JOURNAL OF PROPULSION AND POWER
Vol. 14, No. 1, January- February 1998

Solar Cell Temperature on Mars
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Missions to the Martian surface will require electric power. Of the several possibilities, photovoltaic
power system can offer many advantages. Photovoltaic cell performance increases with decreasing tem-
peratures. The present paper deals with the calculation of the operating temperature of a flexible pho-
tovoltaic array needed for the determination of the electric output power from the array. The diurnal
temperature variation was determined based on the solution of the heat-balance equation considering
radiation, free and forced convection, and conduction. The photovoltaic array was divided into three
layers (cover glass, solar cells, and substrate), for which three differential equations were obtained and
solved. The solution takes into account the special atmospheric condition prevailing on Mars, considering
the diurnal variation of the ambient and surface temperatures, diurnal variation of direct beam, diffuse
and albedo irradiances, variation of wind speed, and variation of various Mars atmospheric parameters

with temperature.

Nomenclature
al = Mars surface albedo
c, = specific heat capacity of Mars atmosphere
Cp1, Ciy Cp3z = specific heat of first, second, and third layer,
respectively
Ei 1 = heat conduction between layers

configuration factor

F4 = configuration factor of back-side for albedo

F? = configuration factor of back-side for diffuse
irradiance

Fba = configuration factor of back-side to ground

F s = configuration factor of back-side to shadowed
ground under the photovoltaic array

Fly = configuration factor of back-side to sky

Fl = configuration factor of front-side for albedo

F/, = configuration factor of front-side for diffuse
irradiance

Floa = configuration factor of front-side to ground

Fl = configuration factor of front-side to sky

G = solar irradiance on the photovoltaic array plane

G, = direct beam irradiance

G, = direct beam irradiance on a horizontal surface

G, = diffuse irradiance on a horizontal surface

Gy = reference irradiance

S = Mars acceleration gravity

F e = free convection heat transfer coefficient for

back-side

e = forced convection heat transfer coefficient for
front-side

K = thermal conductivity (Mars atmosphere)

K; = heat conductivity of photovoltaic array layer i

L = flow length (photovoltaic array width,
characteristic flow length)

L; = length (width) of layer i
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aerocentric longitude, position of Mars in orbit
around the sun

fluid flow length (distance from photovoltaic
array edge to point of calculation)

layer mass

heat capacity of the photovoltaic array

mass of first, second, and third layer,
respectively

Nusselt number

local Nusselt number

power output, per square meter, of the
photovoltaic array at Go and Tt

Prandtl number

free and forced convective heat loss

electric power output from photovoltaic array
radiative heat loss to ground and sky

amount of solar energy absorbed

Reynolds number

local Reynolds number

temperature

Mars ambient temperature

ambient temperature under photovoltaic array
solar cell temperature

Mars ground temperature

solar cell reference temperature

Mars sky temperature

temperature of first, second (7, = T.), and
third layer, respectively

time

wind speed of Mars atmosphere on the
photovoltaic array

overall heat transfer coefficient between layers
i+ 1landi

fluid flow local speed along the photovoltaic
array surface

overall heat transfer coefficient between layers,
first and second, and second and third,
respectively

photovoltaic array absorptance

solar array absorptance, back-side

solar array absorptance, front-side
power-temperature coefficient

absorptance of first, second, and third layer,
respectively
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= array inclination angle

photovoltaic array emittance
photovoltaic array emittance, back-side
photovoltaic array emittance, front-side
sun angle of incidence

viscosity of Mars atmosphere

density of Mars atmosphere

Stefan- Boltzmann’s constant

= optical depth of Mars atmosphere
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I. Introduction

HOTOVOLTAICS (PV) provide low-cost power with high

reliability and no moving parts. They have powered the
space program since Vanguard, and there is every reason to
believe they will play a major role in the exploration of Mars,
e.g., Mars Pathfinder, July 4, 1997. Photovoltaic cell perfor-
mance increases with decreasing temperatures, with peak ef-
ficiency occurring at 150-200 K; at lower temperatures the
efficiency decreases. The purpose of the present study is to
calculate the operating temperature of the PV array needed for
the determination of its electric power output.

The solar intensity on the surface on Mars is considerably
lower than that available in Earth orbit. The average solar in-
tensity at the orbit of Mars is 590 W/m?, compared with 1368
W/m® in Earth orbit. The eccentricity of Mars orbit results in
a variation in intensity of about =19% in the course of a year.
Scattering and absorption of light by dust in the Martian at-
mosphere also decreases the sunlight available.' > Air temper-
atures were measured by Viking Landers at a height of 1.6 m
above the surface over a (Martian) year of measurement, in-
cluding both local and global dust storms. Viking Lander 1
(VL1) landed at 22.3°N latitude and 47.9°W longitude, and
Viking Lander 2 (VL2) landed at 47.7°N latitude and 225.7°W
longitude. The air temperature varied from a minimum of 180
K to a maximum of 250 K at VL1, and a 160-K minimum to
a maximum of 240 K at VL2. Wind was also measured by the
Viking Lander. Average wind speed at the VL2 site was about
2 m/s, with winds of over 17 m/s observed less than 1% of
the time. The Mars atmosphere consists of about 95% carbon
dioxide and the pressure varies between 6.8 and 10.2 mbar.
The season on Mars is indicated by the value of L, measured
in the orbital plane of the planet from its vernal equinox, L, =
0°% L, = 0-90° (northern spring), L, = 90- 180° (northern sum-
mer), L, = 180-270° (northern autumn), and L, = 270-360°
(northern winter).

Studies on the temperature calculations of PV arrays were
performed for Earth conditions* ® or for space.” For the first
time, in the present study, the operating temperature of solar
cells in a flexible PV array was determined from the solution
of the heat-balance equation considering radiation, free and
forced (wind) convection, and conduction, and taking into ac-
count the special atmospheric conditions prevailing on Mars.

II. Heat-Balance Equation

The thermal behavior of a photovoltaic array shown in Fig.
1 may be described by the energy-balance relationship ex-
pressed in Eq. (1). The amount of solar energy absorbed by
the array is equal to the convective and radiative heat loss to
the ambient environment, power converted into electricity, and
change in thermal energy content

che]]
OQuw=0,+0,+ 0, + me, o (1)

Each term in Eq. (1) is a function of several parameters: Qg
=f(G, o, B, ); Q1 = f(Teens Taww K, L, U, p, w1, Pr, g,,, ¢,); O,
= f(Teen, Toys Torar €, F); and Q, = f(Qguns Teen). First, we will
write the heat balance equation for the entire PV array as a
lumped mass system. Therefore, we assume no temperature
gradients in any direction on the PV array surface and in the
perpendicular direction.

Solar Flux

Mars Sky

PV Array
Directioy/u/(

Mars Ground

Fig. 1 Photovoltaic array.

A. Solar Energy Absorption

The incident solar irradiance on the front of the PV array
consists of the beam, diffuse, and albedo irradiances. The value
of each irradiance component depends on the optical depth of
Mars’ atmosphere.” Part of the solar radiation energy is ab-
sorbed by the front- and back-side of the PV array, and part
is reflected back to the sky and ground. The absorbed solar
energy by the front- and back-sides of the PV array is given
by

Qun = ,G, cos 0 + o F,Ga + o, alFiy(Gy, + Ga)
+ OlezGdh + OllﬂlFs](th + Gan) (2)

B. Free and Forced Convection Heat Loss

Both front and back surfaces of open-frame-mounted PV
arrays are exposed to ambient air. In the heat-balance equation
we consider wind cooling. Forced convection of wind over the
PV array involves a large number of variables such as wind
speed, wind direction, PV array inclination angle, etc. We as-
sume in our calculations a south-north wind direction coin-
ciding with the south-facing PV array. Therefore, the front-
side of the array is subject to forced convection. We also
assume that the back-side is subject to free convection, and in
case of an elevated array, the turbulence may be neglected.
The convection heat loss is therefore given by

Qh = h?(r(Toell - Tamb) + hg’e(Tcell - Tambb) (3)

A reasonable assumption iS Tam» = Tumis, because the back-side
is open to the ambient atmosphere and elevated from the
ground (Fig. 1).

C. Radiative Heat Loss

Radiative heat transfer between the PV array and the envi-
ronment may be affected by sky and ground temperatures and
the shadowed ground temperature under the array, as well as
by configuration factors:

f 4

0,= S/GFsky(Toe]] -
L 4

+ sbo-F:ky(Toe]] -

+ SIJGng1>(Tiell - T;z) 4)

Tfky) + s/o-Férd(Tiell - Tf;d)

T.:lky) + SbO'F[g)rd(Tien - T;d)

D. Electric Power of PV Array

The electric power output of the PV array depends on the
incident irradiance and solar cell temperature. Assuming that
the power output depends linearly on the incident irradiance
and decreases with temperature, one may write the electric
power output per square meter of PV array as

0, = (GIG)P 1 — o,(Tean — Toed)] (5)
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The heat balance equation may now be expressed in its dif-
ferential form by different components [Egs. (2-5)], as

AT cen
’ode
+ aF5Ga + 0, alF Gy, + Ga)

— (GIG)pJl — o (Teen — Trer)]
= holTeen = Tarw) = hielTeer = Tamis)

me = oG, cos O + o FGa, + alFy(Gen + Ga)

- 8/'0-F£ky(Tge]] - T.:lky) S/UF (Toe]] - T;—d)
- sbo-kay(Tge]] - T.:lky) SbU'Fgrd( cell Tgrd)
- sbo-F’g)rdb(Tge]] - Tgrdb) (6)

E. Photovoltaic Array — Three-Layer Model

The PV array is composed of glass, encapsulants, solar cells,
intercell spaces, and substrates. The PV array may also be
treated as a multilayer model for which a separate heat balance
equation may be written for each layer. Consequently, this ap-
proach will result in a better estimation of the solar cell tem-
perature.

We have divided the PV array into three layers: the first
layer is a cover glass transparent to solar radiation; the second
layer consists of the solar cells and electric interconnections;
and the third layer is the substrate. The mechanism of heat
transfer of the PV array may be described as follows: The first
transparent layer transmits most of the solar flux to the second
layer (solar cells). A large part of solar flux reaching the solar
cells is absorbed and another part is reflected back through the
first transparent layer to the atmosphere. The first layer con-
vects heat to the ambient and radiates heat to the sky and
ground. The back surface of the first layer conducts heat to
the solar cell layer (second layer). The second layer conducts
heat to the first and third layers. The back surface convects
heat to the ambient and radiates heat to the sky, ground, and
the shadowed ground under the PV array. The mechanism of
the heat transfer of the PV array described by the three layers
is shown in Fig. 2 and is given by the following three differ-
ential time-dependent equations:

dT,
m,Cp, E = oy[G, cos O + Fd a t alF’, (th + Gal
- SIO-F./%‘ky(TL]l - Tfky) - 1‘310'Férd(7“11 - Tf;d)

htor(T] = Tuw) + Ui(T> — T)) (7a)

d7,
MoCpy —— e = a,[G, cos O + FL,Gy + alF(Gy, + Ga)l

U],z(Tz - T]) - U2,3(T2 - T}) - Q,; (7b)

dTs
msCp3 dl“ = o3[ F IGdh + alFb(th + Gan)l

- hfre(Tz = Tawwr) — SB[Ukay(T;l - T.:lky)
- O-F’g)rd(TB - Tgrd) - U'F’,g)rdb(T;1 - Tgrdb)]
+ U2,3(T2 - T}) (7¢)

III. Parameters of Heat Balance Equation
The parameters needed for solving the heat balance equa-
tions [Egs. (7a-7¢)] will now be determined and some results
will be given in this section for two periods L, = 141° (Martian
summer with clear skies) and L, = 284° (Martian winter at
time of dust storm) both at the location of VLI1.

A. Radiative Heat Loss

1. Sky Temperature

The equations for sky temperature in the literature™® refer to
Earth where the atmosphere is much more dense than Mars (8

Gp, Gy, Ga Fgrd

hor_\ v Py

Layer 1
(top cover)

Gp. de, Ga V12 TU "2 /QP
Layer 2
(cell)
Layer 3 5
(back layer)
Wl LS
Go, Cuy Fgra. Fara.b

Fig. 2 Mechanism of heat transfer of three-layer PV array.
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Fig. 3 Variation of sky, ground, shadowed-ground, and ambient
temperatures for a) L, = 141° and b) L, = 284°.

mbar). The temperature for Mars in this study is based on the
general circulation model and the radiative transfer equation
for Mars’ and the infrared flux emitted from the Martian sky.
The sky effective temperature was evaluated using flux data
assuming the sky is a blackbody. The variation of sky tem-
perature for L, = 141° and L, = 284° is shown in Figs. 3a and
3b, respectively.

2. Ground Temperature

Ground temperature on Mars surface was derived from the
Viking infrared thermal mapping (IRTM), processed by Kief-
fer.'” However, for the calculation of solar cell temperature,
one needs the diurnal variation of the ground temperature.
Again, this information is based on Haberle.*” Figures 3a and
3b describe the variation of ground temperature for L, = 141°
and L, = 284° at VLI.

3. Shadowed Ground Temperature

Ground temperature in the shadow may be derived from
Viking’s temperature sensors,'' although difficulties in mea-
suring the temperature occurred and the data are quite limited.
Figures 3a and 3b give these temperatures for L, = 141° and
L, =284° at VL1.
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Fig. 4 Configuration factors of PV array for the calculation of
radiation heat transfer.
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Fig. 5 Variation of the configuration factor for the PV array,
back-side to the ground and back-side to the shadowed ground
for L, = 141° and L = 284°.

4. Ambient Temperature

Ambient temperatures were measured by Viking Landers at
1.6 m above the ground. Again, the variation of the ambient
temperature for L, = 141° and L, = 284° at VL1 is given in
Figs. 3a and 3b, respectively.

5. Configuration Factors
The configuration factors involved in the radiation heat
transfer calculation are shown in Fig. 4. The configuration fac-
tors of the front-side to the sky and the front-side to the ground
are given by®
Fl, =1 + cos B)/2, Fla=( —cosB)2 (8)
The back-side of the PV array radiates heat to the sky, exposed
ground, and the shadowed ground under the PV array. The
calculation of the configuration factor of the back-side to the
shadowed ground F.4, is more complicated because it varies
with the array height. A special computer program was devel-
oped for this purpose. The following relation may be applied
for each point on the back-side:
kay—"_FgrdJ’_F’g)rdb:] (9)
where F., is constant for the back-side and is Fl, = F/..
Figure 5 shows the configuration factors for the back-side to
the ground and to the shadowed ground for L, = 141° and L,
= 284° at VL1. The configuration factor of the back-side to
the shadowed ground varies with the shadowed area under the
PV array and it varies with the season (L,). The configuration
factors of the front- and back-sides for the diffuse radiation
and the albedo needed for Eqs. (7) are
Fi=F)

sky»

Fli= Fly Fh=Fh, and Fi=Fh (10)

B. Convection Heat Loss

Both front- and back-sides of the PV array convect heat to
the surrounding; the front-side by forced convection and the
back-side by free convection.

1. Forced Convection Heat Transfer Coefficient

The forced heat transfer coefficient was determined taking
into account the wind velocity measured by the Viking Land-
ers'? and under the following assumptions:

1) The wind speed is taken in the south-north direction
coinciding with the south-facing PV array (Fig. 6), and its
magnitude is the resultant in both south-north and west-east
directions.

2) The wind fluid (atmosphere) flow on the array surface is
laminar (verified by Reynolds number).

The local forced heat transfer coefficient between the array
surface and the wind fluid is given by Chapman":

Mior = N K/L, an

where
Nu,, = 0.33Re)*Pr'” (12)
Re. = UuyLup/w (13)

To determine the local Reynolds number, it is necessary to
calculate the variation of the wind speed on the inclined PV
array. This is obtained by solving the general Laplace equation
for fluid potential in a defined flowfield. Figure 7 describes the
variation of the local wind speed along the front surface of the
PV array for L, = 141° and L, = 284° at the VL1 location based
on the measured wind speed U = 7.6 m/s and U = 9.5 m/s,
respectively. The local forced heat transfer coefficient hf, ./
may now be calculated. The results are shown in Fig. 8 for L,
= 141° and L, = 284°.

2. Free Convection Heat Transfer Coefficient

The back-side of the PV array dissipates heat by free con-
vection. The free heat transfer coefficient depends on many
parameters and was calculated based on Chapman' for an in-

Fig. 6 Wind direction before and along the PV array.
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Fig. 7 Variation of local wind speed along the front surface of
the PV array for L = 141° and L = 284°.
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Fig. 8 Variation of forced 1%, and free hi. heat transfer co-
efficients for front and back-sides along the PV array, respectively,
for L, = 141° and L, = 284°.

Fig. 9 Conduction along and between layers of the PV array.

clined surface involving local Nusselt, Grashof, and Reynolds
expressions. The variation of h%. is shown in Fig. 8.

C. Heat Conduction

Heat is conducted between layers in the y’ direction of the
PV array (Fig. 9), as a result of temperature differences be-
tween the front- and the back-sides of the PV array. In addi-
tion, there is heat conduction in the x" direction along the array
layers resulting from the variations of convective heat transfer
coefficient and the back-side configuration factors for radia-
tion. The heat conduction between two layers i and i + 1 in
the y’ direction is given by

E;, Li = Ui+1,i(Ti+l - Ti) (14)
where

1
U j=—7————————— 15
M7 LK + LiK, (13)

The heat conduction in a given layer, i, of the PV array at two
different points, n and n — 1, in the x’ direction is given by

n n n—1
E,=U(T,— T) (16)
where

1
Uj=—— 17
L,/K; (an

and L, is the layer increment length between points n and n
- 1.

D. Thermodynamic Parameters of Mars Atmosphere

Several parameter values of Mars’ atmosphere are needed
for solving the heat-balance equation.

Table 1 Absorptance and emittance
of the three-layer PV array

Solar array layers a g
1. Cover glass 0.024 0.86
2. Solar cell 0.64 _
3. Substrate 0.28 0.86
600

o

E 400

: L

g

4 200 -

o

04

Solar Time (hours after midnight)

Fig. 10 Variation of global irradiance incident on the PV array
and PV array output power for L, = 141° and L, = 284°.

Mars’ atmosphere consists of about 95% carbon dioxide.
The atmospheric pressure varies between about 6.8 and 10.2
mbar; therefore, it may be assumed that the atmospheric gas
obeys the law of ideal gases, thus obtaining the specific weight
p = 0.018 kg/m’> for 8.5 mbar of CO, [see Eq. (13)].

The dynamic viscosity w of an ideal gas depends on its
temperature and is almost independent of its pressure. The dy-
namic viscosity [Eq. (13)] for CO, varies between 0.94 X 10>
and 1.54 X 10" °kg/m s for a variation in temperature between
180 and 300 K."

The thermal conductivity K of CO, depends on the temper-
ature and only weakly on pressure. The thermal conductivity
[Eq. (11)] varies between 8.3 X 107> and 16.2 X 107> W/m
K for the temperature range of 180-300 K."

The Prandtl number P, depends weakly on temperature and
is almost independent of pressure. The Prandtl number [Eq.
(12)] was determined based on Ref. 14 and is about 0.8 for a
temperature range between 180 and 300 K.

E. PV Array Thermal Parameters

The absorptance o and emittance & for the flexible PV array
were determined by taking into account the dependence of the
absorptance on wavelength for the solar cells and the substrate
layers. Table 1 gives the values for a and ¢ for the three-layer
array. The substrate absorptance of 0.28 is for light incident
from the back. Table 2 gives the thermal conductivity, specific
heat capacity, and density of the three layers, taking into ac-
count the adhesives, conductors, and the flexible printed-circuit
relative volumes and their thermal properties.

F. PV Array Power Parameters

The power output of the silicon solar cells refers to cell
parameters [Eq. (5)] at a reference irradiance of G, = 1368 W/
m” air mass zero (AMO), at a T of 298 K, a PV array output
power of 175 W/m? at G, and T, and a power-temperature
coefficient of o, = 4.5%/K. The variation of the global irra-
diance incident' * on the PV array surface and PV array output
power for L, = 141° and L, = 284° is shown in Fig. 10 for a
[ of the array equal to the latitude at VLI.

IV. Operating Temperature of PV Array
on Martian Surface

The solution of the heat-balance equations [Egs. (7)] re-
sulted in the operating temperature of the solar cells on the
Martian surface. Figure 11 shows the diurnal variation of the
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Table 2 Thermal conductivity, specific heat capacity, and specific
weight of the three-layer PV array

K, Cp P, Thickness,
Solar array Wm 'K™' Jkg "K' kgm™> m
1. Cover glass 0.66 824 2400 0.2 X 1072
2. Solar cells 137.95 476 2850 0.33 X 1077
3. Substrate (Kapton) 0.4 1506 1580 0.089 X 1077
280 Lg=141°
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Fig. 11 Diurnal variation of solar cell and ambient temperature
for L, = 141° and L, = 284° at solar times 11:00 and 12:00.
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Fig. 12 Variation of solar cell temperature along the PV array
for L, = 141° and L, = 284° at solar time 11:00 and 12:00.

solar cell temperature along with the variation of the ambient
temperature for the summer L, = 141° and winter L, = 284°.
The maximum temperature for L, = 141°is 263 K at solar time
12:46, and for L, = 284° it is 175 K. The variation of the solar
cell temperature along the PV array (in the direction of the
wind) is shown in Fig. 12 for L, = 141° and L, = 284° at VL1,
at solar times 11:00 and 12:00, respectively. For L, = 141°, the
difference in temperature is 7.2 deg between the lower and
upper edges of the inclined (f = 22.3 deg) PV array; for L, =
284° the difference is 4.1 deg. The temperature gradient across
the PV array layers is negligible.

Figure 13 shows the division of the heat balance equation
components of the PV array for L, = 141° and L, = 284° at
12:00 solar time. The dark columns represent the solar irra-
diance absorbed in the PV array (for L, = 141° and L, = 284°,
respectively), and the other columns are radiation losses, PV
array electrical output power, convection losses, and the in-
crease in the energy content of the array. For L, = 141°, 74%
of the solar irradiance absorbed in the PV array are radiation
losses. For summer days, the convection losses are no more
than 3.9%, whereas in winter, the convection losses may be
about 8.6%.

Because the major part of the heat loss mechanism is ra-
diation, the radiation loss division of the various parts of the
PV array is shown in Fig. 14 for L, = 141° and L, = 284° at
12:00 solar hours. The numbers represent 1) losses to the sky

Fig. 13 Division of heat-balance equation components of the PV
array for L = 141° and L, = 284° at 12:00 solar time.
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Fig. 14 Radiation loss division of various parts of the PV array.

from the front-side; 2) losses to the shadowed ground from
the back-side; 3) losses to the sky from the back-side; 4) losses
to the ground from the back-side; and 5) losses to the ground
from the front-side. The distribution of the losses in the heat
balance equation may suggest the use of an approximate for-
mulation of the heat balance equation for determination of the
operating solar cell temperature, without resorting to elaborate
calculations and data that are hard to obtain. This is outlined
in the next section.

V. Discussion

In certain cases, we would like to estimate the operating
temperature of the PV array on Mars. So far, we do not have
enough data required for the solution of the heat balance equa-
tion for all periods and locations on Mars."> Therefore, sim-
plified solutions are desirable. Two simplified solutions are de-
scribed based on the conclusions for the exact solution of the
heat balance equation of the three-layer PV array.

1) Neglecting both the free and forced convection heat loss:
Line 1 in Fig. 15 describes the solar cell operating temperature
using the exact solution of the heat balance equation for L, =
141° at VL1, and line 2 is the temperature when the convection
heat loss is neglected. For winter periods, the difference may
be somewhat larger.

2) Simplified heat balance equation: The assumptions are
the PV array may be treated as a lumped system for the heat
balance equation; radiation heat loss from the PV array to the
ground may be neglected; assuming T4, = 0 K, this assumption
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Fig. 15 Solar cell operating temperature.

is based on the large difference between the solar cell and the
sky temperatures, and because the temperatures are raised to
the power of 4, the heat absorption body (sky) becomes less
significant in the heat balance equation. The radiation heat loss
from the back-side of the PV array to the shadowed ground is
negligible.

Incorporating the preceding assumptions into Egs. (7), the
simplified heat-balance equation becomes

AT

» T = a,G,cos O + OL./-FZGdh —

s 4
Sj'O-Fskchell - Q[)

(18)

mc

The solution of the solar cell temperature based on Eq. (18)
and the values in Fig. 15 are m, 1.56 kg/m? c,, 676 J kg™’
K™ ' a,, 0.64; &, 0.86; B, 22.3 deg; latitude ¢, 22.3°N; and
L,, 141°. During daylight hours, when the solar radiation is
relatively high, this solution approximates quite well the exact
solution (line 1) of the heat balance equation. It should be
emphasized that, except for solar radiation, the approximate
solution does not require the climatic data of Mars.

VI. Conclusions

The operating temperature of the solar cells in the flexible
PV array was determined from the solution of the heat balance
equation consisting of radiation, free and forced convection,
and conduction. The PV array was divided into three layers
for which three differential equations were obtained and
solved. Because the atmosphere and temperatures prevailing
on Mars are different from that on Earth, it is necessary to
calculate many parameters and coefficients to solve the heat-
balance equation. Many of these values are based on Viking
Landers measurements and research done on Mars. We believe
that this study deals with, for the first time, the detailed for-
mulation and solution of the heat balance equation for Mars.

The main conclusions regarding the formulation of the heat
balance equation for the flexible PV array are as follows:

1) Temperature gradients between layers are small, there-
fore, the PV array may be treated as a lumped system.

2) The convection heat loss is small and the effort required
to calculate the various coefficients may not be justified.

3) The radiation heat loss from PV array front- and back-
sides to the ground is small and may be neglected.

4) The radiation heat loss from the back-side to the shad-
owed ground under the array is appreciable.
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