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Ahsiract

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 apd the exergy
destruction tate quantifies this degradation relative to a reference environment. The
global entropy production rate also provides an additional constraint for companson
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 & radiative model. The second purpose of this work is to investigate
the exergetic analysis of the Earth. It is desirable to consider environment temperatures
thiat are typical temperaiures on Esrth when comparing the total enfropy production rate
and irreversibility rate of the planet to those due to processes such as the global energy
systemi; in other words, typical temperatures where these processes occur. However,
multiplying the estimated global entropy production rate by an arbitrary environment
temperature appears o resull in irreversibility rates thast violste the second law of
thermodynamics, It 15 shown that the radistive interaction of the Earth with fis
swroundings 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 comections to the energy,
entropy and exergy calculations that are due fo the specific character of radiative heat
transfes. 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 planatary model

1. Introduction the atmosphere and oceans due to noa-uniform
Solor redintion i muny ways ssition the M“ of the Ih‘nﬂlph!'—l‘#. land and oceans.

Barth wyifpm® For example, solar radintion Yei the amount of energy [fowing h'““

incident on Earth provides all the energy thst Earth to space by thermal radistion is cssentially

sslne the {leraoand fausn-and alss keeps tie equal 1o the amount of solar energy absorbed by

Barth o1 §n suitable Empentere for life on & the system, otherwise the mean iemperature of

ploneg thai would otherwise be of lemperainme
near ‘shidiate -seco, Soler rfidfon 3 & direet
rEmewnhle” soeiEy sounce bl

responstble for other cockgy simoces spch
hydmoelestric power (doe o the waler cyele),
vind energy, gad sves s fossll fosls such as
coal i mmilE ail. The ."."::a'rphll': af aotar
madiation s dlso respomible for the circulntion of

1 nis0 Thomectly

Earth would be changing. This is because
radistive cxchange is essentially the only form of
enérgy interaction between the Earth and its
surroundings. The Earth as s thermodynamic
gystem does ot consume eoergy; the low
entrogy  incident solar radistion s simply
degraded 1o a higher entropy streagm of thermal
radiation leaving the system. Consequently, the
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entropy production rate, or the mie of exergy
destruction (kreveraibllity), I8 an important
quantity in chamcterizing the Earth system.

To compare the global ireversibility rate to
the imeversibility mtes of warous sources on
Earth, such gz atmpspheric circulation or the
global energy svstem, it is desirable to determine
imeversibility mates relative to a  reference
environment with temperafures typical on Earth.
Howeves, for cerizin  specifications of
environment temperatore,  the  calculsted
irreversibility rates, based on ‘the energy and
entropy fluxes of the incident solar mdiation and
outgoing thermal radistion, appear to wiolate the
second low of thermodymamics.

The global entropy production rate also
provides a boundary value or benchmark for
aimospheric modeling. A primary motivating
force for atmospheric modeling efforts is to
predict the effects of nsing greenhouse gas
effecs on the Earth's temperstores and
circulation patterns. The interaction of many
contributing  pbenomens, however, makes
modeling of the atmosphers a difficult sk, Fos
an overview of this subject see, for example,
Prizoto and Oort (1992). Recenily mesearchers
have made efforis to incorporate the second law
of thermodynamics 10 reduce the large sumber of
predicted possible states made by models based
on the principles of energy, momentum (linear
and angular), and mass conservation, Por further
information, see, for exsmple, O'Brosn and
Stephens (1995), and Stephens and O'Brien
(1993),

Even though the Earth is a very complex
system, radiative models of the planet provide
vahuable insight because the thermodynomics of
the Earth sysiem is dominaied by radiative
processes. Por example, Wright et al, (2000
finds that the mean temperaiure of Earth has &
tendency of being independeni of the amount of
solar radiation absorbed while being dependent
on effects such as the greenbouss affect.

In the research reported in this paper the
objectives ame:

1} io iovestipate the exergy destroction me
{irreversibility rate) of the Earth system,

2) 1o estimate the entropy production rates on
the planet due to the specific processes of
reflection of solar radistion end abaorption
with simuoltsnecus emission by the
absorbing materinl,

3} o present o simplified expression for the
ghobal entropy  production mate based on
analysis results by Wright et al. 2000,
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2. Radiative Model

Researchers have  mnalyzed  simple
blackbody type radiative models to investigate
the thermodynamic behavior of the Earth systam
i(for example see Acki 1982; Stephens and
O'Brien 1993 and Weiss 1996). Wright et al.,
(2000) provided analysis of & graybody model of
the planet that more sccursiely charactenizes the
radintive behavior of the planet. This model
provides improved estimates of the planesary
eptropy rate and mean planstary (Emperafure
because the Barth system only partinlly shsorbs

incident =olar radiation end emicion of thermal
radistion is substantislly less than that of a
blackbody.

In this snalysis the Eanh system is
represanted by an isothermal, solid sphere with
uniform  propertics. The approximation of
uniform temperatore implics the material of the
sphere hos a very high thermal conductivity. The
annlysis is af steady state and the 'long wave'
emissivity of the sphere i85 assumed o be
independent of the ‘short wave” albede of Earth,
where the albedo (a) is an overall measure of the
reflectivity of the planet (or ope minus the
absorptivity), MNote that for the Earth the long
WEVE eMISSiViY Eyw is approximately 0.61 while
the short wave albedo (2) is spproximately 0.30,

By dafinition of the planstary albedo (a),
the energy flow rate sbsorbed (E,,) from the
incident solar radiation is

Boage = (1 - a}B (1)

The incident solar radistion, depicted in
Figure 1, i5 contained in a small solid engle (L)
given by

|
Q- 4x] 2RE ] -{—tT 2)

4xr’
where Ry [s the mesn madius of the Sun, and r s
ltammmhltllmﬂﬂnfr}! Earth or ons

Figure I. [llusiration of SR incldent on
Earth and the SR solla angle




Consegisently, the incident snergy dox B,
with #ilér melintich oo 4 “bBody with cross-
séctional areh ®R? din be expressed s

Eie =RRE K, )= 2R nﬂTs[ ] (3

wher Rﬁm.h:m:mmiuunfmnEarLl Ty I
the effective fmissiin ‘\si npecafurs of solar
indistion, Ki. i e coegy fullinée of the
imcident soler redigtion (for fordber dédeils see
Wiright: et ol -0 The sqnitiesd emeegy fox ta
emmiiind over the surfuce noer of the-sphere mnd is
givest by

Epy =4nR e, 0T, (43

where B I the! fordveve dmalEEdity of the
fiaddt, o b "he STl Raltmiim cotmtimt, and
Ty i the effftGve Binpérgtare of B planst. The
misan. plamstney Sapenee 6 debmined by
st e nhetrhed’ uid emitisd énsrgy Mow
rated koddi-given try

i i
I, .{i;_']‘[ﬂha]‘n (5)
The entropy production rate of the planet is
ﬂmpl:r the difference betwesn lh: entropy of

f_ll.im +§Fﬂf —ﬂh (ﬂ

= Iregupting(5) the safepy of the emittsd
nnd « peflectsd - (nxes - o ~ammuged. o ba
meependent. Sinoe dbese) RBuxss dratel i the
same, -directon | thip- implies- that the enargy
BpECETgs Of - these -Lloxss. oo Dok - uurrLlJp
significantly aa to alfect the satropy-calgulatioas.
. Tk entropy fluxes for emitied and reflectsd
mufintion can be cxpressed [h terrll of the ehergy
i wgicd Wisicrind efrsiion fempenlion

J=le) = g

Wi Mhand J.-are e shesgy and) enbropy
[Tig AR T :rEappu-li'l.‘l;"l'_r, ind LEe) 18 0 coefhcent
thiat s onity for -binckhody mditien and s
greater than one for pon-blackbedy mmdiution
{(Wright et-al., 2001} The approximation for the
coefTEiAE HE)

1fe)=eft — (2336 - 0.2608) ine

has a8 maximum percent emor of 0.33% for
emissivities greater than 0.005 (Wright et al.,
2001).

The entropy production rate for this model
can be expressed as

ik |

oonft]

T

Ll i

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

[ Va-a )M el Lt )

n =%is,,,..l LBy 1T, = T3 -2y

-]

and if the longwave emissivity (Bpw) B
approximately  equal to  the shorwave
abeorptivity (1-a), then the planstary enbropy
production rafe associated with absorbed energy
flux becomes

ﬂ-ﬁm['ghﬂ—lmt‘gﬁ'[il—_ltl{ﬁ;-m ()

To determine the global entropy production
mte ([1,,) sssocised with only the solar
rudintbon that is absorbed by the system, we may
omit the entropy flux of the solur radiation that s
reflected back to space. Also, for an albedo o the
planet pbaorbs (1-a)% of the incident emergy.
However, the entropy Mlux of the solar radiation
that is absorbed in preater than (1-a}% of the
incident entropy fux. Consequently, the entropy
production aseocinted with the absorbed flux
may be expressed as

(10y

0 E%Eﬁhlahiﬂwml‘llu‘l s I (12)

nnd if Epw 18 approximately equal 1o I-.a then the

e e g i {13)
“ 3';{1 .{Tr T #_p._

or ‘with #31(e) = 145 (Wright et al., 2001) we
have
1
. i e 14)
11=1 TE T.ﬁ* {
By substituting data for the Earth (a = 0.30,
Egw="0.61, R =637 x 10° m and r = 1.486 x 10"
m) and the Sun (Rs = 6.923 x 10° m and Ty =
5760 K), the planstary entropy production rate of
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the Earth associated with the absorbed portion of
the solar mdistion Mux (12) is estimated us 602
TWIE, compared o the total entropy production
rate of &Il TW/K (Wright et al., 2000 The
difference belween these two resulis s the
entropy  production mie doe o the diffuse
reflection of a porton of the incident solar
radintion and is approximaiely 3% TW/E-

3. Exergetic (Second Law) Analysis

The first law of thermodynamics states that
energy is peither created nor destroyed', The
Earth a5 & thermodynamic sysiem does noi
consume ensrgy; the low entropy incident solar
radintion is Kmply degraded 1o & higher entropy
stream of thermal mdistion leaving the system.
Congequently, the entropy production rate, or the
rate of exergy destruction (irreversibility), i an
important quamtity in characterizing the Earth
system.

The entropy content of incoming and
ocuigoing radiative floxes i3 used to calcolate the
exergy content or thermodynamic value of the
radintive energy flux in @ given emviromment
Mote that the entropy comtent alone does not
determine the value of the epergy fMux (exergy
content) that is also dependent on  the
environment specification. Likewise, the entropy
production e b wsed to caloulats the exergy
destruction mi= that cccurs in & system. The
Gouy-Stodola theorem  states thal the exergy
destruction rate or lmeversibility of & sysiem is
given by the product of the entropy production
rafe and the environment temperatures

=T, 1 (15)

The entropy production rate, as well as the
irreversibility rafe, are proportions] (o the albado
or the sbsorbed eoergy flow mie, On the other
hand, for & fixed albedo or absorbed energy flow
rute, the planstary entropy production rate
(Wright et nl, 2000} is only weakly dependent
on longweve m].ui'.'Lty:. However, even when

I Enn'p'ilt-m.-'ldm'-:mmuhpmhmni
e egevalency of a:gy-inﬂtu'm;h
Einstzin's relation (£

¥ Por iy mdistive model the greeshouss efect may be
represeniad by o difference hetmesn longwave emissiviry
and global sledo, When the albedn is consldessd fined,
thein il effect on e glodal eatopy peoduction rie.

there is litle variation in the enropy production
rate, the frreversibility rate (15) i3 strongly
dépendent on  the specification of the
environment tempernture,

In general, the environment is defined 35 a
region with uniform properties that is beyond the
immedizte surroundings and whose inlensive
properties (such as temperature and pressure) are
not affected by the system (for example, sea
Cengel and Boles 2002 or Bejan 1997},

The surroundings of the Earth sysiem are
not homogenoas and do ol have upiform
propoitics, However, the surroundings of the
Earth system appaar as & very low tempermiure
reghon (near 3 w 4 K) ma far ax thermal
interactions are concerned. With an environment
iemperature of say 4 K, the imeveraibility rate of
the Earth system is (4 K)*(641 TW/K) = 2600
TW; & quantity that is orders of magmitude lower
than the incident snergy flow rate of solar
rndintion, estimated as 173,000 TW. This mesns
that the exergy comtent of thermal mdiation
leaving the Earth s very high (oearly unity)
relative 0 an environment with such & low
temperaire,

If instesd we wish to specify an
environment iemperature typical of temperatires
on BEarth, the calculated irreversibility rae is
much higher. This serves the purposs of
determining exergy confent ond imeversihility
rtes with respect to the enviromment on the
surfnce of the Earth or in the atmosphere whens
the processes of sheorption and emision oocur.
However, in this case the distinction between the
syatem and environment becomes unclenr and
the Irmeversibility mate for (he planst takes the
quastionable form of

b = Toun s (16)

where the entropy production mate of the system
is multiplisd by the system’s tempersture. For
the mdiative model the reversibility s using
(16} is (278 Ki*{641 TW/K) = 1 TE,000 TW, This
value of irreversibility is greater than the incident
energy flux (= 173,000 TW), clearly indicating
the application of equoation (16} may be
wmehow EMTONSOUS,

3.1. Exergetic analysis with an elevated
environment emperabure

The difficulties in applying equation (16)
become even more pronounced if we comsider
arbitrary valoes for the environmen! temperature.
This is acceptable becmuse the temperaturs in
equation {16) meed not be interpretsd as the
Earth's temperaiore, The relation (16) should
result in approprisie values of the imeversibility




rate, relative to the incident or absorbed energy
flow mates, for arbitrary specifications of
environment tempersure,

To  illostrage the affect of arbitrary
environmenl temperature specifications consider
ihe process depicted in Figure 2. A radiation
source  produces  mdinthon  ddenfical o
extraterreatrial solar radiation costained in the

same small solid angle (L)) sublended by the
Sun.

The sphere is identical to the graybody
madel of the Earth system except for scaling.
This setup could hypothetically be carmied ool in
& Isboratory where the covironment temperatune
could have an orbitrary wvaloe. The energy,
entropy end exergy flow mies per umit surface
ures are ihe same as for the gravbody model of
the Earth system. Consaguently, we arrive at the
same questionable results where the calculatsd
irreversibility rate is greater than the incident and

nbsorbed energy flow rales.

e Simulated solar rafision

sempersture Ts l mw';1m|“
seclinnal area
o

Solef romatisg

rayhady

ephere

Figure 2, Simulaled solar  radiarion

incidert on solid rofafing  sphere in an
enviromment with an arbirrary remperatire T,

The difficultics that arise in determining the
irreversibility rate and in applving (16} are due 10
neghecting Muxes that must be incorporaied in the
analysis, If we consider, case I, an environment
a1 temperature T, in direct radintive 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 nop-zero energy and entropy
flux buat zero exergy flux,

For this- cose the energy flux of the

e solor RudiR0 60 oy i Enafry ST uE
nchdent froun the  enviraRmEnt T milh S i
pmited enangy-Hux alsiandy srate.demming dee
mudishon cincideal rom-theenvironment dwas-n
I:-.|L'L::.-.'rJr EhAMCTER, i WOl he r'1|:r-.'-.‘:|.'|.' Tt

a system in equilibriom with uniform propentics
rr:mmmﬂfmm\cc}mum.ﬂ:mmﬂ

enerpy flax |& gven by

B,y =4xka,yoT) (am
Tare

where o)y 5 the absorptivity of the sphere for
incoming lengwave radistion emitted from the

environment. Using the graybody assumption we
hiave

LLERTY tﬂl_wl‘-l-l. {]E]

and based on an energy balance for the sysiem at
steady state, the temperatare is given by

R R (19)

The entropy production rmie asociated with
the absorbed solar energy flux is

|’r- -r.u--}][F_'?-—— !F.u-

and the irreversibility rate is

S N -4 (21
B-T L5

For &2 = 030 the ratio {Ry) of the
irreversibility rate to the sbsorbed emerpy flow
rate from the inckdent solar mdiation is

e R

taking 474N {e)} = 1.45 (Wright et al, 2001}
Figure 3 shows that the rtio of the imeversibility
maie 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
mdiative contoct  with the surrounding
environment af Ty the ipcident ensfgy and
entropy flux from the emvironment must be
includad in the calculation of the entropy
production rafte and irveversibility rate; thus
resolving the unaccepiable result that the
irreversibility rate is greater than the absorbed
solar energy flow rate.

On the other hand, we may consider case 11
where the immadiate swrroandings are a vacuum
pear ahsolute zero (simulating deep space). This
can be accomplished with the system depicted in
Figwre 2 using a concentric spherical shell
surmounding  the system and maintained st a
lemperature pear abeolute zero. The environment
iz still al an arbitrary temperatare T, and is
located outside of the immediate sumoundings
that are maintained of & empemiure near
nbsoluls z=m.

R
I-T,[EIL[E-!,]-
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Figure 3. Rofo Rg-in (22] versw the
emvironmient temperiature T,

In this cass fhers is no energy of embropy
flux imcident on the rystem ewxcept for the
nimulated solar radistion. However, with & non-
om0 environmen! lemperature the sbsence of
ipcident radintion represents & non-Zer0 EXETEY
flax (Wright et al, 2002) and is given by

£ =GR ¥ )ZTS (23)
s 3

shsolute zero has o very high exergy content, and
energy actually flows from this shell 1o the
systom af B raie given by (230, 28 discoossed near
the end of section 3. The total incoming exergy
flux |s the sum of the exergy flux of incident
solar mediabion plos the emergy flux from the
coencentric shell sumounding the system. The
irmaversibility rate, pssoming £y = {1-a), i

4 oad ke
R S
The exergy flux of the incident solar

radistion, pssuming & Backbody spectrum, s
approximately

2, = (0931)E,, =(0.93])% a’nlﬁ'r;lﬂ. (25)
SR 1:8

which has the numede valie of 160200 TW.
The 0,931 fector representy the sxergy comtent
or rfin of exergy 0 energy flux, of blackbody
raidimtion.

A portion of the incident exergy flux is
sbaorbed wnd can be approximated &

2 = (003 1K1 - )E,, (26)
SR R

and has the mumeric walue of 112600 TW. The
irrevessibility e must be kess than or equal to
the combined exerpy infhm with sheorbed solor
radiation (26) and the mdistion incident from the
environment (23). Thus, the mtio (B of the
mreversibuliny e (24} to the totnl exergy infbox,
{23) and (24);
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s
Sinr =
(27)
4 L] :
T'il [; Ilﬂ_.:I]:E_ E]H—H'JEE

- = -
(4mi ]iT: 0931901 "‘Eg

musi be positive and Jess than unity, With & =

030, and wpon using (3) and (5), this expression
fior the mtio Ry reduces o

Ratio (B

EECEERSSERE

Hn 1% 156 oL 190
Environment Temperaturne T,

Figure 4. Ratio Ry in (28] versus the
enviromment iemperamre T,

Figure 4 shows that tha
is always positive and bess than the hﬂl

incoming exergy, the exergy influx with the
gbsorbed solar radistion and the influx from the

:urrmuﬂl MuumThuhm

l]'.'#ilrﬂ the irreversibility rate was
pﬁ:ﬂmﬁ:hﬁﬂm:&:ﬂhhmﬂn
exergy flux from the summoundings near absolute

zere was neglected. Although there is zemo
energy and entropy flux from the sormoundings
there is 8 non-zero positive exergy Mo

In the environment with nDonR-zEmD

temperature, blackbody radistion will exist in
any evacualed or gassous regloms. A cavity
devold of radiation represents dis-equilibrium
with the environment and THO-ZETO
exergy. This 5 anlogous to the mechanical
exergy of an evacuated cavity in an environment
with i nOD-PErD Pressure,

For a material near sbeolute zero, soch as
the sumroundings of this system, the exergy
content (ratio of exergy to energy) is very high.
For exsmple, the ratio of the exergy o energy




T. { ol |
RxE:I-..i;.I]”“TII ':1‘:"]
Fipure 5 illustrates qualitatively that as the

temperature  approaches  sbsolute zero (T/T,
approaches zemo), the exergy to eneTgy ratio
appronches mfinity.
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3 4
Temperatuse Rato T T,

Figure 5. The exergy o emergy ratio Rye
(29} for a material system vs, the ratio T'T,

The exergy of a material system near
absolute zero decreases rapidly even when only
small amounts of heat are transferred to the
svstem, Consider again the example of a simple
compressible substance discussed above, The
exergy  transfer mle amocisted with  beat

concluction is expressed as

5-1;-[;--:14] (30)

Lo

B
In

Eatio of Exergy Flox 1o Heat
(Energy i Flux
. —
o =

-
=

1 2 3 L
Tm'q:u:hm:- Rato T/T,

Figure 6. The ratio of exergy fTuxy fo hear
JTuex wersus the temperature ratio TAT,

Figure 6 depiets qualitatively the ratio of
the exergy Mux (30} to the éenergy Mux versus the
temperature T of the system to which heat is
being transferred. At very  low  system
temperatures (T), the exergy flux has o large
magnitude and iz in the opposite direction of the
heat flux, Thus, exergy is transferred ot of the
gyetemn g the gystem mear abenlute rero 1%
heated,

In this radiative analysis there is negligible
incident mdistion on the sysiem because the
surrcundings are maintainsed al a femperature

near ghaolute zere. Consequently, the exergy Mux
steadily received by the system. analogous to the
material system, originates from the surrounding
materkal maintained near absolute zerm,

Thus, whether the svstem s in radiative
contact with its environment or not, the energy,
entropy  and exergy floxes incident from the
surroundings must be considered even when
there 15 no incident radiation. Since the
environment femperature is alwaya non-pera, the
absence of incident radiation represents a non-
zero exergy flux,

Arbitrary specifications of the environmsent
temperature are permissible when caleulating the
irmeversibility rate of the system. The particular
choice of environment temperature will depend
om the purpose of the analysds, An environment
temperature similar to the temperatures on Barth
is desirable  when companng the global
irreversibility rate to the irreversibility rates of
processes on Earth such as the imeversibility rfe
associgted with the plobal energy system.

4. Conclusions
The planetary entropy production rate

pssociated with the nhsorbed of solar radiation
can be approximated by & concise relation
involving the absorbed energy flow rate, the
cffective emission temperature of the Son, the
effective  planctary temperature, and  the
planetary albedo.

The estimated planetary entropy production
rate aseociated with the absorbed solar flux is
G0Z TW/EK, and that due {0 diffuse reflection of
solar radiation is 39 TW/E, for a weal global
entrogy  production rate of 641 TW/K. The
entropy production rate of G602 TW/K is the
appropriate value  for  comparison  with
atmospheric modeling in which the calcwlations
of entropy production duwe to the reflection of
golar radiation wish to be omitted.

The theoretical modsl presented in this
pager used w simulae te radiative interaction of
the Earth with its surmoundings illustrates that
arbitrary enviromment lemperiture specifications
do nod cause a violation of the second law. The
ppparent  wiolofions  are  resolved  thoough
corrections 1o the energy, entrogry, and cxergy
calculations that are due to the specific character
of rodiative heat twansfer. As a result, this
analysis provides an llustrative example of the
implications of environment specifications on
exergy anglysis involving radiative heat transfer,
When the immediote swrroundings  are  near
ahsolule Zero (simulaling deep space], thers is no
incident energy of entropy flax from  the
surrsandings but there is & non-zero exergy fux
when [he environment emperature is noa-zero.

Inid, Applied Thermodynamics, Vol.5 (Ho2) &3



TABLE . NOMEMCLATURE ASSOCIATED WITH THE ENERGY, ENTROPY AND EXERGY OF

RADIATION
Energy Exergy Units Entropy
Symbal Symbol Symbal Units
Iniesnal U =" ] 3 K
| Specific u E Jim” 5 Im'K
Flow Rate E g W Z WiK
Iradiance 2 2
(Flux) H M Wi I WiKm
Radiance K N Wim'sr L WiKm'se

*  Z and £ are the Greek letters comresponding to the English/Latin X and x, respectively.
®  The specific energl and entropy for TR are per unit volume rather than per unit mass as they arg

for material related quantities,

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

‘When the environment is in direct rodistive
coniact with the system, the energy and entropy
flux incident from the environmeni most be
considered in the energy balance equation and
the eatropy production rate caleulation. With this
correction the irreversibility rate does pot violate
the second law becanse it is always less than the
exergy influx from the sbsorbed solar radintion,

Nomenclature

Planetary albedo

Speed of light = (2.9979)10" m/s
Entropy functions
Irmevessibility (exergy
Mean radius of planetary orbit (m)

£

-
-

destruction rala)

i

r

R Radius of the planet {m}

T  Material emlagion lemparature (K)

@ Absorptivity

E Emissivity

) Physical constant, 3.14159...

M Entropy production rate (W/K)

o  Stefan-Boltzmann constant = (567107
Wim'K'

f1  Solid sngle (sr)

Subscripts

Abs  Absorbed

Abs Emv  Absorbed from environment
Abs SE  Absorbed solar radiation

BR Blackbody radistion

E Earth

End Emined

IE Ratio of imreversibility to the absorbed
enargy flow from solar mdintion

Inc Incident

Imc SR Incident solar radiation

X Ratlo of imeversibility 1o exergy inflow

LW Long-wave

O Environment conditinns
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