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Abstract

Installation of solar farms modifies the properties of the surface as boundary between atmosphere and
ground. The modified energy balance parameters of the surface are calculated with a one-dimensional
stand-alone model. A solar farm with parabolic trough technology is described as a new surface, with an
extended energy balance equation containing the terms electrical output and waste heat flux. The
resulting changes between a natural surface and the surface “solar farm” are essentially the albedo,
which is reduced by about one third of its value, a slightly increased emissivity and a change of surface
roughness. On average, 4 % of the incoming solar radiation is transformed into electricity. The sensible
heat flux increases significantly, dominantly because of waste heat generated by energy conversion. The
calculated variation of the terms of the energy balance allows the estimation of possible climatic effects
of solar power plants with extensive mesoscale or general circulation models.

Zusammenfassung
Energiebilanz von Solarkraftwerken: Ergebnisse cines eindimensionalen Modclls

Die Installation von Solarkraftwerken verindert die Bodenoberfliche in ihrer Eigenschaft als
Grenzflache zwischen Boden und Atmosphire. Die dadurch gelinderten Energiebilanzterme der
Oberfliche werden mit einem eindimensionalen Stand-alone Modell berechnet. Die neue Oberfliche
»S0larfarm* wird mit einer um die Terme Elektrizitit und Kraftwerksabwirme erweiterten Energiebi-
lanz beschrieben. Wesentliche Anderungen der Eigenschaften bei Wechsel von einer natiirlichen
Oberfliche zur Oberfliche ,Solarfarm* sind tine Reduzierung der Albedo um rund ein Drittel, eine
geringe Erhéhung des Emissionsvermdgens und eine Anderung der Rauhigkeit. Im Mittel werden 4 %
der ankommenden solaren Strahlung in Elekitrizitit umgewandelt. Der FluB fihlbarer Wirme ist
deutlich erhdht, hauptsiichlich aufgrund der Abwirme, die bei der Energieumwandlung freigesetzt
wird. Die berechneten Anderungen der Energiebilanzterme erlauben die weitere Untersuchung
moglicher Klimaeffekte von Solarkraftwerken mittels aufwendiger mesoskaliger oder globaler Modelle.

1 Introduction

Solar power plants influence the properties of the
boundary between the ground and the atmosphere,
i.e. the properties of the surface. Therefore, the
change of a surface from type “desert” or “savan-
nah” to type “solar power plant” will change its
energy balance, with effects on the interaction
between surface and atmosphere, and thus possibly
influences on local or global climate. These effects
should be considered, because the area with solar
power plants will increase in the future. For exam-
ple, in 1989 in the Californian desert regions solar
power plants were installed with an electric output

of more than 200 Megawatt and an area of 4.5 km?
(Geyer and Klaif3, 1989). The energy need of the
world is estimated to be satisfied by solar power
plants with an area of 1 Million km?Z.

The climatic effects of large-scale manmade or
natural variations of surface properties have been
calculated with different models (e.g. Charney et al.,
1977; Sud and Fennessy, 1982; Avissar and Ver-
straete, 1990). However, such models can only be
used to detect possible climatic effects of solar
power plants if the model relevant properties of a
surface formed by a solar farm are known. This
information is obtained with the one-dimensional
model presented here.
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The commercial-scale use of solar radiation is
pursued mainly with parabolic trough technology
(KlaiB et al., 1987). Consequently, this type of solar
power plant is simulated. Such solar power plants
consist of receiver field, thermal energy storage
medium, heat-engine, turbine and generator. Para-
bolic receivers focus direct solar radiation on a steel
tube surrounded by an evacuated glass tube. Syn-
thetic oil which flows through the steel tube reaches
temperatures of up to 400 °C (Harats and Kearney,
1989). This fuel drives a steam-electric generating
set and produces electricity. The generated waste
heat is delivered into the atmosphere and the cooled
oil flows back to the collectors for renewed heating.

The receivers are positioned in rows around the
generator building, resulting in the name “solar
farm™. They are continuously adjusted to an opti-
mum receiver elevation angle relative to the sun by
single axis-tracking. The Californian power plants
have East-West-facing receivers and a North-South
axis of rotation (Geyer and Klaif3, 1989). This type
of solar tracking is simulated in the model.

2 Basic Considerations

The goal of this article is to describe a solar farm as
a new surface type which results in new lower
boundary conditions in the earth-atmosphere sys-
tem. For this purpose, the vertical extension of the
receiver field is assumed to be infinitesimal small in
comparison with the height of the atmosphere, in a
similar manner to surfaces such as “forest” or
“savannah” which consist of many high plants, but
are considered to be homogeneous flat surfaces in
climate models. Therefore, the bulk properties of a
surface “solar farm”, that is albedo and emissivity,
are calculated, but by modeling a real, vertically
structured solar farm.

The used one-dimensional model, called SOFA
(SOlar FArm), considers in detail both the horizon-
tal and vertical structure of the receiver field, with
vitreous frontside and ceramic backside of receivers
and underlying ground and with traffic areas which
include buildings. All of the surfaces mentioned
have different material properties, i.e. albedo, emis-
sivity, heat conductivity and specific heat, and have
different irradiation, because of shadow and tilted
receivers. All individual components are assumed to
be in thermal equilibrium, so the energy balance of
every surface is given as function of its temperature.
The model predicts the temperature profiles of air
and soil, but uses an external wind, which varies

during the day, which, however, is not changed by
the solar farm itself. To obtain terms of the energy
balance valid for the complete “solar farm”, the
relevant values for each surface of all the individual
components are added, weighted with its relative
amount on the whole area of the solar farm and the
relevant solid angle (Thomas, 1991).

The energy balance of the surface “solar farm”
(Figure 1) is composed of incoming direct, E,, and
diffuse, D, solar and terrestrial, E;, radiation, the
reflected shortwave radiation, M, the reflected and
emitted thermal radiation, M;, which together result
in net radiation, F, and of the latent, I, sensible, H,
and soil, B, heat flux. Moreover, the energy balance
of the solar farm contains electric output, E,,, and
the waste heat due to energy conversion, H,, which
is considered as an additional sensible heat flux.

Fo+B+H+L+H,+E,, =0 (1)

The energy balance Eq. (1) describes the solar farm
in its entirety, as a new surface type. But each term
is calculated under consideration of micrometeoro-
logical and radiative processes for all different
surfaces of the solar farm weighted with their
relative area. All quantitics are given as flux
densities in Wm™ 2, and values for the whole “solar
farm”, especially of interest for the electrical power
output, can be calculated by multiplying the given
results by the size of the farm.

Figure 1 The solar farm, which is considered as a new lower
boundary of the system earth-atmosphere with parallel parabol-
ic trough receiver rows with distance d between two rows. The
energy balance of the surface “solar farm” is described with
shortwave direct, E, and diffuse solar radiation, D, longwave
atmospheric radiation, E;, shortwave reflected radiation, M,,
longwave reflected and emitted radiation, M,, sensible heat
flux, H, latent heat flux, L, soil heat flux, B, waste heat flux, H,,
and electrical outpul, E,.
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3 Model

The aim of the model is the simulation of a solar
power plant as a surface type. For this purpose,
adequately calculated terms of the surface energy
balance Eq. (1) are needed and their derivation will
be discussed in the next sections. The forcing of the
model is the time-dependent shortwave irradiance,
which varies in the course of the day due to the
change of the sun’s position. The model calculates
the terms of the energy balance with time steps of
five minutes, however, with a time interval of one
minute to calculate new temperature profiles of
atmosphere and soil.

3.1 Geometrical Considerations

In a cartesian reference frame the solar power plant
is placed with rows parallel to the y-axis and
receivers rotatable around this axis (Figure 1). The
model area is assumed to be periodic in the x-
direction, because a collector field consists of many
rows with constant distance, d, from one row to the
next and with the same orientation of all receiver
panels relative to the sun. Additionally, the field is
assumed to be homogeneous and infinite in the y-
direction, because the rows are much longer than
the separation between the rows. Consequently, the
receiver field can be described with a one-dimen-
sional, horizontally integrated solution, if the effect
of the azimuth angle of the sun is taken into
account.

During daytime, the elevation angle of the receiver
is optimized so that the incidence angle of the sun is
maximum. During night, the receivers are in a
horizontal position, but upside down. For a solar

Figure 2 Angles ¥, ‘¥ used in SOFA to describe geometric
limits to simulate the shortwave and longwave diffuse radiation
on the surfaces between adjacent parallel receiver rows. See
text for details.

farm with North-South oriented receiver rows and
with 9, @g the zenith and azimuth angles of the sun,
respectively, the elevation angle of the receiver, v, is
given by Egq.(2), following Stine and Harrigan
(1985).

tanv = 'S:”’;Ol (2)
tan 9

The effect of direct radiation of the sun is consid-
ered by modeling areas under the receivers partly in
shadow and in light, and by simulating row-to-row-
shading, due to adjacent receiver rows, which all
vary with the sun’s position during the day.

The diffuse irradiance, both shortwave sky radiation
and longwave atmospheric radiation, is modeled by
taking into account the parts of the hemisphere
shielded by adjacent rows (Figure 2), both for the
receivers and for the ground. The following consid-
eration for diffuse radiation is valid, both in solar
and terrestrial spectral range, under the assumption
of isotropic radiances, 1. The resulting irradiance,
F", on an infinite horizontal surface is given by
Eq. (3) as the sum of two quarter-spheres with
zenith angle ¥, azimuth angle ¢ and integration
limits, called f (y;) = n/2, withi=1, 2.

n flyy)
Fr=1 |
0 0
2n f(v2)
+_[ _[ cos ¥ sin © do de¢
n 0

cos ¥ sin® dd do +
(3)

In the case of surfaces of the solar power plant, the
upper integration limit f (y;) is modified, since the
part of the hemisphere which contributes to Flis
reduced by adjacent receiver rows (Figure 2). The
perspective effect of an infinite wall, given as
elevation angle y; under which the top of the wall is
seen, is described with Eq. (4).

tanyj=tan¥;-sin¢ with i=1,2 )

Here, ¥; stands for the maximum elevation angle
for perpendicular viewing and ¢ denotes the azi-
muth angle, defined with ¢ = 0 parallel to the rows,
shown in Figure 2 as a wall. The angles ¥; depend
on the width of the troughs, the height of the pylons,
the distance between the rows and time of day, since
the receiver inclination is optimized relative to the
sun’s position.
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The irradiance on a surface between two walls is
given by Eq. (3) if the modified integration limits
f (y;) = W/2 - y; are used, with y; calculated from
Eq. (4). The integration is then performed from the
zenith down to the top of the adjacent receivers
only, taking into consideration the perspective
effects. Carrying out the integration over ¥ and ¢
leads to Eq. (5), which describes the diffuse radia-
tion at a fixed point k between the parallel walls.
!

F, =l; (cos ¥y (k) + cos ¥ (K)) (5)

Thus, the radiation on the two-dimensional surface
between the infinite receiver rows is modeled with
the one-dimensional Eq. (5), with ¥;(k) the only
variable beside I. The incoming radiation Fy de-
pends on the position of the point k between the two
rows. For calculating an average irradiance F,
representative for the complete surface between the
two rows, Eq. (5) is applied on a number of points,
which are equally spaced over d. The arithmetic
mean of the results gives F

Under the made assumption of isotropic radiance
distribution, Eq. (5) is also valid for an inclined
receiver, if the angles ¥, and ¥, are calculated
relative to the tilted surface, or, equivalently, if the
zenith angle in Eq. (3) is measured perpendicular to
the tilted surface.

Both for the solar and for the terrestrial spectral
range, Eq. (5) is used to calculate actual values of
diffuse irradiance on front and back of the receivers
and on the ground under the receiver rows. As
mentioned, the direct radiation on each surface is
modeled by taking into account shadows and the
actual receiver position. This detailed description is
necessary to compute the net radiation, F,, both for
all particular surfaces and for the whole surface
“solar farm”, with respect to its geometrical proper-
ties.

3.2 Shortwave and Longwave Radiation

The time-dependent shortwave global radiation, G,
as sum of direct solar radiation, E, and diffuse
radiation, D, is calculated with an algorithm for
cloudfree conditions after Igbal (1983), which is
expanded to allow the simulation of the influence of
optically thin cirrus clouds (Koepke et al., 1987).
The algorithm takes into account aerosol, water
vapour, ozone and gases with constant mixing ratio.
The direct radiation is computed as the product of
the direct normal solar radiation, Eg, and the cosine
of solar zenith angle, 8. This procedure is neces-

sary, since only the direct solar radiation is assumed
to be concentrated by the receivers to produce
electricity. The sun’s azimuth and zenith angle are
determined as functions of date, time and geograph-
ical position of the solar power plant.

Longwave atmospheric radiation at the bottom of
the atmosphere, E,, is calculated as a function of
total water vapour content, which is assumed to be
constant during the day, and air temperature in a
given height, which variation in time is calculated by
the model itself. The parameterization in Eq. (6),
given by Thiel and Kraus (1986), is applied, which is
in good agreement with results from a complex
radiative transfer model for an arid summer atmos-
phere (Mahrer and Pielke, 1977), with T, (z5) the
air temperature 2 m above ground and e, the water
vapour pressure in hPa. The latter is determined
from the total water vapour content already used
for calculation of solar radiation, together with
climatological values to describe its relation with
dewpoint after Smith (1966).

4 _ . 0.2
El=0Ta(Zz)-(1.0475—10( 0.424 - (4/1.3332) )) ©

The temperature T, (z;) is derived from the calcu-
lated temperature profile (see next section).

3.3 Air Temperature

As mentioned, only the terms of the energy balance
of the surface are the goal of this paper. As a
consequence, the temperature profile of the atmos-
phere is needed only to calculate the longwave
atmospheric radiation after Eq. (6) and the fluxes of
sensible and latent heat of the particular surfaces.
The temperature profile T, (z) from the surface up
to the tropopause is calculated by solving a simpli-
fied one-dimensional heat transfer Eq.(7) after
Zdunkowski et al. (1976), with height dependent
turbulent exchange coefficient, Ky, (2}, after Shir
(1973), and the corresponding potential tempera-
ture, 9.

0.2 [Kh @) a—e) ™
ot dz oz

In contrast to Zdunkowski et al., the impact of the
vertical net flux divergence and the impact of phase
change and urban heat sources on the temperature
profile are not taken into consideration. In the solar
spectral range, water vapour and aerosol are mod-
eled in SOFA with their transmission properties,
and the longwave atmospheric radiation at the
ground (Eq. (6)) depends on water vapour pressure.
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However, an impact of absorption of water vapour
and aerosol on net flux divergence and thus on air
temperature profile is not taken into account. This
effect may lead to heating during daytime and
cooling during night-time if strongly absorbing
aerosol, like urban aerosol, is present. The magni-
tude of this effect is small and will be discussed with
the results. The influence of phase changes in the
atmosphere is assumed to be negligible, since the
model is applied only to cloudfree atmospheric
conditions in desert regions with low water vapour
content. Finally, urban heat sources do not exist. A
possible feedback of the generated waste heat of the
solar farm (Section 3.9) on the temperature profile
is not taken into account, but the consequences
again are discussed with the results.

The exchange coefficient in Eq. (7) is used by Shir
only for the planetary boundary layer (PBL),
however, in our model the PBL is only allowed to
vary between 350 m and 3500 m. Hence, the use of
the Shir exchange coefficient leads to realistic
temperatures, even in the upper troposphere (Tho-
mas, 1991). The lower range limit for the PBL is
valid for stable conditions and the upper value is
used for unstable conditions.

The upper boundary condition of Eq. (7), 6 (z), at
the height of the troposphere, zT, is derived from
the temperature of the tropopause and available as
function of season and geographical location (Oort
and Rasmusson, 1971). The lower boundary condi-
tion of Eq. (7) 0 (zp), at the level of the roughness
length, zg, is calculated after Kleiser (1986), with the
potential temperature of the surface, 6 the ex-
change coefficient K; (zqy) at the height of the
Prandtl-layer, z1p, the Karman constant, k, the
friction velocity, u., and the kinematic viscosity of
air, L.

00
Ky (z19) - — (Z19)
oz

9(20)=9 + -
; k u.

0.45
ZO U*
013 [ ]
C

Eq. (8) relates the potential temperature of the
ground beyond and between the receivers, 8, to the
potential temperature of the lowest layer in the air,
by an air flow governed by the local Reynolds
number, however approximated to results of labora-
tory experiments (Zilitinkevich, 1972). Actual and
potential surface temperature, T, (0) and By, respec-

(8)

tively, are calculated from thermal equilibrium of
the previous time step (see Section 3.4).
Temperature profile and wind profile in the Prandtl-
layer are obtained from Egs. (9} and (10} after Byun
(1990), with application of appropriate profile func-
tions (Zdunkowski et al., 1976), @}, and &, of heat
and momentum, respectively.

g0 T, Z

= e (I) 9

dz k=z h [L-J ©
Uy

Ju _ °* S (10)

dz kz L.

T., u.and L, denote temperature scale, friction
velocity and Monin Obukhov length in the surface
layer as usual (e.g. Stull, 1988). T . is obtained from
the sensible heat flux at the top of the surface layer
(atz =10 m) by Eq. (11):

u, T, =Kp (210) g? (z10) (11)

where K}, and 8 are given from the boundary layer
model (Eq. (7)) as described before.

The friction velocity u, is obtained by integrating
Eq. (10) with windspeed u (z|q) prescribed as exter-
nal parameter. From integration of Eq. (9) by using
Eq. (11) an effective heat transfer coefficient for the
atmospheric surface layer, ap , can be defined by

Pa Cp T u,
Oy = — - [
8(z1g) - 6(2p)

which will be used for evaluation of the latent heat
flux in Eq. (15) (Section 3.5), with p, the density of
air and 6 (z;;) from Eq. (8).

A water vapour profile is not simulated in our
model, because, as mentioned above, water vapour
in SOFA is used only 1o affect the incoming solar
and terrestrial radiation (Section 3.2}.

The values of the stability parameter (z/L) are
fixed to the range limits, -2 < (z/Ly) <1, which
omits unrealistic values of u, for strongly unstable
and strongly stable conditions, respectively. The
roughness length z; has becn chosen as z; = 0.1 m
for the surface “solar farm” (see Section 5.3).

Starting with values L., K|, (z), 8, T, (2) from the
previous time step, the new profile functions @y,
&, and the friction velocity u, are calculated for
the actual time step. With these values, the new
profile of the exchange cocfficient, K} (z), and
subsequently the temperaturc profile, T, (z), with

(12)
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its actual lower boundary condition, ©(zg), are
computed.

3.4 Soil Heat Flux

The variation of the temperature profile of the
ground, T, (-z), is calculated with a one-dimen-
sional heat transfer Eq. (13) with the heat conduc-
tivity, A, the specific heat, c;, and the density of the
soil, py, which are assumed to be constant with
depth. Soil water is neglected, which is a good
approximation since the model is applied for desert
regions only. The differential equation is solved
with Dirichlet boundary conditions, employing the
implicit “Crank-Nicolson-scheme” (Roache, 1982).
The upper boundary condition, T (z=0), is the
average temperature of the ground beyond and
between the receivers, partly in shadow and in light,
and calculated from thermal equilibrium of each of
the mentioned surfaces. The lower boundary condi-
tion, the temperature in depth of 2m, T (zg), is
assumed to be the average annual temperature of
the geographic region simulated. The soil heat flux,
B, for such a dry and spatially homogeneous ground
is calculated by Eq. (14), with Az the thickness of
the first layer of the temperature profile in the soil.

2
9T, Ay 0T
g__"8 8 (13)
ot psCs 9zt
KS
B=-— (Ty(0)-Ty(a2)) (14)

AZ

3.5 Latent Heat Flux

The model is used only for cloudfree conditions, and
therefore phase changes of water vapour in the air,
and consequently clouds and rain are not taken into
consideration. However, SOFA is able to simulate
dew on its individual surfaces and the condensed
water may be evaporated again if the temperature
rises. These processes have influence on the temper-
ature of the particular surfaces. The impact on the
temperature profile of the atmosphere is modeled
only via the variation of the surface temperature 6
in Eq. (8), as already mentioned in Section 3.3.
Other evaporational processes beside dew are not
considered. This is in good agreement with natural
surfaces in desert regions and with the collector
panels, which have dry interiors. Thus, since only
dew can evaporate, Eq. (15) is used to calculate
latent heat flux, which is valid for potential evapora-
tion. All particular surfaces used in the model are
described with their temperature, T, their tempera-

ture-dependent specific heat of evaporation, r (T},
actual pressure, p, and saturation vapour pressure,
es. The heat transfer coefficient for tilted receiver
panels is calculated after Thiel and Kraus (1986)
and the heat transfer coefficient for the atmospheric
surface layer is computed from Eq. (12).

L=- 0.622 1 (T) oy (eg—e,) (15)

PCp

The mean evaporation of the total surface “solar
farm” is modeled by adding evaporation of every
surface, weighted with its relative amount to the
whole area of the solar farm.

3.6 Net Radiation

The. net radiation, F,;, as the dillerence between
incoming and outgoing shortwave and longwave
radiation, is calculated for each of the particular
surfaces (receivers and ground beyond and between
the receivers) using Eq. (16).

F,=(1-p)G +& (E~oT" =

(16)
=G -M;+E -M,

G and E; are the downward shortwave global
radiation and the longwave atmospheric radiation,
respectively, M, and M, are the upward shortwave
and longwave radiation fluxes (see Figure 1), and T
is the temperature of the particular surface. Incom-
ing and outgoing radiation fluxes are weighted with
the angle-dependent influences of the adjacent
receivers which are discussed in detail in Sec-
tion 3.1. For the particular surfaces of the system,
both albedo p and emissivity € arc material con-
stants.

Eq. (16) is also used to calculate the net radiation of
the surface “solar farm”. However, in this case the
quantities albedo and emissivity describe the entire
system “solar farm” and result from the radiative
processes at all components of the solar farm as
shown in the ncxt section.

3.7 Albedo and Emissivity

The albedo is the ratio of upward shortwave
radiation flux, My, to downward global irradiance,
G.

MS

p=— (17)
G

For the “solar farm”, the mean reflected radiation,
M., is calculated via weighted adding of the radia-
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tion reflected to hemisphere from each individual
surface. This value, and consequently the albedo,
which is one of the properties of the new surface
“solar farm”, depends on solar elevation and azi-
muth angle and consequently, on geographic posi-
tion of the solar farm and on time and season.
Moreover, the albedo depends on the atmospheric
turbidity, which affects the partition of direct
radiation and diffuse sky radiation to global radia-
tion. The direct radiation dominantly is absorbed
for power generation, hence the reflected radiation
is more strongly varied than the incoming global
radiation. The simple method to calculate the mean
albedo of the “solar farm” by weighting the albedo
values of each particular surface with its relative
amount, would give unrealistic results.

The emissivity of the surface “solar farm” is
calculated in a similar manner. All components of
the solar farm receive time-dependent terrestrial
radiation (Eq. (6)), which is again coupled with
season and geographic position of the solar power
plant. The incoming longwave radiation is reflected
from each of the particular surfaces, as function of
its emnissivity, its relative amount on the whole area
and on its solid angle subtended by each compo-
nent, by which the upward hemisphere is seen,
which depends on the receiver elevation angle. To
obtain only reflected atmospheric radiation, the
thermal radiation emitted from every surface is
numerically ignored. In this case, the longwave
reflectivity of the “solar farm”, ry, is calculated as
the ratio of reflected terrestrial radiation, M, to
downward atmospheric radiation, E, and the corre-
sponding emissivity of the system, g, is calculated by
Eq. (18) using Kirchhoffs radiation law:

M
e=l-r=1-—" (18)
E,

The mean temperature of the surface “solar farm”
TgE., is determined as a mixture of temperature of
the ground under and between the receivers, tem-
perature of the traffic area and different tempera-
tures of both receiver sides, taking into account the
different emissivity of the particular surfaces. With
calculated values of atmospheric radiation E, from
Eq. (6), emissivity € after Eq.(18) and upward
longwave radiation flux, M;, which includes both
reflected and emitted thermal radiation of all
surfaces, the temperature Tqp is given by:

Substituting T in Eq. (16) by Tqg leads to the net
radiation of the solar farm in its entirety.

3.8 Electric Output

The mean electrical output of the solar power plant,
Eg, - is calculated in Eq. (20) as the product of the
direct normal solar radiation, Ej), at the bottom of
the atmosphere, with so called optical efficiency, ng,
thermal efficiency, v, efficiency of energy conver-
sion, 1., and the ratio of the total receiver area to
the total area of the solar farm, A, which is in the
order of 0.3 (Geyer and KlaiB, 1989). The electrical
output is removed from the system, the energy is no
longer available, neither for the ground nor for the
atmosphere.

v Egut=-TNo Mt Nc ArEp (20)

The optical efficiency is calculated taking into
account the different losses of radiation on its way
from incoming solar radiation to the thermal stor-
age medium. Losses are caused by single-axis
tracking, which mostly does not allow perpendicular
irradiation, and are caused by row-to-row-shading.
Additionally, single-axis tracking systems are affect-
ed with loss at the end of the receiver rows, where
the incoming radiation cannot be focused on the
absorbing steel pipe (Kalt, 1985). Imperfect reflec-
tivity and transmissivity of the mirror, possibly
caused by dust, reduces the radiation which is
available for absorption. The radiation passes
through the vitreous part of the receiver and any
dust layer twice, hence the transmissivity of dust
layer and mirror is squared, causing reduced values
of n,. However, dust influence is assumed to be
small, with a transmission of 0.98, since in practice
the mirrors are washed regularly.

Thermal losses of the oil pipes occur on the way
from solar field to power block, as described by the
according efficiency, 1.

Energy conversion losses, with n_ for the corre-
sponding efficiency, are dominantly determined by
turbine efficiency, but gain in electrical energy is
also reduced by consumption on the solar farm
itself.

Of course, each of the dimensionless efficiencies are
less than 1, with thermal efficiency n; =0.7 and
energy conversion cfficiency n.=0.27, averaged
over 24 hours, which values are taken from litera-
ture (Kalt, 1985). The optical efficiency, n,, strongly
varies with solar position and atmospheric absorb-
ers and scatterers and is calculated by the model
itself.
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3.9 Waste Heat Flux

All losses due to thermal energy conversion are
combined in one additional term in the energy
balance equation, the waste heat of the solar farm,
H,. The losses are calculated by one minus the heat
related efficiencies, multiplied by direct normal
solar radiation, weighted with optical efficiency, and
the ratio of the receiver area to the solar farm area
(Eq. (21)). It is necessary to take into account the
optical efficiency, because only this weighted part of
radiation reaches the absorbing elements and is
converted to electricity and waste heat.

Hf::_ (1 =Mt nc) Mo Ar E[) (21)

The waste heat flux is assumed to be sensible heat
given back to the atmosphere, homogeneously
distributed over the solar farm area. As mentioned
in Section 3.3, the temperature profile of the atmos-
phere is not affected by the waste heat.

3.10 Sensible Heat Flux

The sensible heat fluxes of all particular surfaces
used in the model, i.e. the ground beyond and
between the receiver rows, traffic areas and both
receiver sides, are calculated under the assumption
of individual thermal equilibrium of each of the
mentioned surfaces by using Eq. (1), of course
without electric output, E ;;, and waste heat flux,
H..

The sensible heat flux of the entire “solar farm”, H,
however, is considered as a residual term of the
energy balance Eq. (1), because weighted adding of
the sensible heat fluxes of all particular surfaces
would lead to wrong results. Hence, the sensible
heat flux is determined using Eq. (22), where all
terms have been obtained as area weighted averages
of all individual surfaces of the solar farm.

H=-(F,+B+L+H,+E,,;) (22)

4 Verification

4.1 Basic Model

The developed model is verified first with respect to
meteorological aspects. Therefore, the diurnal cycle
of the energy balance of a natural surface, without
solar farm, is calculated. For comparison, observed
data were used, obtained during a field campaign in
the Saharan desert in February 1971 (Tetzlaff,
1974). Hourly data of global irradiance, reflected
global irradiance, atmospheric radiation, reflected

atmospheric radiation, thermal radiation from the
ground, surface heat flux, surface temperature and
air temperature in several layers are available. The
model was initialized with data, typical for desert
regions, i.e. an atmosphere with low moisture
content and turbidity and a dry, sandy surface, but
without receiver field. The diurnal cycle of wind
speed at 5.7 m height is taken from Tetzlaff (1974).
Global and atmospheric radiation with its reflected
counterparts, and the surface, sensible, and latent
heat fluxes are calculated. The latent heat flux is
however zero, because minimum temperatures are
too high to permit condensation. The diurnal cycles
of these measured data are compared with the
observed terms of the energy balance.

Figure 3 shows the observed and calculated daily
variation of net radiation, F,,, and soil heat flux, B,
from 24.2.71 8% to 25.2.71 13™. The sensible heat
flux, H, is also shown in the figure for completeness
although this contains no additional information
about the model quality, because the sensible heat
flux both in model and in observation is only
determined as a residual term of the energy balance.
The difference between observed and calculated net
radiation is explained by considering its constituent
terms. Since no actual information on aerosol
amount and properties is available, an appropriate
aerosol type (desert dust) is taken from the litera-
ture (d’Almeida et al., 1991), with an optical depth
which gives the best agreement between observed
and calculated global radiation. These data sets fit
completely, not shown in a figure, during the whole
time considered (Thomas, 1991). The agreement
between observed reflected radiation and that
calculated with SOFA is also very good. However,
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Figure 3 Comparison of net radiation, F, soil heat flux, B, and
sensible heat flux, H, measured by Tetzlaff (1974) (solid lines)
at Saharan desert and calculated with SOFA (dotted lines). See
text for details.
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the albedo is modeled with a fixed value and does
not vary with solar position like the observed
albedo. Thus, small differences exist near sunset and
sunrise, which do not exceed 10 Wm™ 2. Conse-
quently, the difference in net radiation shown in
Figure 3 is a difference in longwave net radiation,
which is maximum around noon with a deviation of
~60 Wm™2, or 15%. The diurnal cycle of air
temperature, not shown here, has less variability in
the values modeled with SOF A than in the observed
ones {Thomas, 1991). At noon, the calculated air
temperature is about 3 K less than the observed one
and during the night, the modeled air temperature is
3 K higher. This deviation between measured and
calculated temperature cycles is also described by
Cautenet et al. (1992) and may be explained as a
consequence of the neglected impact of net flux
divergence on the temperature profile. During
daytime, the absorption of “mineral” or “dust-like”
aerosol (d’Almeida et al., 1991), leads to higher air
temperature (Carlson and Benjamin, 1980) and
during the night, lower air temperature is regarded,
because the upward longwave radiation increases
due to higher emissivity of the desert aerosol.
Additionally, advective effects are not taken into
consideration in SOFA, but may influence the
observed quantities.

The computed soil heat flux corresponds well
with observed values. Differences of more than
10 Wm™ 2 only occur at the beginning of the
simulation and in maximum values on the second
day. In addition to this deviation, the maximum
values of the second computed day show a phase
lag, resulting from an increase of surface tempera-
ture towards the end of the measuring period.

The deviation from computed to observed diurnal
cycles of air temperature and the terms of energy
balance, which on average is in the order of 10 %, is
also found by Cautenet etal. (1992). We are
therefore conlident, that the simple one-dimension-
al model “SOFA” is of relatively high accuracy, with
all relevant atmospheric processes included and
modeled sufficiently correct.

4.2 Solar Farm

Observations of terms of the energy balance of a
solar farm in its entirety are not available. Thus, the
quality of the model with respect to the solar farm,
with its optical and other technical aspects, is
assessed by comparing observed and calculated
values of gained electrical output as function of
solar irradiance.

The available data set (Geyer and Klail3, 1989)
contains diurnal sums of direct normal irradiance
and electrical output of an existing solar power
plant with parabolic trough technology, from Janu-
ary to May 1988, The configuration of this solar
farm is that used in the model (Thomas, 1991).
Atmospheric conditions are chosen with regard to
the location in the Californian desert regions, with
water vapour after Garrison and Adler (1990),
aerosol after d’Almeida etal. (1991), and cirrus
conditions after Warren et al. (1986).

Figure 4 shows daily electrical output of the solar
power plant, E,,,, as function of daily direct normal
irradiance. For every month, values are calculated
for the 1% and 15t day, both for turbid and clear
atmosphere, caused by different aerosol amount.
Five values per month, representative for the whole

month, are taken from measured data.

The simulated values agree well within the range of
variation of the observed ones. In January, the
difference between observation and simulation has
its maximum. The calculated electrical output is too
high, because of the data which are used to model
the efficiency of energy conversion. This value is
available only for a mean summer day (Kalt, 1985),
but in wintertime the capacity of a solar farm is not
fully used and consequently, the efficiency of energy
conversion is reduced.

This verification shows that the aspects of receiver
positioning and reflection properties are modeled
correctly. We are therefore confident, that the
model, with its detailed description of energy
balance at each of the different surfaces, is adequate
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for the determination of properties of the new
surface “‘solar farm”.

5 Results

5.1 Energy Balance of Solar Farm

Calculated diurnal cycles of all the terms in the
energy balance of a solar farm (Eq. (1)) are shown
in Figure 5. Since solar power plants in particular
exist in the Californian Mojave desert, this geogra-
phy is simulated, with corresponding atmospheric
conditions. To simulate an average summer day, the
orbit of the sun valid for the 1°* May is used. The
properties of the particular components of the solar
farm are chosen so as to model the solar power
plants in California (Geyer and Klaif3, 1989) and are
described in detail by Thomas (1991).

Electrical output, E ;;, is about 4 % of the incom-
ing radiation, in the solar spectral range, a value
typical for solar power plants. Net radiation of the
system, F|, is balanced mainly by sensible heat, H,
and waste heat, H,, from the power station, which is
about four times the electrical energy, due to the
low efficiency. With the modeled daily and noctur-
nal thermal conditions of a desert summer atmos-
phere, condensation and evaporation are not possi-
ble, thus, L is calculated to be zero. The soil heat
flux, B, reaches a maximum value in the early
morning, and decreases linearly during the day. This
is a result of receiver shadow on the ground, which
prevents the maximum of soil heat flux later in the
morning, typical for a desert surface.
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Figure 5 Energy balance of a surface “solar farm”, calculated
with SOFA for the preperties of solar power plants in
California for 1% May (Geyer and KlaiB, 1989), with net
radiation, F,, soil heat [lux, B, sensible heat flux, H, latent heat
flux, L, waste heat flux, H,, and electric output, E ;.

As mentioned, the simple model used neglects flux
divergence due to absorbing aerosol and water
vapour, and consequently, the atmospheric long-
wave radiation has too low values during daytime.
Additionally, the waste heat of the solar farm, which
is given back to the atmosphere as latent heat, is not
taken into account to increase the air temperature.
On the other hand, the thermal losses even of the oil
pipes are modeled as latent heat. The pipes are
isolated but warmer than the receivers and the
ground and this leads to a mean temperature of the
solar farm which is higher than calculated. These
effects can be estimated to balance each other, so
the radiation balance modeled for a solar farm is
better than supposed from Figure 3.

5.2 Energy Balance Alteration by a Solar
Farm

The change of the energy balance of a surface as a
consequence of the installation of a solar farm is
examined by simulating both a natural surface and,
with identical external conditions, the new surface
“solar farm”. The geographic location, date of
simulation and mean atmospheric conditions are the
same as used for calculation shown in Figure 5. All
terms shown in Figures 6 and 7 as function of time
are differences. A positive difference indicates that
the corresponding value has increased according to
the installation of the solar farm, negative differ-
ence denotes a decreased value. The signs of the
terms in the energy balance must, however, be
considered. During the daytime, the surface and
sensible heat fluxes are negative. Hence, if the flux
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Figure 6 Differences of terms of energy balance, calculated by
a change from surface “desert” to surface “solar farm”, with
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heat flux including waste heat, AH, latent heat flux, AL, and

electric output, AE, .
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Figure 7 Differences of albedo, Ap, and emissivity, A, calcu-
lated by a change from surface “desert” to surface “solar farm”.

increases in the case of “solar farm” the differences
are negative and vice versa,

Figure 6 shows the change of the terms of energy
balance in case of “solar farm”, compared to that
without. Reflected solar and emitted thermal radia-
tion are reduced in case of solar farm, and therefore
the difference in net radiation, AF,,, is increased. In
the shortwave spectral range radiation from the sun
is absorbed for energy conversion and not available
for reflection. The upward radiation flux in the
longwave part of spectrum is also decreased during
the day, because the shadows reduce the tempera-
ture of the ground beyond the receivers. During the
night, the thermal radiation in the case of “solar
farm” is slightly increased, because horizontally
positioned receiver panels absorb incoming atmos-
pheric radiation. Therefore, at the ground under the
receivers, atmospheric radiation is replaced by
thermal radiation from the collectors, which is
larger, since their temperature is close to the air
temperature. During the day, shadow cast by the
receivers leads to decreased surface temperature.
Hence, the soil heat flux is reduced, with a positive
difference in soil heat flux, AB, together with a
reduced sensible heat flux from the ground and
from the receivers. However, the latter effect is
more than compensated by the waste heat from
energy conversion. This is taken into account as
additional sensible heat and included in the differ-
ence in sensible heat flux, AH, shown in Figure 6.
This combination of higher sensible heat flux and
lower surface temperature is the most unexpected
effect resulting from the installation of a solar farm.
Under the simulated thermal conditions, neither
condensation nor evaporation occurs. Thus, the

latent heat flux is equal to zero in both simulations
and, consequently, so is the difference, AL. The
difference in electricity, AE;,, of course, is in-
creased in the case of “solar farm”, as it was zero
without the farm,

5.3 Properties of Surface “Solar Farm”

Surfaces in climate models are described by their
albedo, p, emissivity, €, and roughness length, g
These properties are changed if a solar farm is
installed. Moreover, the energy used for electricity
production has to be taken into account. The albedo
of the surface “solar farm” is reduced, compared to
that of the same desert surface without solar farm,
due to the solar radiation which is not reflected, but
absorbed for energy conversion. Figure 7 shows the
albedo difference, Ap, between the surface “solar
farm” and a natural desert with albedo p =0.38
(Fischer, 1988). In the simulated case of a farm with
North-South oriented rows, the optical efficiency is
highest near sunrise and sunset, when the sun’s
position is East or West. As a consequence, during
this time the albedo is reduced most strongly, by
about 0.13, that is by one third of its natural value.
Around noon, the albedo reduction is lower, on the
order of 0.1, since the receivers are horizontally
positioned.

The emissivity of the surface “solar farm” is
changed both by the properties of the new materials
and by the increased surface area, which is able to
emit radiation. The emissivity of glass and ceramic is
taken with £,=094 and e.=0.90, respectively
(Kuchling, 198g1; d’Ans and Lax, 1967). The latter is
lower than that of a sand surface with g;=0.93
(Fischer, 1988), however, the effect of increased
emitting surface area dominates, resulting in a slight
increase of emissivity, Ae, shown in Figure 7,

The roughness length is not modeled, but estimated
from the literature with z = 0.1 m. Using an equa-
tion from Norman (1990), which allows one to
consider the height of the receivers and the distance
between the receiver rows, the roughness length is
calculated to be 0.05m < 73 <0.15 m, with the low
values for flat receiver position around noon and
during the night. These values are in good agree-
ment with values from Stull (1988) for surfaces
“many hedges” with z; = 0.08 m, and “many trees,
hedges and a few buildings” with zy = 0.25 m. In any
case, the values for “solar farm™ are higher than
those proposed for desert or as a North-African
average which is zg = 0.003 m (Stull, 1988).
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6 Summary and Conclusion

An extended solar farm is modeled with respect to
changed properties of the boundary earth-atmos-
phere, described as a new surface, called “solar
farm”. The receiver elements focus direct solar
radiation on absorbing heat collection elements and
thus reduce the albedo. Only a small part of the
absorbed energy is converted to electricity, due to
the low efficiency of this process. The dominant part
is given back to the atmosphere as waste heat, which
enhances the sensible heat flux.

The optical efficiency of a solar farm depends both
on the position of the sun and on the ratio of direct
to diffuse solar radiation. Hence, it depends on the
geographical location, time of year and atmospheric
conditions and, consequently, the quantities mod-
eled to describe the surface “solar farm” in its
entirety show a certain variability. However, in
comparison to the natural surface “desert” or
“savannah”, the new surface “solar farm” usually
will have reduced albedo, slightly changed emissivi-
ty and increased roughness length.

Thus, in general a solar farm will act as a heat island.
As a consequence, its climatic effects could be
opposite to that of increased albedo and reduced
roughness length, valid e.g. for deforestation as
estimated by Nobre et al. (1991). The results of the
simple one-dimensional model SOFA, presented
here, allow the investigation of possible climatic
effects of solar farms by extensive general circula-
tion models.
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