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In the present paper we calculate the surface temperatures of the nine planets of the Solar System by means of the Gordon and Zarmi
for dealing with the Earth’s wind energy as a solar-driven Carnot-like heat engine, incorporating the role of the greenhouse effect and inte
irreversibilities in the performance of this heat engine model. This oversimplified Carnot-like engine corresponds very approximately
the global scale motion of wind in convective cells. Our numerical results for the surface temperatures are in good agreement with
observed temperatures reported in the literature. Our calculations were made by means of two regimes of performance of the model
maximum power regime and the maximum ecological function regime. In particular, Venus and Earth temperatures were calculated wi
new approach by using the role of the tropopauses on the convective cells.

Keywords: Convective cells; finite-time thermodynamics; solar system.

En este aftulo calculamos las temperaturas superficiales de los nueve planetas del sistema solar mediante el modelo de Gordon y Zarn
se usa para tratar con la enierde los vientos como unaaguina tipo Carnot manejada por el Sol, incluyendo el papel del efecto invernadero
y de las irreversibilidades internas en el modo de opéradel modelo de iquina érmica. Esta raquina tipo Carnot sobresimplificada
corresponde en buena aproxin@cton el movimiento a escala global de los vientos en celdas de cobwebltiestros resultados nénicos

para las temperaturas superficialersn buen acuerdo con las temperaturas observadas reportadas en la literatura. Miesdt®fueron
realizados mediante dos iegenes de operamn: el iegimen de potencia axima y el Egimen de fundn ecobgica maxima. En particular,

las temperaturas de Venus y de la Tierra fueron calculadas mediante un nuevo enfoque utilizando el papel de las tropopausas sobre las
de convecdn.

Descriptores: Celdas de conveadun; termodiamica de tiempos finitos; sistema solar.

PACS: 92.70.Cp; 44.40.+a; 44.90.+c

1. Introduction variables and functionals. The problem of thermal balance
between the planets of the solar system and the Sun under

an FTT approach has been treated by several authors [2-8].

In a recent paper [1], Fischer and Hoffmann have shown thgf, some of these articles the question of the conversion of

a simple endoreversible model (the so-called Novikov eNyolar energy into wind energy is also discussed. When only

gine) can reproduce the complex engine behavior of @ quany e 4iohal thermal balance between the Sun and a planet is
titative dynamical simulation of an Otto engine including, considered, one can roughly obtain the planet's surface tem-

b_Ut notrlllmlteclj to, effectsffrqm Iolslses due to hheat Cfolnduﬁ'geratureTp. If the conversion of solar energy into wind en-
tion, exhaust losses and frictional losses. In that article, t rgy is to be modeled, it is necessary to involve at least two

spirit of finite-time thermodynamics (FTT) is illustrated em- oo sentative atmospheric temperatures in order to make the
phasizing the virtues and limitations of_ FTT—methodoIogy.CreatiOn of work possible, that is, to take the planet's atmo-
However, the usefulness of FTT-models is shown beyond an¥phere as a working fluid that converts heat into mechani-

doubt. In fact, we can assert that the FTT-spirit is consistenf_, \vork. This permits us to introduce the concept of atmo-
with the spirit of a Carnotian thermodynamics in the Sensespheric “heat engine” in a natural way. In this context, pro-
of the search for certain kind of limits for thermodynamic
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cess variables such as work rate, heat fluxes and efficiency fof the GZ model including the albedo effect, the greenhouse
instance [8] find a simple theoretical framework where ther-effect and the internal irreversibilities of the cycle by means
modynamical restrictions play an important role. This is inof a parameter arising from the Clausius inequality [14, 15].
contrast with disciplines such as non-equilibrium thermody-In this section, we apply the extended GZ model to calcu-
namics and hydrodynamics based on local differential equdate the surface temperature of the nine planets of the solar
tions where the transition from local to global variables is notsystem. The model is used under both the maximum power
a trivial task [9]. In 1989, Gordon and Zarmi (GZ) [2] intro- and the maximum ecological regimes. We also present an al-
duced an FTT model taking the Sun-Earth-Wind system asgernative calculation of the surface temperature of Venus by
an FTT-cyclic heat engine where the heat input is solar radieonsidering the very high greenhouse effect of this planet,
ation, the working fluid is the Earth’s atmosphere, the energyvhich has an atmosphere with a great concentratiari@f.

of the winds is the work produced and the cold reservoir toThis calculation uses a cold reservoir different from the sur-
which the engine rejects heat is the surrounding 3K universaounding3 K universe, consisting in an atmospheric structure
By means of this oversimplified model, Gordon and Zarmiof the tropopause type. Finally, in Sec. 4, we present the con-
were able to obtain reasonable values for the annual averagtusions.

power in the Earth winds and for the average maximum and

minimum temperatures of the atmosphere, without resortin . .

to detailed dynamic models of the Earth’s atmosphere, an%- Endore\_/ers'ble GZ model for atmospheric
without other effects (such as the Earth’s rotation, the Earth’s ~ COnvection

translation around the Sun, ocean currents, etc.). Later, sev- ] o ]

eral authors [3-6] extended the GZ model to take into ac—AS is well known [4], cosmic radiation, starlight and moon-
count the wind energy dissipation and other such effects aght can be neglected for the thermal balance of any of the
the inclination angle of the Earth’s axis with respect to thePlanets of the solar system and only the following quantities
ecliptic. Another extension of the GZ model was presented"ave an influence: the incident solar influx or solar constant
in Refs. 7 and 8. In Ref. 7, the GZ model was used for at/sc: the planet's albedp, and the greenhouse effect of the
mospheric cycles with internal entropy production and undeP!anet’s atmosphere crudely evaluated by means of a coeffi-
a new criterion of merit named the ecological criterion [10], ¢i€nty [4,13]. The endoreversible GZ model is based on the
which consists in the maximization of a function E that rep_annual average quanhﬂe_s and thus |tdo_es not represent actual
resents a good compromise between high power output arfePnvective cells, but a kind of annual virtual cell that takes

low-entropy production. The functio is given by into account the global thermodynamic restrictions over the
convection as a dominant energy transfer mechanism in the
E=P-T.,%, (1) air (which has a large Rayleigh number). Besides, this kind

of model must only be taken as that producing better upper
bounds than those calculated by means of classical equilib-
rium thermodynamics, which is the main purpose of FTT.

where P is the power output of the cyclé; is the total en-
tropy production (system plus surroundings), dnd is the
temperature of the cold reservoir. This optimization criterion
for the case of the so-called Curzon-Ahlborn cycle [11], for ) .
instance, leads to a cycle configuration such that for maxi2-1.- Maximum power regime
mum FE it produces around 75% of the maximum power and
only about 25% of the entropy produced in the maximum : . . : ;
power regime [12]. By means of this optimization criterion system as a heaF engine cycle is depicted. This cycle consists
in Ref. 7, reasonable values for the annual average power (()-\I four branches:

the winds and for extreme temperatures of the Earth’s atmo- 1 g jsothermal branches, one in which the atmosphere
sphere were also found. In Ref. 8, an additional extension
of the GZ model was proposed by means of the inclusion of
a coefficienty that takes into account the greenhouse effect.
This coefficient was introduced by De Vos [4] to consider

the attenuation of the heat flux emitted by the Earth in the 2. two intermediate instantaneous adiabats [16] with ris-

In Fig. 1, a schematic view of a simplified Sun-Earth-Winds

absorbs solar radiation at low altitudes and one in
which the atmosphere rejects heat at high altitudes to
the universe, and

far-infrared spectrum. This coefficient can be taken as the ing and falling currents. In Ref. 17, it was shown that a
normalized greenhouse effect introduced by Raval and Ra-  Curzon-Ahlborn FTT cycle in the endoreversible limit
manathan in Ref. 13, which is defined as the infrared radia- with instantaneous adiabats is reached for |arge com-

tion trapped by atmospheric gases and clouds. In the present  pression ratios. In the GZ virtual cells, it is feasible to
paper, we apply the extended GZ model used in Ref. 810 consider that this condition is fulfilled.

calculate the surface temperature of nine planets of the solar

system. The article is organized as follows: In Sec. 2, we According to GZ, this oversimplified Carnot-like engine
briefly discuss the GZ model under two performance regimesorresponds very approximately to the global scale motion of
(maximum power regime (MPR) and maximum ecologicalwind in convective cells. Below, we use all of GZ model's
regime (MER)). In Sec. 3, we introduce the generalizationassumptions. For example, the work performed by the
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FIGURE 1.Scheme of a simplified solar-driven heat engine (taken
where) is a Lagrange multiplier. By usin@L(t) /9T (t)=0,

from Ref. 2).
working fluid in one cyclelV, the internal energy of the Gz found the following values for the Earth's atmosphere:
working fluid U, and the yearly average solar radiation flux , —o77 K, 7,=192 K and P,,..— nax/to=17.1 W/m2.
qs are expressed per unit area of the Earth’s surface. Thehese numerical values are not so far from “actual” values,
temperatures of the four-branch cycle are taken as followsynich arep ~ TW/m? [18], T1 = 290 K (at ground level)

Ty is the working fluid temperature in the isothermal branchgng 7, ~ 195 K (at an altitude of around 75-90 Km). How-
at the lowest altitude, where the working fluid absorbs SOeyer, as Gz assert, their power calculation must be taken as
lar radiation for half of the cycle. During the second half of 3 ypper bound due to several idealizations in their model. In
the cycle, heat is rejected via black-body radiation from theref, 7, another endoreversible case was analyzed, but using

working fluid at temperaturg; (highest altitude of the cell) a5 5 cold reservoir the tropopause shell With = 200 K. In
to the cold reservoir at temperatufg, (the surroundingK  this case, the following Lagrangean was used:
universe). In the GZ model, the objective is to maximize the
work per cycle (average power) subject to the endoreversibil- L = ¢s +oT¢, —oT*
o(T? +T3) s (1,1
—|m " 0T, | =+ = 7
«Q Tl 2 o ET T1 + TQ b ( )
with o a Lagrange multiplier; and by numerically solving
OL(t)/0T'(t) = 0, we obtained
T, = 239.267K,

ity constraint [16], that is,

T, = 293.387K,
which are excellent values for convective cells restricted to
the troposphere. If these temperature values are substituted

8)

in the average power [7]
P=gq,+0T4 — oT*,

where AS;,,; is the change of entropy per unit areg,is
the time of one cycleg is the Stefan-Boltzmann constant

(5.67 x 10~ W/m?k*), andg,, andT" are functions of time
Rev. Mex. . 52 (3) (2006) 205-212
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the following value is immediately obtained: with « being the Lagrange multiplier. By substituting
) the values ofg;, o and 7., and numerically solving
P =10.758 W/m”, OLg(t)/0T(t) = 0, we find
which is a good value for the wind power [18]. w

Ty =294.08 K, T =109.54K, P =6.89 et

2.2. Ecological criterion )

which are reasonable values 6t and P, but not forT5.
As De Vos and Flater [3] state, no mechanism guarantees thitowever, if we use as a cold reservoir, the tropopause
the atmosphere maximizes the wind power. In fact, some awshell [28] withT., ~ 200 K, we can now use the Lagrangean
thors [19-21] have recognized that the Earth’s atmospher&inction,
operates at nearly its maximum efficiency; thus, from an TN T
FTT point of view, an ecological-type criterion seems fea- 1, — 4+ oTA —oT* + (qs+ g em) e

sible. This is due to the properties of tiefunction, which 2 ) T
at its maximum value represents an austere compromise be- ;7 T4 oT4
. .. . _ ex TS 4 2 _ ex
tween power and entropy production, additionally leading to — (17 5
a high efficiency [10, 12]. This ecological criterion, as pre- ”
viously occurred with the concepts of power output and effi- [ @&  o(T3 +T3) vort (Lo L (14)
ciency [22], has also been used in the context of irreversible Ty 2 Ny Ty)|’

thermodynamics [23,24]. In particular, in Ref. 7 the so-called o i )
ecological criterion was applied to the GZ-model. This crite-With 5 @ Lagrange multiplier. By using again the Euler-
fion consists in maximizing Eq. (1). By means of the second-29range formalism, we numerically obtain

law of thermodynamics, first, we calculatss,,, the total en- W

tropy change per cycle (system plus surroundings), Ty = 303K, Ty =219K, P=7—

2

3

fo —q,(t) + o [TH(t) - T4] which are very good values, fdf, 7, and P. Besides,
AS, =/ () == | dt; (9)  these values are restricted to typical values in the troposphere,

where the climatic phenomena occur. It is important to note

that the power values (6.89 W#nand (7 W/n?) calculated

by means of the ecological function in this section did not

consider the greenhouse effegt { coefficient). When this

qs(t) s T2 quantity is taken into account, the valuegdére greater than

{ (Tl - Tlﬂ dt (7 W/n?) [8]. These scenarios lead to greater upper bounds
for the wind’s power, permitting an energy excess for other
relevant dissipative processes such as ocean currents and bi-

from Egs. (3), we obtain

AS, =

Ty

0

m‘c‘*\"ﬁ O‘\N‘”
S

N (T24T* wa); (10) ological structuring.
o 3. Nonendoreversible GZ model including
Thus, the total entropy production is given by [7], greenhouse effect for the planets of the so-
AS, G ol T4 lar system
Y= ~——+ —|T 11
to T1+2[1+Tm’ (11)

In this section we include the greenhouse effect in the GZ

here, we have used the approximatiogy > 7% ~ model, performing in both maximum power and maximum
(223 Wit > 4.59 x 10-% W/m?) with 7., = 3 K. So,  ecological function regimes. Internal irreversibilities are also

the ecological functioE for this case is included through a parameter measuring the degree of depar-
ture from the reversible regime. This extended GZ model is
TA Temis Tem . T4 i i
E=q—oT + Tq o : [Tf n TQ ] . (12) applied to the nine planets of the solar system.
1 ex

By using Eqg. (12) and the constraint given by Eq. (2), We3'1' Maximum power regime

proposed the following Lagrangean functibp: Within the context of FTT thermal engine models, some au-
— TG thors [14, 15], [25-27] have included the role of internal irre-
Lg =0 —oT*+ T versibilities in thermal cycles through a lumped paraméter
! arising from the Clausius inequality,
UTew T3 T24 @ ﬁ 13
- {WTJ‘“[E‘U ] (13) ASy1 + ASus < 0, (15)

Rev. Mex. 5. 52 (3) (2006) 205-212
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with AS,,; being the entropy change of the working fluid

along the upper isothermal branch ahd,» the correspond- TABLE |. Surface temperatures of the nine planets under a maxi-

Ing entropy Chgnge along the lower isothermal t?ra”Ch- I:OFnum power regime, taking the greenhouse effect only in the lower
the endoreversible case, the sum\ff,,; andAS,; is Zero;  part of the atmosphere.

but when internal irreversibilities are taken into account,

ASwl + ASwQ < 0. (16) Planets 14 Y ISC R Tcal Tezp
i i ity i (23) (K) (K)
To convert Eq. (16) to a constraint, the inequality is trans- m
formed into an equality by means of Mercury 0.058 0.0 9200 1 489 450
ASy1 + RASys =0, 17) Venus 1 727.4
h o by [14. 15 0.71 0.997 2600 0.97 7329 740
whereR is given by [14, 15] 093 7407
R= % <1 (18) Earth 1 2895
. | ASu2 | . o 035 0.2 1373 097 290.2 288
thus, in terms ofR, the thermodynamic restriction Eq. (2) 095 203.2
becomes
' Mars 0.17 0.0 600 1 239.6 220-240
° 4 4
- s (t) — o (1 =) R [T*(t) — T2, (t)] Jupiter 05 04 50 1 1252 120
ASRr = dt
) T(t) Saturn 1 876
0.94 88.9
=0, 19)
0.6 0.4 15 0.90 894 95
where we have included the greenhouse coefficherﬁq] 0.88 905
through the factof1 — ) affecting the flow released into
. 075 951
space. From Egs. (3) and (5), Eqg. (19) can be written as
_ R Uranus 1 158.6
s 0 :
I TR AT+ T =0 (20) 07 04 4 098 5889 59
T 2
By means of Eq. (20) as the new constraint we propose 0.95 592
the following Lagrangean: Neptne 0.7 04 2 1 492 48
Pluto 1 43.5
= _ 4 4
Lr=7—5 (1 =T + Ty 0.9 448
q3s OR 3 3 0.5 0.1 1 0.8 46.1 50
NI ZE - — (1 -} + T 21
{Tl 5 [(1—=7)T7 + 2]}7 (21) 07 476
whith )\’ being a Lagrangean multiplier. By means of the ex- 0.65 49.2
tremal conditions, we obtain the following equations:
2 in comparison withl%.,,. In those cases, a certain degree of
TP — T Ty — Ws—)jé =0, (22)  internal irreversibility is considered through the lumped pa-
1 rameterR. As can be seen in Table I, through the GZ-model
a1 T3 — 24 —0 (23) the surface temperatures of the solar system planets can be
Yo(1-y) % oR(1-7) recuperated in an appropiate way.

By numerically solving equations (22) and (23), we ob-
tain, for T (the surface temperature), the values shown irg.2. Maximum ecological function regime
Table | for the nine planets of the solar system. The values ) ) )
for p and~, I,. andT.,,, were taken from Refs. 4 and 19. In We now use the ecological function given by Eq. (1) as an
columnT...;, we show the values fdF, obtained by means of objective function. In this case, by means of the considera-
the extended GZ model operating under the maximum powefons used n Sect. 3.1, we used the following Lagrangean
regime. In all of the cases of TableR, = 1 was considered, function [8]:
that is, all theT;-values are for an endoreversible model. Itis

important to note that, for these calculations, the greenhouszeL'ER =G — 7 [(1- NI+ T24] + Teals

effect was only considered in the first half of the GZ-cycle, 2 T

that is, in the lowest isothermal branch. In Ref. 8, it was oRT,, 5 T3

shown that this scenario is more appropiate for the inclusion 9 [(1 =TT+ Tem:|

of the greenhouse effect. In Table I, we also include some o

cases (Venus, Earth, Saturn, Uranus and Pluto) where calcu- —a {qs _oR (1 — )73 + T3 } . (29)
lations for R <1 are also shown to improvdy, (1}) 2
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which under Euler-Lagrange formalist(t)/0T(t) = 0

leads to the equations S ws  TE o 5
i TYT) - THT5 + == (17 - T3)
TP + [”R —(1+ R)Tg} T % ]
! *W;_)TQ‘) =0, (27)
2, (1 +R) < 1 )T 7
- B T, T4 205
30 R 1—x TIT, + 14y T 4 q T,
- (1=7) oR(1—7)
TE.TqS 1
A — Ty = 0. (28)
4 3 2Qs 1 (1=7)
Ty + - R <1 - 7) =0. (26) In Table V, we show the surface temperatures of the Earth

and Venus for several scenarios of the greenhouse effect, tak-

In Table II, we show the Earth’s surface temperature with-ing as cold reservoirs the tropopause shell$,at~ 200K
out the inclusion of the greenhouse effegtf 0in EQs.(25)  andT,, ~ 165K, respectively. It is remarkable how, for high
and (26)] and the surface temperatures for the rest of the s@alues of+y in the case of Venus, the surface temperature is
lar system planets, by considering some cases Witk 1. practically recuperated by the GZ model. For the same cases,
In Tables IIl and IV, we show as particular cases the calcuthat s, 7., # 3K, but maximizing the following Lagrangean
lations of surface temperatures of the Earth and Venus for
both maximization regimes MPR and MER, respectively. In
both cases7., = 3K andR = 1 were used, and several TABLE IIl. Surface temperatures of Earth and Venus under a max-
values ofy were considered. In the cases of the Earth andmum power regime, taking the greenhouse effect only in the lower
Venus, their atmospheres have atmospheric shells known &&rt of the atmosphere.
tropopauses with temperatures approximately constant (for garTH Teo(K) N Teate(K)  Teap(K)
the EarthT;, ~ 200K and for Venusl;, ~ 165K [28])

which are the limit of their tropospheres where climatic phe- 0 2172
nomena occur. The Earth’s tropopause has a width of approx- * = 0,35 0.20 289.3
imately2 Km and is at an altitude of2 Km on the average. 3 0.25 293.3 ~ 288
The Venus tropopause is at an altitud&of- 110 Km. If the 7 =223 0.30 297.2
approximationg; > o7 is not used, then the correspond- 0.35 301.4
ing Lagrangean function for the MPR is given by Eq. (14) 0.40 306.1
and, by using the Euler-Lagrangean formalism, we obtain the
following equations: VENUS " Teare(K)  Teap(K)
0.0 378
TABLE II. Surface temperatures of the nine planets under a maxi-  p =0.59 0.96 665
mum ecological function regime, taking the greenhouse effect only 3 0.97 698 ~ 740
in the lower part of the atmosphere. 7= 195% 0.98 748
Planets p y Isc R Teal Tewp 0.99 841
(W/m?) (K) (K)
Mercury 0.058 0.0 9200 1 519 450 TABLE V. Surface temperatures of the Earth and Venus under a
Venus 0.86 740 maximum ecological function regime, taking the greenhouse effect
0.71 0.992 2600 1 7258 740 only in the lower part of the atmosphere.
0.993 0.95 7421 EARTH Ton(K) 5 Teate(K)  Tewp(K)
Earth 0.35 0.0 1373 1 294.0 288 0 294
Mars 0.17 0.0 600 1 254.0 220-240 p=0.35 0.20 309
Jupiter 0.5 0.4 50 1 135.0 120 3 0.25 314 =~ 288
Saturn 0.6 0.4 15 1 94.0 95 qs = 223% 0.30 319
Uranus 0.7 0.4 1 63.6 59 0.35 324
Neptune 0.7 0.4 2 1 532 48 VENUS v Teate(K)  Towp(K)
Pluto 1 46.2 50 0 401
0.5 0.1 1 095 46.8 p=0.59 3 0.94 731 ~ 740
0.75 494 0.95 756
0.71 50 qs = 195% 0.96 787
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TABLE V. Surface temperatures of the Earth and Venus under aTABLE VI. Surface temperatures of the Earth and Venus under a
maximum power regime, taking the greenhouse effect only in the maximum ecological function regime, taking the greenhouse effect

lower part of the atmosphere wiff}, # 3K.

only in the lower part of the atmosphere with, # 3K.

EARTH Tz (K) v Teatc(K)  Teap(K) EARTH Tew (K) v Tearc(K)  Teap(K)
0 2934 0 301.5
p=0.35 0.20 303.8 p=0.35 0.10 308.1
200 0.25 307.8 =~ 288 200 0.15 311.8 ~ 288
G = 2230 0.30 310.4 7. = 2232, 0.20 315.9
VENUS v Teate(K)  Teap(K) VENUS ot Teate(K)  Teap(K)
0 296 0 306
p=0.59 0.97 697 p=0.59 0.99 704
165 0.975 728 ~ 740 165 0.992 730.9 ~ 740
G = 1950 0.976 738 7: =195 0.993 747
Lpp =qs+o0l% — % (1 - N+ T3] + o(1 — )T, model for atmospheric con\_/ective cellswas propose_d by Gor-
don and Zarmi [2]. In this model, an atmospheric “heat
_ o(1—y)RT*\ T.. oR , ., 4 engine” of the Carnot-type performing at maximum power
+ (qs + 2> 2 (Te: +2T3) regime was used. However, as De Vos and Flater state [3], no

(1_7)T13 4 (1= 1
Ry - ) 0 et W, -
7 [ 2 WE e T +T2

T oR((1—)T7 +T3)
T 2

we get the following equations:

} , (29)

Ty
3R RT* T
=1 er _ s T.. — = 30
3R RT*
T3 4+ RTS — TWETQ‘* — 4“ wp =0 (31)

(1 =N+ 1 Ty

2qs 4 4
— 1—~)T T, —T. T, =0, (32
(O’R+< ’Y) ea:) 2 ext1 ; ( )

mechanism guarantees that the atmosphere will maximize the
wind power. In fact, some authors [19-21] have recognized
that the Earth’s atmosphere operates at close to its maximum
efficiency; thus, from an FTT point of view, an ecological-
type criterion seems feasible. In this article, we have used
the so-called ecological optimization criterion. In addition,
we have extended the GZ model to involve the greenhouse
effect and internal irreversibilities through a lumped param-
eter arising from the Clausius inequality. With this GZ ex-
tended model, we have calculated the surface temperatures
of the nine planets of the solar system under both maximiza-
tion regimes, the MPR and the MER, respectively. Another
change we proposed in the GZ model was the use of the
tropopause shells of the Earth and Venus as alternative cold
reservoirs. With this proposal, the surface temperatures of
these planets were considerably improved.

In summary, with the extended GZ model we have rea-
sonably reproduced the surface temperatures of the nine plan-

In Table VI, we show the numerical results for the Earthets of the solar system. It is remarkable that surface temper-

and Venus under the MER for sevesalalues.

4. Conclusions

atures strongly depend on the greenhouse coefficient, as can
be seen in Tables IlI-VI. This result is consistent with other
of our results reported in Ref. [8], where we show that wind
power increases with the size of the greenhouse effect. This

Although real heat engines are complex devices, rea“sti@'ffecthas been recently calculated by Emmanuel [30] for hur-
upper bounds can be placed on their performance via reldicanes over the last thirty years.

tively simple thermodynamic models, as is the case of FTT-

models [29]. This fact has been recently emphasized by FiSACknOWIedgments

cher and Hoffmann through a very illustrative case [1]. Sim-

ple FTT-models have been used to describe some global athis work was supported in part by COFAA and EDI-IPN-
mospheric properties, such as surface temperatures and wihéxico. MABJ is grateful support by SUPERA-SEP and the
power of the planets of solar system. A simple and elegantospitality of the doctoral program of UAEM-Toluca.
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