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Abstract

The use of solar energy for supplying heat to industrial processes is a very
interesting possibility in countries having high solar energy resources. Solar ponds
are collectors and accumulators that have been used as reliable sources of process
heat. Transient thermal models can help in selecting suitable heat exchangers and
operating conditions for ponds. Matching the energy requirements of a steady state
process to the dynamics of an essentially transient energy collecting device as a
solar pond is key to the economic feasibility of a process using this kind of energy
source. A thermal model is used here for describing the thermal dynamics of solar
ponds and for choosing heat exchangers and operating conditions for supply of
process heat to a particular industrial process in northern Chile. It is found that
solar ponds can supply the required heat to the process for nearly half the operating
time, but the thermal efficiency of their use is low when strict process requirements
are to be met.
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1 Introduction

Solar ponds have been known to be large scale solar collectors and accumulators
for more than half a century. Due to their storage capacity, they have been
considered as reliable and stable, long term sources of energy for industrial
processes requiring low to medium enthalpy heat inputs, irrespective of the season.
One severe drawback of solar ponds for energy collection is their moderate
efficiency as solar collectors, caused by the heavy thermal losses they undergo by
evaporation in dry climates. In arid zones there is a serious problem of water
supply for filling the pond the first time and providing make up water.

Solar ponds rely on the density variation of aqueous salt solutions. Density
decreases with increasing temperature and increases with growth in salt
concentration (salinity). Therefore, a saline pond is built by carefully depositing
successive brine layers of decreasing salt concentration [1]. Exposed to solar
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radiation, which is selectively absorbed by the brine, three distinctive layers will
develop: a thick lower convective zone (LCZ) of high salinity and temperature, a
middle, thick, nearly stagnant layer with linear vertical salinity and temperature
gradients (non - convective zone, NCZ) and a thin, low salinity layer exposed to
the winds and environmental conditions (upper convective zone, UCZ). The time
needed to develop stable linear temperature and concentration profiles in the NCZ
is of the order of a year.

Heat exchangers for recovery of heat from solar ponds and delivery of this heat
to a process are the subject of the present paper. The specification of these heat
exchangers requires careful analysis of compatibility between the proposed heat
transfer rate and the storage capacity of the solar pond as well as consideration of
the rate of heat removal which is safe for maintaining the stability of the pond [2].
Another difficulty is to match the heat demand of a steady state process to the
available heat from a solar pond which is essentially time dependent.

The conventional methods of heat extraction from a solar pond are: use of an
internal heat exchanger, located in the LCZ. Heat is extracted my means of an
auxiliary fluid inside the heat exchanger. The second method is to extract brine
from the top of the LCZ, passing it through an external heat exchanger and then
return it to the bottom of the LCZ. It is harder to get a high overall heat transfer
coefficient in the first alternative, because of restrictions on the flow rate and
velocity of the brine in the pond. Therefore, the second alternative will be
considered in this paper.

The context of application of this work is the mining industry in northern Chile,
a region in which solar radiation is one of the highest in the world because of the
latitude (18 to 24° South) and a high atmospheric transparency which prevails over
at least 11 months of the year. Low temperature hydrometallurgical extractive
processes, like electro-winning require the heating of electrolytes to temperatures
of about 55°C, which can be obtained by heat exchange with solar pond brines,
which reach temperatures of 99°C at the bottom of the pond. In principle, the
thermal storage capabilities of solar ponds make them very appropriate as energy
sources for nearly continuous supply of heat, with variations due to daily and
seasonal cycles. Large solar ponds have a long history of development in northern
Chile, associated with the recovery of nitrates and lithium salts from Salar de
Atacama. Recent applications of solar energy recovery for electro-winning have
been energized by flat plate solar collectors with accumulation tanks instead of
solar ponds [3].

In this paper we consider energy recovery from square solar ponds of different
sizes. In 3.1 we simulate the construction of the temperature gradient, starting from
a pond in which the salinity gradient has been created artificially. The subsequent
temperature evolution without heat extraction is also described. In 3.2, we use
fixed heat extraction rates to determine the maximum allowable heat extraction
rates for each pond size. Finally, in 3.2 we consider the coupling of the pond with
the industrial process in order to describe the thermal dynamics of heat extraction
and to look for conditions of efficient use of the solar pond.
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2 Thermal model

A model of the long term, transient behaviour of the temperature in a solar pond
is used to study the interaction of the pond with the process through a heat
exchanger. The site selected is located at -22.81° latitude and -69.52° longitude,
near the city of Calama, Chile. Solar radiation and meteorological data for the site
were obtained by means of the Solar Energy Explorer [4].

Table 1:  Monthly averaged radiation, temperature and wind speed data for
2010.

Jan. |Feb. |March |April |[May |June |July |Aug. |Sep. |Oct. |Nov. |Dec.
R [369.5[350.5]317.1 |260.2212.2]192.0|200.6 [239.6[292.5]338.9[370.1 |374.5
T |19.5 [20.0 [19.8 [184 |16.1 |15.7 [13.2 |164 [16.2 [16.7 |17.3 |17.5
W39 (4.0 |4.1 34 |38 |35 |38 |38 |43 |42 |42 |41

The model, implemented as a Matlab code, is based on a standard one-
dimensional approach to the temperature field. We consider that in both the LCZ
and UCZ the fluid is well mixed, so a uniform temperature can be assumed to
prevail at every instant. The temperature in the NCZ varies with the vertical
coordinate, so several control volumes have to be defined across its thickness. In
addition, the model assumes constant thicknesses of 1.3. 1.1 and 0.7 m for the
LCZ.NCZ and UCZ respectively. As the vertical dimensions of the pond are much
lower than the horizontal ones, the temperature gradient can be assumed to depend
mostly on the vertical coordinate, justifying the one-dimensional assumption.
Therefore, the model is built up from energy balances for control volumes
consisting of the entire LCZ and UCZ. and 22 control volumes across the NCZ.
A time step of 1 hour was used throughout. The 24 heat balances are coupled and
are solved simultaneously for the temperatures of the pond at every time step.
Their general form for one of the control volumes is:

dT
POV g =20 20, (1)
While the specific heat and thermal conductivity are assumed constant, the density
is dependent on salinity (S) and temperature (T) according to the expression:

p(8,T)=p,[1= B (T =T+ B(S-5,)] ()

Input and output heat terms are different according to the zone considered. All
zones have a solar radiation input, but it is distributed unevenly in the different
zones.

2.1 Heat balances in the different zones

Figure 1 shows the heat flow contributions for the UCZ. The heat inputs are the
solar radiation and the heat conducted up from the non-convective zone. A 6% of
the incident radiation is reflected on the water surface. Other losses include
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convection from the surface, ¢ which depends on the wind speed V, according

conv?

to the well-known expression s =5.7 +3.8V[W/ m’K ] The evaporation loss,

q,, depends on the latent heat of evaporation, atmospheric pressure and saturation

pressure in the air at the pond surface, which evaluated at the temperature of the
UCZ [5]. There is a radiation loss to the sky, which is evaluated as the loss of a
grey body of emissivity 0.97 radiating to a black body which surrounds it
completely. Finally, the heat loss to the ground (sides of the pond, qcond) is
evaluated in terms of the difference between the temperature of the UCZ and the
ground temperature, assumed constant at 10°C, with an overall loss heat transfer
coefficient of 0.5 W/m? K.

Qrtot \ Oref Qev Qrad Qconv
Qcond - — Qcond
d nez

Figure 1:  Heat fluxes across the boundaries of the UCZ.

The volumetric heat absorption rate as a function of the incident radiation and
refraction angle can be obtained from the expression by Rabl and Nielsen [6],

4 g

qabs = qincz .

z w
_exp| —&, , — 3
“= cos 6,7" p{ ’ cos 6’,} m’ @

In which y,,& are respectively, the fraction of radiation absorbed at each

wavelength range, and the extinction coefficient. The coordinate z is measured at
the bottom of each control volume. Table 2 shows the coefficients of equation (3).

Table 2:  Absorption coefficients for different wavelengths [6].

Wavelength [um] y e[m™
0.2-0.6 0.237 0.032
0.6-0.75 0.193 0.45
0.75-0.9 0.167 3
0.9-1.2 0.179 35
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The heat input terms are the heat transferred by conduction from the NCZ and
the radiation absorbed by the different layers. Replacing the above terms in the
equation (1) one obtains:

Cpqucz [;_I; = [qabseUCZ +9xcz = Grag + Deom + Qev)] A=q.piPeyc, 4)
where 4, P and e, are the cross sectional area of the pond, its perimeter and the
UCZ thickness respectively. The time derivative of temperature was discretized
explicitly to obtain the temperature of the zone as a function of time. The NCZ is
divided into several layers, each one characterized by a temperature which evolves
in time. The heat flows are the absorption of solar radiation, the conductive flows
from the lower layer and to the upper layer, and the heat loss to the sides. The
scheme of heat fluxes can be seen in the figures 2 and 3 which represent the
ensemble of layers forming the NCZ and an individual layer within this zone,
respectively. The balance equations for these zones are omitted because of lack of
space.

Qabs (Z) Quez

Qcond

qicz

Figure 2:  Heat fluxes across the boundaries of the NCZ.

chond(i-l)

qabszi)

—

Gcond Gcond

qcond(i+1)

Figure 3:  Heat fluxes at the boundaries of a control volume in the NCZ.
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The LCZ possesses a salt concentration near saturation. Figure 4 shows a
scheme of the energy inputs and outputs in this zone, in which a uniform
temperature is assumed to occur. Apart from the terms appearing in the other zones
there is a remaining radiation, which was not absorbed in any of the layers and is
transferred to the liquid after being absorbed by the bottom surface. This energy
represents a 20% of total radiation. The most important term is the heat extraction
rate, Qext [W].

Qrtot Qnez

Gcond acond

; ”’E’Z%’Qext

¢

4 cond

Figure 4: Heat fluxes at the lower convective zone, LCZ.

We do not have experimental data to validate the predictions of the model.
However, it agrees essentially with many other models of similar level that have
been proposed, e.g. [7]. The simulation of a pond starts with a developed salinity
profile across the different layers, and with a uniform initial temperature of 20°C.
The salinity at the UCZ and LCZ are assumed to be 0% and 25% respectively.
Simulation starts at January 1 (which corresponds to summer in the Southern
Hemisphere) with the solar radiation data for year 2010, and with a relative
humidity of 30%. For a period of about one year the radiation heat input allows a
steady temperature rise in the LCZ and the construction of the thermal gradient in
the NCZ, with moderate daily variation of temperature in the UCZ. Once a final,
time dependent state has been reached, in which the thermal losses start to
compensate the heat input, heat extraction can start.

3 Results

3.1 Solar pond without heat extraction (Qext =0)

The general transient thermal behaviour is exemplified in Figure 5 for a 50x50 m
pond. Sensitivity to the pond dimensions is also reported. For a pond with the
above characteristics and for an initial period of 8721 hrs, 31.6% of the incident
radiation is absorbed in the UCZ, of which 22.4% corresponds to long wavelength.
The NCZ absorbs 8.9% of incident radiation. In the LCZ, 28.5% of incident
radiation is absorbed, most of it corresponding to the absorption at the pond
bottom. Figure 5 shows the typical behaviour of a pond without heat extraction for
a period of three years. Climatic and radiation data for the year 2010 were used
for the consecutive years to avoid the effect of different conditions in the analysis.

WIT Transactions on Engineering Sciences, Vol 106, © 2016 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Heat Transfer XIV 157

120

Temperatura UCZ
Temperatura LCZ

60 1

Temperatura [C]

20

0 I I I I I
0 05 1 15 2 25 3

Tiempo [hrs] x 10

Figure 5: Temperature evolution in a 50x50 pond without heat extraction

(Qext =0).

Temperature evolution in the LCZ in the first year shows an increase, as
expected, momentarily interrupted during the winter season. The time of
establishment of a thermal regime suitable for heat extraction is 14 months. In the
following years the LCZ displays seasonal variations of great amplitude in
temperature, while the amplitude of temperature variation in the UCZ is much
lower, keeping its temperature always at or below 20°C. According to the
simulations, the LCZ has been found to reach temperatures up to 107°C in
the midsummer, exceeding the boiling point of pure water. However, this is
below the boiling point of a saturated salt solution which is 109°C [8]. The lowest
temperature in the simulations after the first year is 76°C. These results and the
seasonal temperature variation agree very well with predictions in [7].

The generation of thermal gradient in the NCZ is described in figure 6. Starting
from a uniform ambient temperature across the layer, the linear temperature
gradient is generated by progressive heating of the LCZ, while the temperature in
the UCZ remains close to the ambient temperature. Note that the vertical
coordinate points downwards with its origin at the pond surface.

3.2 Heat extraction at constant rate. Adjustement to the process conditions

For suitably sized ponds a regime of constant heat extraction (Q.x;) was simulated.
The purpose of this test was to determine the limits of heat extraction for unaided
ponds with different pond sizes at which the ponds can still be operating without
losing the thermal stratification. This means that we will select a heat extraction
rate for which the cold return brine will not lower the LCZ temperature in such a
way to destroy the thermal stratification. To this end, for different pond sizes,
simulations are run with different imposed extraction rates. Only the extraction
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Figure 6:  Thermal gradient formation in the NCZ at Q=0. Curves, from left to
right are for 1 day, 1 month, 1.5 months, 1 year and 3 years.

rates that maintain a linear temperature gradient in the NCZ after 3 years of
operation can be used.

Another constraint on pond operation for this particular process is the need to
ensure an extraction temperature from the LCZ not lower than 60°C, because this
temperature must be higher than the temperature to be reached by the electrolyte
(55°C). We will examine the efficiency of pond, which is the ratio of the heat
extracted (at heat exchanger) to the incident radiation. It is defined for a long
period (three years in this paper) in order to make this parameter representative of
long term operation.

Four pond cross sections are considered: 50x50 m, 70x70 m, 100100 m and
150x150 m. For each pond cross section two fixed extraction rates were
considered. Table 3 summarizes the results.

Table 3:  Operating conditions of solar ponds with fixed extraction rates of
brine and electrolyte [kg/s].

Pond dimensions [m?]

50x50 70x70 100x100 150x150
Quxe [kW] | 35 45 80 95 170 | 200 | 440 | 500
T [°C] | 100 | 96 100 | 96 100 | 97 98 96
Toin [°C] 64 60 63 60 63 60 62 60

mlkg/s] | 056 | 072 | 128 | 152 | 271 | 3.19 | 7.02 | 7.97
1, [kg/s] | 099 | 127 | 2.7 | 2.69 | 482 | 567 | 1247 | 14.16
1 0.046 | 0.059 | 0.054 | 0.064 | 0.056 | 0.066 | 0.064 | 0.073

The minimum and maximum temperatures occurring in the LCZ at different
times of the year for different rates of extraction are given. These extraction rates
are compatible with the pond operation, and are not too high to compromise the
pond stability. However, the efficiency given in the last row is lower than usual
for solar ponds because of the need to keep the temperature of the brine extracted
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at a level compatible with the needs of the process, which demands that the brine
temperature entering the heat exchanger must not be lower than 60°C. Higher
efficiency could be achieved by extracting higher heat rates from the pond if lower
return temperatures to the LCZ were allowed without making the pond unstable,
but this may mean that low quality heat is being supplied to the process, or the
need of a supporting heat source. To illustrate this point further we show in Table
4 some situations in which the temperatures of brines entering the heat exchanger
do not comply at times with the minimum of 60°C necessary for the process, but
pond stability is maintained.

Table 4:  Operating conditions of solar ponds with higher extraction rates.

Pond dimensions [m?]

50x50 70x70 100x100 150x150
Qo [kW] | 80 [ 100 [ 150 [ 180 | 310 | 360 | 690 | 820
Tyax [°C] 82 74 85 79 86 81 87 81
Toin [°C] 49 41 50 45 50 46 52 46

m[kg/s] 1.27 1.59 2.39 2.87 4.94 5.70 11.00 | 13.08
m, [kg/s] 2.27 2.83 4.25 5.10 8.78 10.20 | 19.55 | 23.23
twe [%] 30 43 27 34 27 33 23 35

n 0.105 | 0.131 | 0.100 | 0.120 | 0.102 | 0.118 | 0.100 | 0.119

An additional row is included giving twe, the percentage of time in which no
heat can be extracted from the pond, and therefore there is the need to supply some
heat by other means to the electrolyte after pasing through the main heat
exchanger. Higher long term pond efficiencies are observed.

3.3 Variable heat extraction rate from a pond connected to the process

The operating conditions in the heat exchanger for this particular process are as
follows: The process fluid (electrolyte) must enter the heat exchanger at 7., =
45°C, and leave at T = 55°C, both temperatures fixed. If the brine can supply
the required heat to take the electrolyte to 55°C, the pond can be used without
support heat. The brine, in counterflow with the electrolyte, enters the heat
exchanger at Tz¢z and leaves at T, Real operation often requires a fixed mass
flow rate of brine extraction. which implies a variable heat extraction rate, due to
the variation of the LCZ temperature during the daily and seasonal cycles. T.;, is
fixed, while T.cz is variable and is obtained from the thermal simulation of the
pond. A quasi-static analysis can be made for the heat exchanger due to its low
thermal inertia as compared to that of the pond, to give the instantaneous heat
transfer as a function of the variable temperature of the LCZ, Ty ¢z

Qm — (TLCZ _Te[n)(l _B) , B= exp[UA(; 1 jJ (5)

1 B mCp  mCp,
m,Cp, mC,
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Given the mass flow rates and specific heats, the area and the overall heat transfer
coefficient of a proposed heat exchanger, the exit temperatures of both fluids can
be obtained as a function of time by means of equation (5), which is used as the
heat extraction term in the model. From the record of exit temperature of the
process fluid (7...:) along the simulation period we can determine the percentage
of time in which a supporting source of energy is needed to comply with process
requirements. Several cases were examined, looking for efficient use of solar
energy. This means to keep the heat extraction rates high, but below the limit for
instability and using a supporting energy source when necessary. The order of
magnitude of the limit of extraction rates is presented in Table 5. For two pond
sizes the sensitivity of the heat exchanger area to the mass flow rate is also reported
in Table 5.

Plate heat exchangers are chosen for this application because of their flexibility
to operate with variable heat transfer rates, and the possibility of easy cleaning.
Stainless steel plates are chosen because of the nature of the fluids involved. The
overall heat transfer coefficient is estimated to vary between 1300 and 1500 W/m?
K, according to [9].

Heat exchangers are assigned to meet process requirements for the different
pond sizes according to the following lines. A heat exchanger is chosen for some
nominal conditions, avoiding to assign undersized area. The nominal conditions
are: Average Ty for a period of three years, return temperature 15°C below Ticz,
45°C for the entering process fluid, and given flow rates for both fluids.

With these process conditions, the area of heat exchanger is calculated by
standard methods. Then the heat exchanger is tested for different mass flow rates.
The efficiency of the solar pond under the resulting conditions is determined, and
also the percent time in which suplementary heat source is needed. Finally, the
Number of Transfer Units, NTU, is determined, trying to keept it below a value of
3, to avoid oversizing. The heat exchangers and the outcome performance
parameters for a few of the cases run are given as follows:

Table 5:  Heat exchanger areas, pond efficiencies and time availability of
different ponds as a function of mass flow rates at the exchanger.

Pond area, m? 150150 | 100100 | 100x100 | 70x70 70x70
me, mlkg/s] 18and 16 | 9and 10 | 7and 7 4 and 4 6 and 6
Q, [W] 0.99 MW | 458 kW | 494 kW | 248 kW | 245 kW
U [W/m?K], A [m?] | 1500,42 | 1300,19 | 1300, 31 | 1300, 18 | 1300, 14
n 0.1413 0.148 0.16 0.164 0.162
twer, % 43 50 44 40 41

NTU 0.86 0.78 1.27 1.66 1.29

From more extensive results a choice of suitable heat exchangers and operating
conditions must be made. All cases are within the range of low values of NTU, in
which an area increase results in increases in the heat transfer rate.
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4 Conclusions

A methodology is presented for selecting heat exchangers and operating
conditions for a particular industrial process energized by solar ponds in northern
Chile. It is based on long term modeling of temperature in the pond by means of
heat balances. The difficulties in applying these devices to processes that require
steady and stable conditions are a real challenge. For the particular case of a
process located in northern Chile and requiring hot fluids at 60°C, solar ponds
alone can supply the required heat for 50% of the operating time, at the cost of a
relatively low thermal efficiency. Higher efficiencies and times of autonomous
operation can be achieved with processes needing lower temperature hot sources,
such as absorption refrigeration. Transient thermal models are useful for defining
process conditions in cases requiring matching of the energy requirements of a
steady state process to the dynamics of an essentially transient energy collecting
device as a solar pond or other renewable energy sources.
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