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a b s t r a c t

The energy requirements of the planetary exploration spacecrafts constrain the lifetime of the missions,
their mobility and capabilities, and the number of instruments onboard. They are limiting factors in
planetary exploration. Several missions to the surface of Mars have proven the feasibility and success of
solar panels as energy source. The analysis of the exergy efficiency of the solar radiation has been carried
out successfully on Earth, however, to date, there is not an extensive research regarding the thermo-
dynamic exergy efficiency of in-situ renewable energy sources on Mars. In this paper, we analyse the
obtainable energy (exergy) from solar radiation under Martian conditions. For this analysis we have used
the surface environmental variables on Mars measured in-situ by the Rover Environmental Monitoring
Station onboard the Curiosity rover and from satellite by the Thermal Emission Spectrometer instrument
onboard the Mars Global Surveyor satellite mission. We evaluate the exergy efficiency from solar radi-
ation on a global spatial scale using orbital data for a Martian year; and in a one single location in Mars
(the Gale crater) but with an appreciable temporal resolution (1 h). Also, we analyse the wind energy as
an alternative source of energy for Mars exploration and compare the results with those obtained on
Earth. We study the viability of solar and wind energy station for the future exploration of Mars, showing
that a small square solar cell of 0.30 m length could maintain a meteorological station on Mars. We
conclude that the low density of the atmosphere of Mars is responsible of the low thermal exergy ef-
ficiency of solar panels. It also makes the use of wind energy uneffective. Finally, we provide insights for
the development of new solar cells on Mars.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Solar radiation has been a source of energy in space missions as
a power source for small satellites, for large structures such as the
International Space Station, and for Solar System exploration. It has
been very useful in Mars exploration, in particular during the
Viking mission and in several Mars orbiters and rovers afterwards.
The Mars Exploration Rover Opportunity was able to exceed the
baseline mission duration from the 90 sols scheduled initially to
more than 3500 sols, continuing nowadays.

The complexity of the rovers, and the energy demands of the
experiments onboard have increased in the last decades. An
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example is the Curiosity rover in the NASA's MSL (Mars Science
Laboratory) mission [1] currently operating on Mars. As the solar
radiation intensity decreases with the square of the distance to the
sun, solar energy might become inappropriate to maintain a
complex spacecraft. For these reasons, the rover Curiosity is
powered by a Radioisotope Thermoelectric Generator (nuclear
power) and it is likely that the next rovers exploring Mars will use
the same kind of energy source. Although nuclear power could be
a partial and temporary solution [2], human colonization of Mars
will require a perdurable and renewable source of energy. The
transport of nuclear material from Earth to Mars implies large risk
and costs. The existence of fossil energy, such as carbon or oil on
Earth, seems unlikely to be found on Mars and its transport in
spacecrafts is not feasible. Finally, geothermal energy is not
feasible on Mars, since no significant geological activity has been
recorded on the planet.
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Nomenclature

A solar cell area (m2)
Aw wind turbine area (m2)
Cp heat capacity at constant pressure (J Kg�1K�1)
Cpow power constant of wind energy
d declination (degrees)
D transmission coefficient of radiation
E energy from solar radiation (Wh)
Ex exergy of solar radiation (Wh)
Exe electric exergy of solar radiation (Wh)
Exth thermal exergy of solar radiation (Wh)
hrad radiative heat transfer coeff. (W m2 K�1)
hw wind convection heat transfer coeff. (W m2 K�1)
hw,N hw at NOCT (W m2 K�1)
L latitude (degree)
Ls solar longitude (degree)
_ma mass flow rate (kg s�1)
P power (W)
Pr performance ratio (%)
_Qcell thermal power (W)
r Mars distance (AU)
rav average distance Mars-Sun (AU)
t time (hours)
Ta ambient temperature (K)

Ta,N ambient temperature at NOCT (K)
Tc solar cell temperature (K)
Tc,N solar cell temperature at NOCT (K)
Tg ground temperature (K)
Tref reference temperature at NOCT (K)
Ts temperature of the Sun (K)
T(D,z) Pollack transmission coefficient
u free-stream velocity of air (m s�1)
UL overall loss coefficient
uN u at NOCT (m s�1)
UL,N overall loss coef. at NOCT
z zenith angle (degree)

Greek Symbols
f irradiance (W m�2)
fTOA f at Top of the Atmosphere (W m�2)
fsurf f at surface (W m�2)
fN NOCT radiation (W m�2)
j photovoltaic exergy efficiency
h electric efficiency
href reference cell electric efficiency
r density (kg m�3)
s Stefan's constant (W m�2 K4)
t transmittance of glazing
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The objective of this paper is to investigate the efficiency of solar
energy on Mars and in order to do so, it becomes necessary to
analyze not only the radiation reaching Mars but also its
environment.

In the last decades, the mechanical engineer community put
much emphasis in providing a framework to analyze the thermo-
dynamic processes properly. Classically, the analysis of a process
using the first law of thermodynamics has been applied to ther-
modynamic problems, appealing to energy conservation rules.
However, the second law of thermodynamics is not applied under
that approach and the description of the processes can be improved
by its inclusion, carrying out what has been called “second law
analysis”. The second law introduces the concept of entropy and
deals with the heat lost in a process, i.e., is related to the environ-
ment and it is of importance in the quality of the radiation. These
second law analysis are developed to minimize the heat lost and
maximize the obtainable work. The maximum obtainable workeor
availabilitye is described by the concept of exergy (from the Greek
exo e εxo e and energiaeεnεrgiae); the exergy of a thermody-
namic system is a measure of the potential work of the system [3].
For a detailed historic description of the exergy concept, refer to
[Rezac and Metghalchi, 2004] [4].

The exergy concept has been applied mainly in engineering
thermodynamics, and resulted in a more effective method to
analyze heat transfer than energy analysis [5]. In particular, the idea
of exergy was also investigated in relation to solar radiation,
proving to be a very successful area of researchwith theoretical and
engineer applications. The early ideas of Petela [6] and Spanner [7]
in 1964 started an ongoing research on the exergy of radiation,
providing methods to evaluate the maximum conversion efficiency
of solar radiation with different approaches, including direct and
diffuse radiation, blackbody approximations, dilute radiation or
semi transparent medium [8e11]. Although Planck derived origi-
nally the expression for the radiation intensity for a mono-
chromatic radiation beam at thermodynamic equilibrium, it has
been demonstrated to hold for non blackbody radiation at a non
equilibrium condition as well [12e15].

The exergetic analysis combines the two laws of thermody-
namics to analyse the energy exchange in a particular environment,
providing a powerful tool to investigate the performance of a de-
vice in a system. It has been applied extensively on Earth, applied in
studies in Europa, US, India and Turkey for example [16,17,5,18,19].
The exergy concept has been applied to improve the analysis of
thermal processes in many situations considering the environment
[20], as for example in solar collectors (Flat-plate, Hybrid PV/T
systems or Parabolic) [21] under different meteorological condi-
tions [22]. Besides simple implementations of solar collectors, more
complex and more efficient alternatives have been studied for
heating/cooling applications [23], which provide a more efficient
use of solar radiation.

In this paper, we will focus our study to flat-plate collectors in
Mars. Even though parabolic collectors for example could increase
the obtained energy on the planet, it has never been tested onMars
due to the technological difficulty of transporting the panels. In the
case of Hybrid PV/T systems, which convert solar energy to electric
and thermal energy, they require a fluid to operate and have not
been implemented on Mars yet either.

To accomplish our goal to analyze the exergy of solar radiation
on Mars, it is necessary to know the radiation field environment
that reaches the planet. In Section 2 we determine the solar radi-
ation reaching Mars TOA (Top of the Atmosphere) and surface,
necessary to determine the obtainable energy from solar radiation,
considering the current composition of the atmosphere and
modelling the Martian orbital position to determine the radiation
at different seasons and locations on the planet. In our analysis, we
have used typical values for solar panels to provide accurate values
of the obtainable energy by solar stations on Mars.

To continue the analysis, the environmental properties of Mars
must be considered in order to provide a comprehensive analysis of
the solar exergy on the planet. Even though exergetic analysis is
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a universal tool based on the laws of thermodynamics, the solar
exergy on Mars has not yet been studied in depth [2]. In this paper,
we evaluate the spatial and temporal evolution of the exergy on
Mars based in satellite and in-situ rover data. The eccentricity of
Mars is 0.09331 and the maximum distance to the sun (aphelion) is
1.665861 AU. As the distance increases, the intensity of the solar
flux reaching the surface decreases, reducing the capabilities of the
solar powered spacecrafts. Hence, the exergy of radiation will be
different at different seasons during a Martian orbit. Not only that,
the exergy of radiation will change with location; and for a given
location, on a daily basis. Using the environmental data provided by
the REMS (Rover Environmental Monitoring Station) instrument
[24] onboard the Curiosity rover [1] we calculate the exergy effi-
ciency of solar radiation on a single location at different seasons in a
daily basis. The knowledge of the temperature, pressure and den-
sity of the atmosphere is used along with the radiation reaching the
surface of the planet to determine the exergy efficiency at different
hours.

The Curiosity rover landed at crater Gale (4.49�S, 137.42�E) on
Mars. Although Curiosity data are undoubtedly valuable, they are
representative of a single location on the planet. In order to analyse
themaximum exergy efficiency of radiation at different latitudes on
the planet, we use the data provided by the TES (Thermal Emission
Spectrometer) instrument onboard the MGS (Mars Global Sur-
veyor) spacecraft [25,26] to determine the maximum temperature
of the environment through a complete Martian year. In Section 3
we explain the formalism used in this work to determine the
exergy of radiation and show the results of the exergy efficiency of
solar radiation in Mars.

Another energetic alternative for Mars exploration and future
human colonization of the planet could be wind energy. Wind
stations are an excellent alternative on Earth and their use on other
planets could be a potential source of renewable energy. We have
considered that alternative and we show the results of the wind
energy analysis on Section 4.

In Section 5 we compare the results of solar exergy efficiency
between the Earth andMars, providing insights for futurework and
developments that could help to increase the efficiency of renew-
able energy sources onMars. Finally in Section 6 we summarize the
main results of this investigation.

2. Solar energy on Mars

A solar cell cannot convert all the received energy from solar
radiation into electrical energy, and the solar energy reaching a
photovoltaic (PV) panel that cannot be converted in other forms of
energy heats it. In general, the obtainable energy (E) from solar
radiation reaching a panel is:

E ¼ A$h$f$Pr (1)

where A is the total solar panel area (m2), h is the solar panel yield
(%) and f (W/m2) is the solar irradiance reaching the panel. In this
equation, Pr is the performance ratio, a coefficient accounting for
the losses in the conversion process, which is usually between 0.5
and 0.9 [27]. In an ideal process, the performance ratio would be
equal to 1.

The solar panel yield, h, determines the obtainable energy by a
solar panel per unit of area. It represents the ratio between the
obtained energy and the total energy reaching the panel. h is called
first law efficiency or energy efficiency and it is directly determined
by the type of solar cell and the fabrication processes. The
maximum yield obtained nowadays is about 45% of the radiation
reaching the panel [28]. Although this value was obtained under
laboratory circumstances and the commercial yields are much
lower, in our calculations we will determine the maximum
obtainable work under the best case scenario considering 0.45 as
the yield value. The performance ratio, Pr, is the ratio between the
obtained energy and theoretically calculated values. It depends on
the orientation of the panel, incident solar radiation, electronics,
and thermal and conduction energy losses. We consider a nominal
value of 0.75 for the calculations performed in this paper.

In order to calculate the irradiance values (f) in different
Martian orbital positions, we have modelled the irradiance reach-
ing Mars TOA (Top of the Atmosphere) in W m�2 according to the
equation [29]:

fTOA ¼ 592
�

r
rav

�2
¼ 592

�
1þ 0:0934$cosðLs � 250+Þ

0:9913

�2
(2)

where rav is the average distance Mars-Sun (1.52 AU), and Ls is the
solar longitude (MarseSun angle) measured from the northern
hemisphere, which is Ls ¼ 0� in vernal equinox.

The intensity reaching the surface without considering the at-
mospheric absorption could be calculated as fsurf¼fTOA$cos(z),
where z is called zenith angle and can be determined as:

cosðzÞ ¼ sinðdÞ$sinðLÞ þ cosðdÞ$cosðLÞ$cosð2pt=24:6Þ (3)

with d the declination angle, L the observational latitude and t the
time of day (from�12.3 h toþ12.3 h, being noon equal to zero). The
declination angle can be easily related with the Ls as
sin(d) ¼ sin(25.2�)sin(Ls), where 25.2� is the eccentricity of the
planet.

The radiation is scattered and absorbed during its passage
through the atmosphere, and those effects must be considered for a
correct calculation of the irradiance. The Beer's Law is usually used
to calculate the direct component of the irradiance at ground level,
being fsurf ¼ fTOA$exp(�D/cos(z)), where D is the transmission co-
efficient for the direct component. However, the Mars atmosphere
is very rich in dust and the scattering becomes an important
physical process in the radiative transfer on the atmosphere. The
diffuse energy can be also used to generate electricity in the solar
cells [9], and a precise treatment of the radiation should be
considered. In this paper, we will use the Pollack transmission co-
efficients [30] for an optical depth of D ¼ 0.3, which is consistent
with the latestmeasurements by the cameras on the rover Curiosity
[31]. Considering all these processes, the radiation on the surface
can be calculated as:

fsurf ¼ fTOA$cosðzÞ$TðD; zÞ (4)

where T(D,z) is the Transmission Coefficient that is a function of
optical depth and solar zenith angle [29].

The mean irradiance on Earth is 1380 W/m2 at the top of the
atmosphere. Geometrically scaling that value to Mars, for an
average distance of 1.524 AU, we obtain about 600 W/m2 at the top
of the atmosphere, which is an upper limit of the radiation that
could be extracted by a perfect device on Mars without the
consideration of the atmosphere. The radiation reaching the sur-
face that could be converted by solar cells in Gale crater location at
Mars is calculated using the equations described in this section. The
daily evolution for different orbital positions is shown in Fig. 1 in
W/m2.
3. Exergy efficiency of solar radiation

Thermodynamics is mainly ruled by two laws. The first law of
thermodynamics establishes that energy is a conserved quantity
that can be divided into heat and work. Energy analysis is a typical



Fig. 1. Obtainable solar energy (E) in crater Gale as a function of Local Mean Solar Time
(LMST), and season.
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approach to a process and it is useful to determine the efficiency of
energy conversion, using the rule of energy conservation.

The second law of thermodynamics introduces the concept of
entropy. Contrary to energy, entropy is a non-conserved magnitude
and is related to the quality of the energy. Combining both laws, it is
possible to define the exergy, a magnitude introduced to improve
the energy analysis. Exergy analysis is based on both the first and
the second laws of thermodynamics and provides an advanced tool
for engineering process evaluation, providing a value for the
maximum ability to perform work [32]. It depends not only on the
energy source but also on the environmental parameters that
determine the heat exchange between the radiation, the device and
the environment.

A complete knowledge about the system is needed to determine
the maximum work obtainable from a system esolar radiation in
our casee. Solar exergy analysis has been carried out on Earth but it
has not been extensively applied to Mars up to date due to the
limitation of available environmental data.

The meteorological stations on Mars are very limited, as well as
our knowledge about the environment. In this paper we use the
data provided by the REMS instrument onboard the Curiosity rover
to calculate the exergy efficiency of solar radiation on Mars. REMS
data represent the most comprehensive set of values up to date and
currently includes more than a Martian year, containing values of
temperature, wind, pressure and humidity at ground level and at
1.6 m over ground. Once the environmental variables are known, it
is possible to analyse the efficiency of the solar energy conversion
at different orbital positions.

REMS provides values of the thermodynamic variables for a
single location on Mars. In order to extend our study to the whole
planet, we have used the values measured from satellite by TES; in
that way, we are able to determine the exergy efficiency for a whole
year at different latitudes, but with less temporal resolution.

The formal definition of exergy relies on the definitions of en-
ergy and entropy. The Planck's law to determine the energy of a
blackbody is:

Ln ¼ hn3

c2
1

e
hn
kT � 1

(5)

Planck also presented the expression of the entropy content of
radiation [33]:

Sn ¼ kn2

c2

��
1þ c2Ln

hn3

�
log
�
1þ c2Ln

hn3

�
� c2Ln

hn3
log

c2Ln
hn3

�
(6)
Using the two laws of thermodynamics, Rant [34] coined the
term exergy that represents the maximum quantity of work that
can be produced in some given environment [35], in an attempt to
determine theoretical limits of performance of various thermody-
namic components and systems. With that definition and the last
two equations, Candau [36] defined the spectral radiative exergy
intensity (exergy of radiation) as:

Exn ¼ LnðTnÞ � LnðT0Þ � T0½SnðTnÞ � SnðT0Þ� (7)

As the atmosphere of Mars is not very thick, it is possible to
analyze the exergy assuming blackbody radiation. Integrating Eq.
(5) we obtain the StefaneBoltzmann law which states that the
energy is proportional to the fourth power of the temperature,
E ¼ sT4, and integrating Eq. (6) the entropy depends on the third
power of the temperature, S ¼ 4

3 sT
3.

If the emission of radiation by the planet is not considered, the
terms depending onT0 can be neglected andwe obtain the equation
proposed by Spanner [7] to determine the exergy:

Ex ¼ sT4s

�
1� 4

3
Ta
Ts

�
(8)

where s is the Stefan's constant, Ta the ambient temperature and Ts
the Sun's temperature. Considering the radiation emitted by the
body itself, we obtain a more accurate description of the exergy of
radiation:

Ex ¼ sT4s

 
1� 4

3
Ta
Ts

þ 1
3
T4a
T4s

!
(9)

This last expression was proposed by Petela in 1964 [6] and was
confirmed later by other researchers [37,38], although other au-
thors, like Jeter [10], proposed different equations arguing that the
maximum obtainable work is established by a Carnot expression.
Candau [36], based on thermodynamical arguments, demonstrated
theoretically that the expression for the conversion of solar radia-
tion into work is the one proposed by Petela [6].

The exergy efficiency of a PV cell can be analysed using the
exergy of radiation. Following the formalism presented at Le Corre
et al. [16] improved to use the Petela's expression, the exergy
content can be divided in two parts: an electrical part, Exe, that
depends on the fabrication process and is determined by the yield h

(electric efficiency), and the thermal part, Exth, which depends on
the interaction between the cell and the environment. Then, using
the Joshi's approach for the determination of the thermal exergy
[11], the expression to determine the total exergy efficiency reads:

j ¼ Exe þ Exth
Ex

¼ hþ

 
1� 4

3
Ta
Tc
þ 1

3
T4
a

T4
c

!
_Qcell 

1� 4
3

Ta
Ts
þ 1

3
T4
a

T4
s

!
$fA

(10)

where Tc is the temperature of the solar cell. The second term of this
expression is determined by the interaction between the cell and
the environment. The thermal power, _Qcell is calculated as proposed
by Joshi et al. [11]:

_Qcell ¼ _ma$Cp$ðTc � TaÞ (11)

where _ma ¼ ruA is the mass flow. As can be seen in the latest ex-
pressions the thermal efficiency of the conversion depends on the
heat lost by the panel in a particular environment, while the elec-
trical part depends only on the fabrication process. For a given
panel, the parameters that determine the efficiency of the
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transformation are the density of the atmosphere (r), its compo-
sition (through the heat capacity, Cp) and the refrigeration pro-
cesses (u,DT ¼ Tc � Ta), which will determine ultimately the
operating temperature of the cell and the thermal power.

The current Martian atmosphere is composed mainly by CO2
(98% of the total composition). We assume in our calculations that
the atmosphere is only composed by CO2, with a heat capacity
varying from Cp ¼ 0.709 (m2 s�2 K�1) at 175 K to Cp ¼ 0.791
(m2 s�2 K�1) at 250 K. In comparison with our atmosphere, the
Martian atmosphere is extremely thin, with a density of about
r ¼ 0.020 kg m�3 compared with 1.225 kg m�3 on Earth. In this
work, we assume that the Martian atmosphere behaves as an ideal
gas whenwe determine the value of the density as a function of the
temperature and pressure.

The Tc (temperature of the cell) is usually different than the Ta
(ambient temperature). For the Martian environment, the refrig-
eration is produced by forced convection and radiation, and its
importance depends on the configuration of the solar panel. We
consider two cases: a solar cell lying on the ground, as those in the
Viking landers; and a flat panel at 1.6 m above the surface, as those
mounted on the Mars Exploration Rovers (Spirit and Opportunity).
For the first case, we consider Tc as the surface temperature
measured by REMS. For the second case, the temperature is eval-
uated with the following expression [39]:

Tc ¼
Ta þ

 
fs
fs;N

!
UL;N

UL

�
Tc;N � Ta;N

��
1� href

ðtaÞ
	
1þ bref Tref


�

1� bref href

ðtaÞ

�
fT
fN

�
hw;N

hw

�
Tc;N � Ta;N

� (12)

where Ta is the ambient temperature measured by REMS at 1.6 m
above the ground, u is the wind velocity and f is the irradiance on
the panel. The determination of the operating temperature de-
pends on the solar irradiance heating the panel and the refrigera-
tion processes that release heat to the environment. The overall loss
coefficient (UL) in Eq. (12) include the heat released by wind con-
vection (hw) and by radiation (hrad), UL ¼ hw þ hrad [40].

In this paper we will use the Nominal Operating Cell Tempera-
ture (NOCT) and reference values cited in [39], which are summa-
rized in Table 1. Using an iterative process until convergence (6
steps), it is possible to approximate Eq. (12) into an accurate linear
expression for the Martian environment, depending on the
ambient temperature (Ta), solar irradiance (f) andwind velocity (u)
[41]:

Tc ¼ 1:00116$Ta þ 0:0313174$f� 0:108832$u (13)

3.1. Daily and seasonal solar exergy efficiency at a location on Mars:
the Gale crater

The thermal efficiency depends on the mass flow rate, which
depends itself on the atmospheric density and wind velocity. The
atmospheric density for the different seasons was calculated using
Table 1
NOCT reference values.

uNOCT 1 m/s

Ta,NOCT 20�C
fT,NOCT 800 W
Tc,NOCT 47�C
href 0.12
bref 0.004�C�1

Tref 25�C
ta 0.9
REMS measurements and considering the ideal gas approximation.
REMS is located on crater Gale (4.49�S, 137.42�E), and contains
sensors to determine the ground and air temperature of the envi-
ronment. The ATS (Atmospheric Thermal Sensor) is located at 1.6 m
over the ground and provides measurements on the air tempera-
ture. The GTS (Ground Temperature Sensor) measures the tem-
perature values of the ground (note that Tg > Ta during the daytime
and Ta > Tg at nighttime).

The temperature of the solar panel results on the competition of
the heating by solar radiation and the heat losses (cooling) by wind
convection and radiation. The heat loss by radiation depends itself
on the temperature of the radiating body (the panel); in order to
compute it, we have determined the temperature of the body at
each hour using an iterative method in Eq. (12) until convergence,
starting with a temperature 30 K over the ground temperature [41].
The heat loss by wind convection is directly proportional to the
wind velocity. The best estimations of the wind on Mars predict
wind speeds between 10 m s�1 and 4 m s�1 [42]. During extreme
events such as dust devils, the wind speed can increase until
25 m s�1 , with an average of 12 m s�1 [43]. However, in those
events the dust stormwould block themajority of the radiation and
the obtainable energy would be very low. Performing a sensitivity
analysis of Eq. (12) we determine that the effect of the wind speed
is much less important than the radiation reaching the panel. At
20 m s�1 the refrigeration on the solar panel is only about 2 K. In
this paper, we use 5 m s�1 in our calculations of the exergy of solar
radiation.

Fig. 2 shows the thermal exergy efficiency (j) of solar radiation
on Mars for a square solar panel of 1 m length in two different
scenarios. In Fig. 2 (a) we assume that the solar panel is at the same
temperature than the ground, i.e., the measurements provided by
the GTS on REMS. This situation will occur when the panel is
directly lying on the ground, as for example in the case of the Viking
landers. In Fig. 2 (b) we determine the temperature of the panel
using Eq. (12) and the ambient temperature provided by the ATS on
REMS at 1.6 m, i.e., the case of the Spirit and Opportunity rovers for
example. In both cases, the efficiency of the radiation is calculated
for different orbital positions on Mars.

The thermal efficiency of the panel on the ground is larger than
the case of the panels standing at 1.6 m. When the panel is lying on
the ground, the temperature difference between the temperature
of the cell and the ambient temperature is larger, increasing the
thermal power. This implies an increase in the exergy and therefore
in the exergy efficiency coefficient. Fig. 2 (a) shows negative values
of the efficiency during the first hour in the morning (i.e., the panel
is giving energy to the atmosphere). The explanation is that after
the photons reach the panel, it is still at a lower temperature than
its environment. The panel is heated by the solar photons and, after
1 h, the temperature of the cell is higher than the air temperature,
and it can obtain energy from radiation instead of giving it.

3.2. Seasonal solar exergy efficiency as a function of location on
Mars

In the previous sectionwe have analysed the exergy efficiency of
solar energy in a particular location on Mars, the crater Gale, that is
located near the equator of the planet. In order to determine the
exergy efficiency of solar radiation on Mars as function of location
and season, we have used the values of surface temperature pro-
vided by the TES (Thermal Emission Spectrometer) instrument
onboard MGS (Mars Global Surveyor). We have organized the
temperatures of Mars at different latitudes on the planet at
different orbital positions, and selected the maximum temperature
as the Ta (ambient temperature) for our analysis (which usually
corresponds to noon) in order to determine the exergy efficiency of



Fig. 2. Calculations of daily efficiency for different seasons on Mars considering two solar panel location scenarios: (a) Ground level, on the left, and (b) 1.6 m height, on the right.
Note the different scale in the efficiency axis.
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the radiation on the planet. In this study, we have not taken into
account the effect of the topology on Mars, which could provide a
second-order approximation to the values presented in this paper.

Fig. 3 (a) shows data from the TES instrument and Fig. 3 (b) the
exergy efficiency of radiation calculated using the model explained
above. The results are shown for a wind velocity of 5 m s�1 for
Martian year 24 (2000e2001) for a constant density of 0.02 kg m�3.
The maximum temperature is located in the zone near �23� as a
consequence of the eccentricity of the planet, with a maximum
value close to 250 K.

Analyzing the values obtained above, we see that the thermal
efficiency on Mars is as low as 0.012 for the situation where the
panels are located at 1.6 m of altitude, and the maximum value is
about 0.1 in the case of the panels lying on the ground. In general,
the efficiency of solar conversion on Mars is between 0 and 0.02, as
represented in Fig. 3, and it is higher if the panels are lying directly
on the ground.
Fig. 4. Wind power on Earth (red line) and Mars (black line) in kW. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.).
4. Wind energy

Another renewable source of energy which is used extensively
on Earth is the wind power or wind energy. The ability to extract
electrical energy using the wind has been used on Earth since more
than a century ago, and its use is growing nowadays around the
world. Wind energy is a renewable source of energy which con-
sumes little land, is relatively inexpensive, is free of greenhouse
gases and it could be an alternative for the exploration of the Solar
System.

The obtainable electrical energy fromwind can be expressed as:

E ¼ 1
2
rAwtu3 (14)

with Aw the wind turbine area (m2), t the time (s) and u the wind
speed (ms�1). By applying momentum theory to windmills, it can
Fig. 3. (a) Martian map of maximum temperature for year 24 (left
be found that there is an upper limit in the conversion; the
maximum power that an ideal windmill could extract is limited to a
59.3% of the total energy, which is called Betz's Law [44]. This law is
independent on the atmosphere, and it also applies to Mars. The
extractable power from wind can be calculated as:

P ¼ 1
2
rAwu3Cpow (15)

where Cpow is the power coefficient with the upper limit of 0.593.
For the windmills available nowadays the typical value is between
0.3 and 0.45. The power curve is dependent on the cross-sectional
area perpendicular to the flow (Aw), the velocity of wind (u), and
the density of the atmosphere (r).

Fig. 4 represents the power curve for a hypothetical 100 kW
wind turbine with a 18 m diameter rotor and a hub height of 30 m
) and (b) solar conversion efficiency in a Martian orbit (right).



Table 3
Wind power (W) as a function of velocities and rotor diameters on Mars
(Cpow ¼ 0.45).

1 m 5 m 10 m 15 m

3 m/s 0.38 9.54 38.15 85.84
5 m/s 1.77 44.16 176.63 397.41
10 m/s 14.13 353.25 1413.00 3179.25
15 m/s 47.69 1192.22 4768.88 10730.00
20 m/s 113.04 2826.00 11304.00 25434.00
25 m/s 220.78 5519.53 22078.10 49675.80
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on Earth and Mars. We have selected this kind of windmill to be
able to compare our results with those available in the literature
[45] [46]. In our calculations, we assume a power constant of
Cpow ¼ 0.45 to provide maximum power values that nowadays
windmills could generate.

At an altitude of 30 m, the wind velocities on Mars are expected
to be higher than in the planetary boundary layer, with values of
20 m s�1. Even in that case, the power produced on Mars would be
less than 35 kW, compared with the 2200 kW generated on Earth
with the same kind of windmill. Also, at those altitudes, theMartian
density will be lower (scaling exponentially) as well as the power
produced.

The low density of the Martian atmosphere is not able to move
the windchill strongly enough to be used a realistic source of en-
ergy. Generation of energy during dust storms, when winds are
faster and the density increases, could provide more power. How-
ever, these dust storms are not frequentenot a convenient waye to
maintain a spacecraft or human beings, and the winds are very
turbulent and could damage the installation.
5. Discussion

Further steps in human exploration and colonization ofMarswill
require a perdurable and renewable source of energy. NASA plans to
start human colonization on the planet in 2035. If so, the future
colonies will require energy. We discuss here the power produced
by solar and wind stations on Mars. The maximum energy provided
by the current solar panels and windmills is presented in Tables 2
and 3. For solar energy, we have assumed an efficiency of
h ¼ 44.7% for the solar cells, with a performance ratio of 0.75 and a
panel area of 1 m2. For wind energy, we have assumed a Cpow ¼ 0.45
and an atmospheric density of 0.02 kg m�3. Note that the obtained
values are linearly proportional to the area of the panel.

From Tables 2 and 3 we conclude that solar energy on Mars is a
much better choice than windmills. Besides the fact that wind en-
ergy production is very low on Mars, solar devices present several
benefits against windmills. In general, solar panels do not contain
moving parts which can be degrade with dust, and the size of the
device is considerable smaller than windmills, which is translated
into less payload in the spacecraft being therefore cheaper.

For example, the REMS instrument onboard Curiosity has a
power consumption of 10.08 W when all sensors are measuring
(with ASIC heating) [24]. From our calculations, a windmill of 2.5 m
of diameter rotor could provide 11Wwith a constant wind speed of
5 m/s. Meteorological stations on Mars will be, however, more
probably constructed based on solar energy. The difficulties of
constructing a 2.5 m of diameter rotor windmill are numerous and
its maintenance extremely complicated. Using solar energy to
accomplish that power, one would require a square flat panel of
0.30 m of length with a battery, which could provides 12.7 W.

As has been discussed in the introduction, more efficient devices
can be developed for the use of solar radiation [23]. However, with
the level of technology that is currently available and the difficulties
and costs of planetary missions, flat solar panels are the only
feasible devices for Mars applications nowadays. Nevertheless, as
Table 2
Daily solar power (W) production for a 1 m2 panel (h ¼ 0.447; Pr ¼ 0.75) as a function o

�60� �45� �30� �15�

Ls ¼ 0� 578.3 877.4 1108.0 1253.5
Ls ¼ 90� 18.2 221.2 505.9 793.8
Ls ¼ 180� 657.2 997.0 1259.1 1424.4
Ls ¼ 270� 1899.4 1930.5 1885.8 1735.0
technology is improving every day, future research should be done
in more efficient devices for solar energy conversion on Mars,
facing the technological challenges of the planet.

In order to understand the obtained values of the second law
efficiency of radiation on Mars is necessary to compare them with
known situations. In our paper, we have analyzed Mars in a
particular location (crater Gale) as well as the seasonal behaviour as
a function of the latitude. In the knowledge of the authors, there is
not more research on the topic to compare our results with, but is
possible to compare with the exergy efficiency on Earth. In our
paper, we have obtained values for the exergy efficiency close to
zero, which are slightly larger in those situations where the panel is
situated in ground level. The exergy efficiency has been calculated
on Earth following a procedure similar to the one presented in this
paper, obtaining typical values between 20 and 30% [16] for a flat-
panel.

The development of exergy efficiencymaps on Earth is useful for
the decision making processes. It is reasonable to look for those
locations where the exergy efficiency is larger, since the difference
between locations is noticeable. However, in viewof our results, the
exergy efficiency onMars is almost uniform and close to zero in the
whole planet, and therefore the exergetic thermodynamic argu-
ments for the installation of solar panels is not as important as it is
on Earth. For Mars, the technological limitations and radiation
availability should bemore important factors than the exergy of the
location.

The exergy efficiency is a function of the radiation reaching the
panel; the higher the radiation, the higher the exergy. As radiation
intensity is higher on Earth than on Mars, it is expected that the
exergy efficiency will be bigger on Earth. However, this is not the
main reason why the exergy efficiency on Mars is close to zero. In
view of our results, it is useful to simplify the equations presented
in this paper to analyze the causes of the low exergy efficiency in
Mars.

Eq. (13) resembles to a linear expression used on Earth to
calculate the temperature of a solar cell [39] except by the inclusion
of a “refrigeration” term depending on the wind speed. By doing a
sensitivity analysis, it can be seen that at wind speeds of 20 m/s,
which are very high and usual on Mars, the last term in Eq. (13)
contributes only about 2 K. Neglecting that term, the expression
seems similar to the one used on Earth:

T ¼ Ta þ kr$f (16)

where kr is called Ross coefficient.
f latitude and season.

0� 15� 30� 45� 60�

1296.3 1253.5 1108.0 877.4 578.3
1034.0 1220.2 1326.2 1357.8 1335.8
1278.3 1424.4 1259.1 997.0 657.2
1470.2 1128.7 719.3 314.6 25.8
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Including this approximation in Eq. (10), along with the defini-
tion of Thermal power 11, we have a simplified equation:

jxhþ

 
1� 4

3
Ta
Tc
þ 1

3
T4
a

T4
c

!
ruCpkr 

1� 4
3

Ta
Ts
þ 1

3
T4
a

T4
s

! (17)

The exergy efficiency depends on the temperature ratio be-
tween the cell and the ambient, which ultimately depends on the
radiation intensity according to Eq. (16), but also depends linearly
on the density of the atmosphere and the wind speed. Analyzing
the values of the different terms, it is found that the value of the
product of the density and the wind speed (r,u) determines the
value of the exergy efficiency. On Earth, a typical value of the
density at a sea level at 15� latitude is 1.225 kgm�3, andwind speed
is typically in the range [0e50] m/s. On the contrary, on Mars, the
density is 0.02 kg m�3 and the wind speed is about 5 m/s. The
interaction between the cell and the environment is therefore very
different in both situations, leading to very different values for the
exergy efficiency of radiation.
6. Conclusions

The use of solar energy as a source of power on Solar System
exploration has demonstrated to be an excellent choice. It provides
enough energy to maintain rovers on Mars and it allows to expand
the mission lifetimes, without the need of maintenance.

Based on the two laws of thermodynamics, the analysis of the
exergy efficiency of solar energy conversion has been done suc-
cessfully on Earth and it has been applied to Mars in this paper.
The exergy efficiency of solar energy conversion can be divided in
two terms: an electric component, dealing with the manufacture
process and the technology; and a thermal component, which is
determined by the interaction of the solar panel with its envi-
ronment. The maximum electric efficiency obtained nowadays is
about 45% with typical values of 15%. Regarding thermal exergy
efficiency, the values obtained on Mars are almost zero and, on
Earth, the calculations of the thermal efficiency are about 20e30%
[16].

Looking at Eqs. (10) and (11) we have identified the atmospheric
density as the parameter responsible of the low efficiency on the
solar radiation conversion. Typical value of the Earth's atmospheric
density is approximately 1.225 kgm�3, whereas onMars the typical
values are about 0.020 kg m�3, i.e., two orders of magnitude lower.
The lack of atmospheric density is a critical factor on the analysis of
thermal efficiencies onMars, since the rest of the variables included
in the equations have values of the same order of magnitude than
on Earth.

The analysis on Earth gives values around 30% of efficiency in
the thermal term, while on Mars the typical values are near zero.
This implies that thermodynamical arguments do not determine
the locations of the panels on Mars, and the choice should be done
following those places where the irradiance is maximum, i.e., the
equator. In order to increase the efficiency of the conversion, efforts
should do in order to increase the electrical term, since the thermal
part is extremely low to be considered.

The thermal power term should be improved in order to in-
crease the thermal efficiency. The low density of the Martian at-
mosphere is responsible of the low thermal efficiency, but it might
be counteracted increasing the thermal power. The thermal power
is a linear function of the differences of temperatures between the
ambient and cell and s the ambient temperature is fixed, it is
necessary to maintain a low operating cell temperature to increase
the efficiency of the transformation. In order to achieve those low
temperatures, efforts should be focused in refrigerating systems
optimized for the Martian environment.

In this paper, we have considered the simplest case of a flat solar
panel on Mars. However, more efficient configurations and devices
are nowadays available on Earth and its utilization could be used in
the future on Mars for solar energy conversion, which could in-
crease the values presented in this paper. Due to the lack of research
on Martian solar exergy and the difficulty of the measurement of
environmental parameters onMars, we cannot compare our results
with similar studies.

Other renewable source of energy used on Earth is wind power.
The low density of the Martian atmosphere and the low wind
speeds make the wind energy an inappropriate power source. The
size of the structures needed to generate enough energy to main-
tain spacecrafts or human beings on Mars requires a capability to
transport which do not have nowadays. Also, the construction
should be done with materials supporting the dust interaction and
the corrosion, since the presence of chlorine or other elements
could damage the structures [47].
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