet takes the 
questionable form of 

(16) 

where the entropy production rate of the system 
is multiplied by the system's temperature. For 
the radiative model the irreversibility rate using 
(16) is (278 K)*(641 TWIK) ~ 178,000 TW. This 
value of irreversibility is greater than the incident 
energy flux (~173,000 TW), clearly indicating 
the application of equation (16) may be 
somehow erroneous. 

3.1. Exergetic analysis with an elevated 
environment temperature 

The difficulties in applying equation (16) 
become even more pronounced if we consider 
arbitrary values for the environment temperature. 
This is acceptable because the temperature in 
equation (16) need not be interpreted as the 
Earth's temperature. The relation (16) should 
result in appropriate values of the irreversibility 



rate, relative to the incident or absorbed energy 
flow rates, for arbitrary specifications of 
environment temperature. 

To illustrate the effect of arbitrary 
environment temperature specifications consider 
the process depicted in Figure 2. A radiation 
source produces radiation identical to 
extraterrestrial solar radiation contained in the 
same small solid angle (0.) subtended by the 
Sun. 

The sphere is identical to the graybody 
model of the Earth system except for scaling. 
This setup could hypothetically be carried out in 
a laboratory where the environment temperature 
could have an arbitrary value. The energy, 
entropy and exergy flow rates per unit surface 
area are the same as for the graybody model of 
the Earth system. Consequently, we arrive at the 
same questionable results where the calculated 
irreversibility rate is greater than the incident and 
absorbed energy flow rates. 

~,----_7 
E . . 1 Simulated solar radiation 
te;;:~~m~~o 1 1 incident on rotating 

sphere with cross-
sectional area 

nR2 

Solid rotating 
graybody 

sphere 

Figure 2. Simulated solar radiation 
incident on solid rotating sphere in an 
environment with an arbitrary temperature To 

The difficulties that arise in determining the 
irreversibility rate and in applying (16) are due to 
neglecting fluxes that must be incorporated in the 
analysis. If we consider, case I, an environment 
at temperature To in direct radiative contact with 
the system then we must consider the radiation 
emitted from the environment and incident on 
the system. The radiation emitted from the 
environment has a non-zero energy and entropy 
flux but zero exergy flux . 

For this case the energy flux of the 
,,~.,,_lm'-..u~ ~ .. 
m~dent ftwn> th~,e~~ft_P~.~,,, 
e~en~JJ.~.,~~~~the 
~.n_i~ ffem~,:.en~iUDeBttJbasJ1a 
bw,ltbody $~ter~iJ8$iWaul.~ ex:~:'i'mm 
a system in equilibrium with uniform properties 
regardless of its radiative character, the absorbed 
energy flux is given by 

E Abo = 47tR 2(X LW aT: (17) 
Env 

where (XLW is the absorptivity of the sphere for 

incoming longwave radiation emitted from the 
environment. Using the graybody assumption we 
have 

(18) 

and based on an energy balance for the system at 
steady state, the temperature is given by 

T 4 _ T4 1 Os T 4 
P - 0 +4'7 s (19) 

The entropy production rate associated with 
the absorbed solar energy flux is 

. _ [4 ]{ ~ 1 4~ ] . IT- -1[(1-a) ------- E 
3 'ti - T' To () To' Abs 

P 0 S ~'S S 

(20) 

and the irreversibility rate is 

. [4 ][ To
3 

1 47tf
3 

] . I=T -1[(1-a) __ p ______ o E 
0 3 ro-T4 To 0"'" Abs 

p 0 S·'S IS 

(21) 

For a= 0.30 the ratio (Rm) of the 
irreversibility rate to the absorbed energy flow 
rate from the incident solar radiation is 

(22) 

taking 4/311(£) = 1.45 (Wright et al., 2001). 
Figure 3 shows that the ratio of the irreversibility 
rate to the absorbed energy flow rate from solar 
radiation is always positive and less than unity. 

So for case I, where the system is in direct 
radiative contact with the surrounding 
environment at To, the incident energy and 
entropy flux from the environment must be 
included in the calculation of the entropy 
production rate and irreversibility rate; thus 
resolving the unacceptable result that the 
irreversibility rate is greater than the absorbed 
solar energy flow rate. 

On the other hand, we may consider case n 
where the immediate surroundings are a vacuum 
near absolute zero (simulating deep space). This 
can be accomplished with the system depicted in 
Figure 2 using a concentric spherical shell 
surrounding the system and maintained at a 
temperature near absolute zero. The environment 
is still at an arbitrary temperature To and is 
located outside· of the immediate surroundings 
that are maintained at a temperature near 
absolute zero. 
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Figure 3. Ratio RIE' in (22) versus the 
environment temperature To 

In this case there is no energy or entropy 
flux incident on the system . except for the 
simulated solar radiation. However, with a non
zero environment temperature the absence of 
incident radiation represents a non-zero exergy 
flux (Wright et al, 2002) and is given by . 

..:. 2 (J 4 
'::'from =(41tR )-To 

SUIT 3 
(23) 

The concentric shell maintained near 
absolute zero has a very high exergy content, and 
exergy actually flows from this shell to the 
system at a tate given by (23), as discussed near 
the end of section 3. The total incoming exergy 
flux is the sum of the exergy flux af incident 
solar radiation plus the exergy flux from the 
coencentric shell surrounding the system. The 
irreversibility rate, assuming £LW = (l-a), is 

i =To[~It(l-a)I ;p - ;J~AbS (24) 

The exergy flux of the incident solar 
radiation, assuming a blackbody spectrum, is 
approximately 

SIne"" (0.931)E/ne = (0.931)1t R~(Q.T;H2s (25) 
SR SR 1t 

which has the numeric value of 160,800 TW. 
The 0.931 factor represents the exergy content, 
or ratio of exergy to energy flux, of blackbody 
radiation. 

A portion of the incident exergy flux is 
absorbed and can be approximated as 

S Abs "" (0.931)(1- a)EIne (26) 
SR SR 

and has the numeric value of 112.600 TW. The 
irreversibility rate must be less than or equal to 
the combined exergy influx with absorbed solar 
radiation (26) and the radiation incident from the 
environment (23). Thus, the ratio (Roc) of the 
irreversibility rate (24) to the total exergy influx, 
(23) and (24); 
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R IX = -;; -;; 
-from + - Abs 

SUIT SR 

To[± It (l-a)][_l -~](l-a)EInc 
3 Tp Ts SR 

(27) 

(41tR 2)!!..T: +(O.931)(1-a)E Inc 
3 SR 

must be positive and less than unity. With a = 
0.30, and upon using (3) and (5), this expression 
for the ratio RlX reduces to 

<l.Q15{( ~: r -l]ToT£ 
R IX = -,----'=--'-----=---

±~ T4 + CO.652)T4 
3 Q

s 
0 S 

(28) 

Figure 4 illustrates the variation of the ratio 
RlX with the environment temperature. 

1.0 .,-----rc------~-------, 

0.9 

0.8 

~ 0.7 

J 0.6 
"0' 0.5 -
'.g 0.4 -
p:: 0.3 

0.2 

0.1 

1---'---

L _-;- _ 

-+ --- ~l-- --=-1 
- __ I 

---- I-
. 0 1 

- - '--,--
0.0 1-_--r __ ...L::=====~ __ ---..J 

o 500 1000 1500 2000 2500 

Environment Temperature To 

Figure 4. Ratio RIX i.n (28) versus the 
environment temperature To 

Figure 4 shows that the. irreversibility rate 
is always positive and less than the total 
incoming exergy, the exergy influx with the 
absorbed solar radiation and the influx from the 
surroundings near absolute zero. Thus, in section 
3 it appeared that the irreversibility rate was 
greater than the incident energy flux because the 
exergy flux from the surroundings near absolute 
zero was neglected. Although there is zero 
energy and entropy flux from the surroundings 
there is a non-zero positive exergy flux. 

In the environment with non-zero 
temperature, blackbody radiation will exist in 
any evacuated or gaseous regions. A cavity 
devoid of radiation represents dis-equilibrium 
with the environment and consequently non-zero 
exergy. This is analogous to the mechanical 
exergy of an evacuated cavity in an environment 
with a nOn-zero pressure. 

For a material near absolute zero, such as 
the surroundings of this system, the exergy 
content (ratio of exergy to energy) is very high. 
For example, the ratio of the exergy to energy 
(Rxs) of a simple incompressible substance with 
constant specific heats is 



(29) To ( T J R XE =1-- l+ln-
T To 

Figure 5 illustrates qualitatively that as the 
temperature approaches absolute zero (Tffo 
approaches zero), the exergy to energy ratio 
approaches infinity. 
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Figure 5. The exergy to energy ratio RXE 

(29) for a material system vs. the ratio TlTo 

The exergy of a material system near 
absolute zero decreases rapidly even when only 
small amounts of heat are transferred to the 
system. Consider again the example of a simple 
compressible substance discussed above. The 
exergy transfer rate associated with heat 
conduction is expressed as 

(30) 

..... 
'" 
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Figure 6. The ratio of exergy flux to heat 
flux versus the temperature ratio TlTo 

Figure 6 depicts qualitatively the ratio of 
the exergy flux (30) to the energy flux versus the 
temperature T of the system to which heat is 
being transferred. At very low system 
temperatures (T), the exergy flux has a large 
magnitude and is in the opposite direction of the 
heat flux. Thus, exergy is transferred out of the 
system as the system near absolute zero is 
heated. 

In this radiative analysis there is negligible 
incident radiation on the system because the 
surroundings are maintained at a temperature 

near absolute zero. Consequently, the exergy flux 
steadily received by the system, analogous to the 
material system, originates from the surrounding 
material maintained near absolute zero. 

Thus, whether the system is in radiative 
contact with its environment or not, the energy, 
entropy and exergy fluxes incident from the 
surroundings must be considered even when 
there is no incident radiation. Since the 
environment temperature is always non-zero, the 
absence of incident radiation represents a non
zero exergy flux. 

Arbitrary specifications of the environment 
temperature are permissible when calculating the 
irreversibility rate of the system. The particular 
choice of environment temperature will depend 
on the purpose of the analysis. An environment 
temperature similar to the temperatures on Earth 
is desirable when comparing the global 
irreversibility. rate to the irreversibility rates of 
processes on Earth such as the irreversibility rate 
associated with the global energy system. 

4. Conclusions 

The planetary entropy production rate 
associated with the absorbed of solar radiation 
can be approximated by a concise relation 
involving the absorbed energy flow rate, the 
effective emission temperature of the Sun, the 
effective planetary temperature, and the 
planetary albedo. 

The estimated planetary entropy production 
rate associated with the absorbed solar flux is 
602 TWIK, and that due to diffuse reflection of 
solar radiation is 39 TWIK, for a total global 
entropy production rate of 641 TWIK. The 
entropy production rate of 602 TW IK is the 
appropriate value for comparison with 
atmospheric modeling in which the calculations 
of entropy production due to the reflection of 
solar radiation wish to be omitted. 

The theoretical model presented in this 
paper used to simulate the radiative interaction of 
the Earth with its surroundings illustrates that 
arbitrary environment temperature specifications 
do not cause a violation of the second law. The 
apparent violations are resolved through 
corrections to the energy, entropy, and exergy 
calculations that are due to the specific character 
of radiative heat transfer. As a result, this 
analysis provides an illustrative example of the 
implications of environment specifications on 
exergy analysis involving radiative heat transfer. 
When the immediate surroundings are near 
absolute zero (simulating deep space), there is no 
incident energy or entropy flux from the 
surroundings but there is a non-zero exergy flux 
when the environment temperature is non-zero. 
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TABLE I. NOMENCLATURE ASSOCIATED WITH THE ENERGY, ENTROPY AND EXERGY OF 
RADIATION 

Ener1?;y Exergy , Units Entropy 
Symbol Symbol Symbol Units 

Internal U 8* J S JIK 
Specific u I; J/m5 s J/m.lK 

Flow Rate E E W S WIK 

Irradiance 
H M W/m2 J W/Km2 

(Flux) 

Radiance K N W/mzsr L W/Kmzsr 

* E and ~ are the Greek letters corresponding to the EnglishlLatin X and x, respectively. 
* The specific energy and entropy for TR are per unit volume rather than per unit mass as they are 

for material related quantities. ." • 

For an arbitrary environment temperature the 
global irreversibility rate associated with the 
absorbed solar energy satisfies the second law 
because it is always less than the total influx of 
exergy, the exergy influx with solar radiation and 
the exergy influx from the surroundings. 

When the environment is in direct radiative 
contact with the system, the energy and entropy 
flux incident from the environment must be 
considered in the energy balance equation and 
the entropy production rate calculation. With this 
correction the irreversibility rate does not violate 
the second law because it is always less than the 
exergy influx from the absorbed solar radiation. 

Nomenclature 

A Planetary albedo 
c Speed of light = (2.9979)108 mls 
I" 12 Entropy functions 
i Irreversibility (exergy destruction rate) 
r Mean radius of planetary orbit (m) 
R Radius of the planet (m) 
T Material emission temperature (K) 
a Absorptivity 
e Emissivity 
1t Physical constant, 3.14159 ... 
IT Entropy production rate (W IK) 
(J Stefan-Boltzmann constant = (5.67)10-8 

W/m2K4 
n Solid angle (sr) 

Subscripts 

Abs Absorbed 
Abs Env Absorbed from environment 
Abs SR Absorbed solar radiation 
BR Blackbody radiation 
E Earth 
Emi Emitted 
IE Ratio of irreversibility to the absorbed 

Inc 
IncSR 
IX 
LW 
o 

energy flow from solar radiation 
Incident 
Incident solar radiation 
Ratio of irreversibility to exergy inflow 
Long-wave 
Environment conditions 
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P Planet 
Ref Re~ted 
S Sun 

Abhre'Viations " ' 
:as> . Blackbody 
BR Illaekb6tl¥, radiatioftf. ' 
GRGtaybody radiation 
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'FW ' ',; "T'emwatt;;tltOu"W~tts 
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