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ABSTRACT 

A steady state optimization model used to define the optimum salt to carnallite ponds area ratio in a solar pond system 
was developed. The model is based on material balance analysis using a cascade of complete-mix reactors model (cas-
cade of CFSTR, continuous-flow stirred-tank reactor) prepared for the solar pond system. The basic material balance 
model shall use the basic phase chemistry relations and physical parameters of the solar pond system under optimization. 
The Arab Potash solar pond system data was used to examine the developed model where the Arab potash solar system 
was used as a Case Study. In the course of the model development, calibration and validation of the model is performed. 
Using this steady state model the optimum salt pond to carnallite pond area ratio is deduced. This optimum ratio is de-
fined as the optimum area ratio that maximizes the carnallite production per the total pond system area. This term, 
which could be expressed as tons per km2, presents the best pond system efficiency. The results show that a 1.88 ratio 
of salt to carnallite ponds area is the optimum ratio. 
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1. Introduction 

Solar ponds are simple pools of saltwater where it acts as 
a large scale solar thermal energy collector [1] or it is 
used for minerals extraction such as the production of 
concentrated brines and salt deposits [2-4]. Solar ponds 
operated as thermal energy collector are used in various 
applications, such as process heating, desalination, re-
frigeration, drying and solar power generation. As for the 
solar ponds constructed for salts deposits and heavy brine 
concentrates different salts are precipitated such as so-
dium chloride, sodium sulfate, carnallite, magnesium 
chloride, lithium salts and bromine. 

Solar Ponds System considered under this article is a 
series of evaporation ponds that utilize the sea water or 
brine as a raw material under the effect of the solar en-
ergy to precipitate carnallite salt (MgCl2KCl·6H2O) as a 
product of the process. The system consists of two main 
types of ponds: 1) salt ponds where sodium chloride 
NaCl is precipitated and 2) carnallite ponds where car-
nallite is precipitated. The last portion of the salt ponds is 
a control pond where the brine in this pond is monitored 
carefully to define the carnallite point and to control the 
feed to the carnallite ponds. 

The materials balance is a quantitative description of 
all materials that enter, leave, generate and accumulate in  

a system with defined boundaries. A materials balance is 
based on the law of conservation of mass (i.e., mass is 
neither created nor destroyed). The general word state-
ment [5,6] of the materials balance is 

Accumulation Inflow outflow generation     (1) 

The mass rate of generation can be positive or negative 
where in most cases it has negative value. These material 
balance equations were first proposed for chemical sub-
stances in ponds and lakes in early 1960s [5]. 

In applying material balance two operation states can 
be considered; steady state and unsteady (transient) state. 
The primary requirement for steady state is that there is 
no accumulation within the system [5,6]. In other words 
the beginning and ending brine inventory within the ponds 
are essentially the same (same concentration and depth). 
This condition in natural system is applicable in case the 
system is subjected to a constant load for a long enough 
time [6]. In practice the conditions existing after three 
hydraulic detention times (pond volume/volumetric pond 
flow, V/Q) are often considered to be a satisfactory ap-
proximation of the steady state conditions [5]. 

The ponds and lakes behave like a continuously flow 
stirred tank reactor (CFSTR) (complete mix reactor) [7, 
8]. In CFSTR reactions are instantaneous with no con-
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centration gradient within the pond this is to say concen-
tration are uniform throughout the pond [5-8]. The result 
is that the concentration of any material leaving the pond 
is exactly the same as the concentration at any point in 
the pond. As the pond system is composed of several 
ponds in series, cascade of CFSTR model can be used. A 
general computational framework for modeling such sys-
tems was developed by [9]. This model shows that start-
ing from the first pond solutions of the entire system can 
be obtained by a recursive method [5]. 

Solar pond system is more efficient if the ponds are 
divided into several ponds [2,10] this is called the se-
quential pond theory. Sequential pond theory analysis [2] 
showed that ponds subdivision results in lower average 
pond brine concentrations. This results in higher evapo-
ration which causes higher production. The analysis also 
showed that one pond divided into three ponds system is 
near to the best system economically since it provides 
relatively high production. 

The depositing sequence of salts crystallized from the 
evaporation of sea water is well established from studies 
on solar ponds bitterns [11], many experimental tests and 
field observations of existing solar ponds [11]. The first 
salt to deposit is the CaCO3, Calcite, followed by CaSO4, 
Gypsum, and then NaCl, halite, [12]. 

In sea water solar ponds epsomite (MgSO4·7H2O) is 
the next salt to crystallize after halite, and with cold 
weather it can happen early and massively, [11]. Kanite 
(KCl·MgSO4·2.75H2O) crystallizes next with epsomite 
and halite. Under favorable conditions these salts can 
contain as much as 60% kanite, 25% epsomite and 15% 
halite. 

Carnallite (KCl·MgCl2·6H2O) and halite are usually 
the last salts to crystallize and deposit with small amount 
of MgSO4·6H2O, this normally represents the end point 
of sea water evaporation. 

The above mentioned sequence of crystallization is 
very dependent on the brine temperature. This in turn is 
determined by the concentration of the sea water bitterns, 
the ambient day-night temperature cycle, wind conditions, 
bitterns depth and the evaporation rate. Pan evaporation 
provides the basis for the mass balance calculation of 
evaporation [13]. As observed from solar ponds studies 
with deep bodies (2 - 6 m) the brine normal day-night 
temperature is flattened-out and the salts crystallize in a 
slower, colder, more isothermal manner. Alternatively, 
for shallower bodies (<2 m) the evaporation is more 
rapid and day-night crystallization effects are more no-
ticeable, [11]. 

The objective of this study is to develop a tool for siz-
ing of salt and carnallit ponds with the aim of increasing 
the production of carnallite salt deposits. Through this 
study, a steady state material balance model using cas-
cade complete-mix reactor model is developed. The model 

utilizes the basic material balance relations for both the 
salt and carnallite ponds. The model was further used to 
estimate the optimum salt to carnallite pond area ratio for 
the Solar Pond System developed at the Arab Potash 
Company. 

2. Material Balance at Steady State 

The intent of this section is to discuss the fundamentals 
of the material balance in the solar pond system. Figure 
1 shows the basic streams of a solar pond system. 

These basic streams are: 
1) The feed brine, which is expressed in tons. 
2) Evaporation from the pond area, which is a function 

of the evaporation rate, and the pond surface area avail-
able for evaporation. The evaporation is expressed in 
mm/day. 

3) Salts which represent the deposited salts in the pond, 
which is expressed in tons. 

4) Entrainment which represents the brine that is lost 
within the salt deposits. As the salt crystals grow or ac-
cumulate on the pond floor, there are voids created and 
some brine is trapped therein. The quantity of entrain-
ment is a function of the quantity and type of salt depos-
ited. The entrainment is generally expressed as a weight 
percent of the salt deposited. 

5) Leakage is the brine lost through seepage towards 
groundwater. The quantity of leakage is usually described 
in mm/day and is a function of the pond area. 

6) Exit brine is the brine leaving the pond either to the 
following pond or the point out of the system. 

Generally, the brine concentration throughout the pond 
is uniform and equal to the exit brine concentration. This 
is a key assumption for the CFSTR model used. 

From the above we can develop the balance equations, 
where these equations include the brine flow balance and 
material balance equations of the brine constituents. 

2.1. Salt Ponds Material Balance 

The salt pond system consists of a series of pond system 
rather than a single pond system. Figure 2 illustrates the 
entire setup of the salt pond balance. 

 

 

Figure 1. Basic system material balance. 
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Figure 2. Salt pond material balance. 
 

Following the basic solar ponds streams shown in 
Figure 2 the following balance equations are deduced: 

Mass: 

   1 R fX F E A Y S S E L A D     k     
 (2) 

Magnesium: 

      
  

Mg 0 Mg Mg

Mg

x y f

k y

X Y S E

L A D

  



y
    (3) 

Sodium: 

   
     

Na 0 Na 0.3934

Na N

x y

af y k y

X Y S

S E L A D

  

 
   (4) 

where: 
 X is the input feed in tons. 
 Mgx is the weight fraction of Mg in the input feed. 
 Nax is the weight fraction of Na in the input feed. 
 Y is the exist brine in tons. 
 Mgy is the weight fraction of Mg in the exist brine. 
 Nay is the weight fraction of Na in the exist brine. 
 S is the NaCl salt deposit in tons. 
 Ef is the entrainment factor as percent of the salt de-

posit. 
 0.3934 is the Na percent weight in NaCl. 
 Lk is the seepage rate in m/yr. 
 A is the pond area. 
 D is the brine density. 
 F1 is the evaporation scale factor. 
 ER is the evaporation rate in m/y. 

For the first pond the following are the known pa-
rameters: 
 The area A. 
 The Mg and Na concentrations at the feed brine X and 

the exist brine Y. 
 The evaporation rate ER. 
 The leakage rate Lk. 
 The entrainment factor Ef. 
 The pond brine density D. 

 The evaporation factor F1. 
This implies that the input feed X, the pond exit brine 

Y and the deposited salt S as the three unknown parame-
ters. The above three relations are regrouped to lead to 
the following relations: 

Mass: 

  1 1 R k fF E A L A D X Y S E          (5) 

Magnesium: 

      
  

Mg Mg Mg

Mg

k y x

f y

L A D X Y

S E

 



y
     (6) 

Sodium: 

  
     

Na

Na Na 0.3934 Na

k y

x y f

L A D

X Y S E    y

 (7) 

Solving the above three relations, the three unknowns 
X, Y, and S are calculated. 

The exit brine from the first pond is considered as the 
input feed to the second pond, this implies that the input 
feed, X, to the second pond is known, and accordingly 
the balance is changed to evaluate how big the area 
should be to concentrate the input brine to a set Mg con-
centration. 

The following are the known parameters in the balance 
relations for the second salt pond: 
 The input feed brine X (equal to the exist feed of the 

first pond). 
 The Mg and Na concentrations at the feed brine X and 

the exist brine Y. 
 The evaporation rate ER. 
 The leakage rate Lk. 
 The entrainment factor Ef. 
 The pond brine density D. 
 The evaporation factor F1. 

While the unknown parameters are the pond area A, 
the exit brine, Y, and the NaCl salt deposited, S. The 
main material balance relations could be regrouped again 
to show the following relations: 

Mass: 

   1 1R k fX F E L D A S E Y           (8) 

Magnesium: 

 
       
Mg

Mg Mg Mg

x

k y y f

X

L D A Y S E     y

  (9) 

Sodium: 

     
  

Na Na

0.3934 Na

Nax k y

f y

X L D A Y

S E

    y

   
     (10) 
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Solving the above three relations, the three unknowns 
A, Y and S are calculated. 

The same procedure presented for the second salt pond 
is used for ponds 3 to 6 till the pre-carnallite pond (PC). 
Calculation for the PC pond yields the value of exit brine, 
Y, which is the tonnage of brine available to enter the 
first carnallite pond. 

2.2. Carnallite Ponds Material Balance 

As previously shown the NaCl is only deposited in the 
salt ponds, however in the carnallite ponds potassium and 
magnesium (as carnallite) are deposited along with so-
dium. Accordingly, a new unknown appears in the mate-
rial balance relations, this new unknown require defining 
a new material balance relation. This new relation tracks 
the carnallite deposited in the carnallite ponds. Figure 3 
illustrates the different balance streams involved. 

Following the balance streams shown in Figure 3 the 
following balance equations are deduced: 

Mass: 

 1 R kX F E A Y S C L D A     

y

     (11) 

Magnesium: 

 
    1

Mg

Mg 0.0875 Mg

x

R y k

X

F E A Y C L D A   
 (12) 

Sodium: 

 
     1

Na

Na 0.3934 Na

x

R y k

X

F E A Y S L A D    y



 (13) 

Potassium: 

 
     1

K

K 0.1407K K

x

R y k

X

F E A Y L A D    y

  (14) 

Where, 
 Kx is the weight fraction of K in the input feed. 
 Ky is the weight fraction of K in the exist brine. 

 

 

Figure 3. Carnallite pond material balance. 

 0.0875 is the Mg percent weight in carnallite 
(MgCl2KCl·6H2O). 

 0.1407 is the K percent weight in carnallite 
(MgCl2KCl·6H2O). 

The calculations of the last salt pond (pre-carnallite) 
leads to the quantity of brine leaving PC pond and enter-
ing as an input feed to the first carnallite pond. 

The known parameters for the material balance of the 
carnallite ponds are: 
 The input feed brine X (equal to the exist feed of the 

PC pond). 
 The Mg, Na and K concentrations at the feed brine X 

and the exist brine Y. 
 The evaporation rate ER. 
 The leakage rate Lk. 
 The pond brine density D. 
 The evaporation factor F1. 

While the unknown parameters are; the pond area A, 
the exist brine Y, the NaCl salt deposited, S, and the car-
nallite salt deposited, C. The main material carnallite 
ponds balance relations could be regrouped to show the 
following relations: 

Mass: 

 1 R kX F E L D A Y S C            (15) 

Magnesium: 

 
      
Mg

Mg Mg 0.087

x

k y y

X

L D A Y C    
  (16) 

 
      
Na

Na Na 0.3934

x

k y y

X

L D A Y S    
 (17) 

Potassium: 

       K K K 0.x k y yX L D A Y C     1407  (18) 

Solving the above four relations, the four unknowns A, 
Y, S and C are obtained. 

The same procedure presented above for the first car-
nallite pond is used for ponds 2 to 6 till the last pond 
from where the exit brine is discharged to the waste 
channel. 

2.3. Basic Phase Chemistry and Physical  
Relations 

The above material balance equation developed shows 
that the salt and carnallite pond is a function of pond area, 
evaporation rate, different flow streams and brine chem-
istry. Experience has shown that the behavior of any 
pond system brine chemistry can best be illustrated on a 
concentration path diagram. Through the solar pond sys-
tem studied, only potassium K and sodium Na are pre-
cipitated in the pond system while calcium Ca and Mag- 
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nesium Mg do not precipitate. In this sense all concentra-
tion paths is deduced as a function of Mg or Mg and Ca. 

These relationships are deduced using field data col-
lected for the specific solar pond system. For new sys-
tems the basic relations should be estimated based on 
experiments to be performed prior the solar pond system 
design. The relations should cover density, evaporation, 
sodium, potassium, and evaporation as a function of Mg 
or Mg + Ca. 

Other major inputs as area, entrainment factor, seepage 
leakage factor and evaporation factor are physical pa-
rameters that should be estimated based on field meas-
urements. Entrainment factor depends on the type of salt 
deposited as it is directly related to the voids and porosity 
in the deposited salt. Seepage factor and evaporation fac-
tor are two parameters that are difficult to estimate as 
they require extensive measurements and field investiga-
tions. Both parameters are deduced based on material 
balance model calibration. 

Evaporation rate is temperature sensitive and a single 
relation is difficult to be defined accordingly averages for 
the evaporation rate over the year should be considered 
while developing the steady state model. 

Also Potassium is a temperature sensitive and a single 
relation for the concentration path of potassium is diffi-
cult to define. Through the steady state model develop-
ment the data for the months of summer months should 
be used. This is due to the fact that the most evaporation 
and carnallite production are during these months. It is 
important to note here that it is not possible to define an 
optimum ratio of the salt to carnallite pond area that is 
applicable during all the year. Thus the study uses the 
period of the year where most of the carnallite is pro-
duced in the development of the Potassium concentration 
path diagram. 

3. Model Development 

Estimating these phase chemistry relations and physical 
relations the optimization model is developed. 

The solar pond system consists of two main sections 
with different operating objectives. The first section, the 
salt ponds, is operated to provide the maximum amount 
of carnallite point brine to the first carnallite pond. The 
second section, the carnallite ponds, is fed by the flow of 
the carnallite point brine produced by the salt ponds. 
There are three critical brine concentrations that need to 
be known. One is the feed brine concentration, the sec-
ond is the Carnallite Point concentration, and the third is 
the concentration at the point where brine will be dis-
carded. The optimization model requires the definition of 
these three locations chemical analysis. 

The optimization model was developed based on the 
material balance relations presented previously and the 

deduced phase chemistry and physical parameters rela-
tions. The model has 6 salt ponds and 6 carnallite ponds. 
This selection of ponds system is arbitrary. Enough ponds 
must be chosen to satisfy the sequential pond theory. The 
sequential pond theory proves that as we increase the 
number of ponds the performance of the ponds improves. 
Usually this is satisfied with about 4 ponds. 

To start the model calculation, the area of the first salt 
pond will arbitrarily be set at 10,000 square meters (1 
hectare) and the Magnesium concentration in the brine in 
each pond will be divided equally from the concentration 
at the Feed brine to the concentration at the carnallite 
point. For example, the carnallite point occurs at say 
6.1% magnesium and the Feed brine is at say 2%. Each 
pond will have a successive jump of (6.1 − 2)/6 or 
0.683%. Based on this assumption the Magnesium con-
centrations in the brine entering the pond (Mgx) and 
leaving the pond Mgy are known values. 

Using the developed relations for the density, evapora-
tion, sodium and magnesium, the values of evaporation, 
density, Nax, Nay, Kx and Ky are evaluated. 

A simple spreadsheet is developed to solve the model 
relations and calculate the unknown parameters. How-
ever it is important to note here that the model results 
depend on the input parameters and the calibration of the 
different parameters involved in the calculations. 

The best indicator of pond efficiency is the tons of 
carnallite per square kilometer of total pond area where 
this value is maximized for the optimum salt ponds area 
to carnallite ponds area ratio to be reached. 

The model should be run for different salt to carnallite 
ponds area cases and a relation between the area ratio 
and the tons of carnallite per unit area is developed. From 
this relation the optimum area ratio is deduced. 

4. Arab Potash Solar Pond System Analysis: 
A Case Study 

The Arab Potash solar pond system is located to the 
south of the Dead Sea the lowest point at the surface of 
the earth with an area of about 112 km2 [3]. The main 
aim of the solar ponds system at the Arab Potash Com-
pany is to precipitate carnallite (KClMgCl2·6H2O) which 
is the raw material for the potash production. The brine 
used in the solar ponds is pumped from the Dead Sea. 
This brine is rich in potassium chloride. The Arab Potash 
solar pond system is composed of two parts the salt 
ponds and the carnallite ponds. 

The model developed in the previous section was used 
to optimize the Arab Potash Solar Pond System (APC). 
The data available for a stretch of 6 years during the pe-
riod 1997 to 2002 were used for this case study [14-19]. 
This optimization for the Arab Potash Solar Pond System 
was appreciated by the Company as the Arab Potash  
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Company was studying the expansion of the solar ponds 
system and as such would like to define the optimum salt 
to carnallite ponds areas. 

The following sub-sections present the basic phase 
chemistry relations and the physical parameters relations. 
This is followed by model calibration and validation. The 
optimum salt to carnallite ponds area ratio is then de-
duced. 

4.1. Basic Mathematical Relationships 

The following sub-sections define the composition of the 
pond brines in term of concentration paths. Other parame-
ters necessary to the APC solar pond model development 
are also presented. 

4.1.1. Density 
The relation for the density (ton/m3) as a function of 
magnesium is developed based on the high carnallite pro-
duction period data for the years 1997 to 2002. There are 
three distinct groupings of points that are fitted by a 
polynomial as presented in Figure 4. It should be noted 
that the correlation is fairly consistent for the entire year. 

It is needless to mention that the density is needed in 
material balance calculations to convert from volume to 
mass. 

4.1.2. Evaporation 
To develop a relation between the evaporation rate and 
the magnesium two steps are performed. First a relation 
between evaporation rate and density is developed, then 
magnesium is substituted for the density based on the 
density relation developed above. 

Figure 5 shows a plot of evaporation as a function of 
density. The data is extracted from experiments using 
five evaporation pans [12]. The five pans are in operation 
with densities at 1.00, 1.26, 1.31, 1.34, and 1.36. The 
summer months average evaporation rates were used in 
Figure 5. From the plot it is can be deduced that the last 
four pans provide data that lie neatly on a straight line. A 
straight line was fitted to this data and the relation is 
presented in Figure 5. Since only the straight-line por-
tion of the curve is needed it does not matter how the 
remainder of the curve to the water pan is shaped. 

If we substitute the density versus magnesium relation 
presented in Figure 4 in the evaporation versus density 
relation presented in Figure 5 the evaporation rate versus 
magnesium relation is deduced. 

4.1.3. Sodium 
Figure 6 shows the concentration path of sodium as a 
function of magnesium. Most of the evaporation activity 
occurs during the months of June, July, August and Sep-
tember. The plot presents these months but sodium is not  
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Figure 4. Density versus Magnesium relation. 
 

 

Figure 5. Evaporation rate versus density. 
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Figure 6. Sodium versus Magnesium relation. 
 

temperature sensitive and the plot for other months does 
not vary much. 

Sodium shows an expected falling path with some 
scatter, however this is explained by the fact that sodium 
is the hardest component to determine and often it is 
calculated by difference which accounts for data scatter. 

4.1.4. Potassium 
Potassium and magnesium concentrate at the same ratio 
up to the carnallite point. Both are soluble up to that 
point in winter or summer. After the carnallite point, po-
tassium is temperature sensitive and therefore a yearly 
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plot will show scatter, this is well presented in Figure 7. 
Figure 7 presents the data for period April to November 
during the years 1997-2002. 

The scatter is very high and if an attempt to use this 
data to fit a relation, a low regression coefficient will 
result. 

The data for the period June-September (high carnal-
lite production period) are used to fit a polynomial rela-
tion as shown in Figure 8. 

It should be noted here that the data for the high car-
nallite production period is consistent and it presents 
fairly coherent envelop. 

4.1.5. Entrainment Factor 
The entrainment factor is expressed as percent by weight 
of the salt deposited in the pond. This is presented as 

Entrainment fE S   in tons. 

The entrainment factor is directly related to the voids/ 
porosity of the deposited salt. For the sodium chloride 
salt, the value of the entrainment factor is assumed as 
0.33. This value is an estimate based on the experience 
gained from several pond systems [10]. 

 

 

Figure 7. Potassium versus Magnesium 1997-2002 (April- 
November). 

 

 

Figure 8. Potassium versus Magnesium relation (June-Sep- 
tember). 

4.1.6. Seepage/Leakage Relation 
The leakage rate, defined as the seepage through soil in 
mm/day, is very difficult to estimate. Many factors should 
be included while evaluating the seepage. Type of soil in 
the ponds area, the existence of sink-holes, lenses of 
permeable soils or lenses of impermeable soils are some 
of these unknown parameters/information. 

As a crude assumption, if we assume that the soil un-
derneath the ponds is silty soil, the leakage factor would 
be expected to range between 0.1 mm/d to 10 mm/d. 
Study performed at APC revealed that a value of 0.25 
mm/d could be assumed [20]. 

An overall mass balance could help in fine tuning this 
parameter using data for as many years as available. This 
could be done by evaluating the total amount of potas-
sium pumped into the ponds from the Dead Sea over the 
defined period. This value should be compared to the 
total amount of potassium produced in the product KCl 
and the amount of potassium returned to the Dead Sea 
through the truce canal. The difference is the potassium 
lost. From the amount of potassium lost, an estimate of 
leakage can be made. 

This parameter is used as a calibration parameter while 
calibrating the model. 

4.1.7. Evaporation Factor 
APC performed several studies [20] to define the evapo-
ration scale factor. These studies revealed that the evapo-
ration scale factor ranges between 0.68 and 0.8. 

This parameter is also used as a calibration parameter 
while calibrating the model. 

4.2. Model Calibration 

In the previous sub-section it was mentioned that two 
variables are left for the calibration these are the evapo-
ration factor and the leakage factor. Trying to evaluate 
these factors the actual data for the years 1998 through 
2002 is used. 

This data was evaluated before it is used in the calibra-
tion. The evaluation of these data revealed the following: 
 APC started to fill expansion pond SP-0A during the 

year 1998. 
 The pond SP-0A was under operation for the years 

1998 to 2000. 
 A trial fill to expansion pond SP-0B started in the 

year 2001. 
Based on the actual data analysis the regular operation 

year for the solar pond system was the year 2002. Ac-
cordingly the data for this year is used for the calibration 
while the other years’ data are used for the validation of 
the model. 

The input data to the model are as follows: 
 Area for the salt ponds used is 58.852 km2 as shown 

in the APC 2002 yearly plan report [6]. 
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 Area of the carnallite pond used is 26.51 km2. 
 Dead Sea brine Mg concentration used is 3.804, which 

is the average value for the year 2001. 
 Mg concentration at the carnallite point used is 6.033, 

which is the average of the actual Mg concentration at 
the pre-carnallite pond PC2 for the year 2002. 

 The exit pond (C-7) Mg concentration used is 6.868 
which is the average of the actual Mg concentration at 
the C-7 pond for the year 2002. 

 Entrainment factor used is 0.33. 
The calibration involves the evaluation of the evapora-

tion factor and the leakage/seepage factor. The following 
runs are done to define the calibrated parameters: 
 The evaporation factor is assumed to be 0.75, while a 

value of 0.1 mm/day for the leakage factor results 
from the model. The results of this run compared to 
the actual results are shown in Table 1. 

 The evaporation factor is assumed to be 0.8, while a 
value of 0.11 mm/day for the leakage factor results. 
Also the results of this run are presented in Table 1. 

 The evaporation factor was assumed to be 0.7. This 
run results to a value of 0.085 mm/day for the leakage 
factor. Again the results of this run are presented in 
Table 1. 

Analyzing the results of the calibration runs presented 
in Table 1 show the following: 
 The variation in the value of Lk is not much where it 

varies from 0.11 to 0.085 with an average value of 
0.1. 

 Run No. 3 results are way off from the actual data. 
 Run No. 1 gives a very close carnallite production 

result while the Dead Sea feed and the C-3 feed were 
off by some 11%. 

 Run No. 2 gives a carnallie production result that is 
off by 7.3% while the Dead Sea feed and the C-3 feed 
were off by 5%. 

Experience shows that a 10 to 15 percent off in the 
model flow results and a 5 to 10 percent off in the model 
carnallite production results is considered good approxi-
mation to the actual conditions. Accordingly values con-
sidered in Runs No. 1 and 2 were further validated based 
on the data for the year 2000. 

Runs No. 4 and 5 used the data for year 2000 with the 
values of evaporation factor and leakage factor as as-
sumed for Runs No. 1 and 2. The model results are pre-
sented in Table 2. The results show that the carnallite 
pond area for run No. 4 and 5 is 26.47 km2 which some 
0.1% off the actual pond area. 

Analyzing the results of the calibration runs presented 
in Table 2 show the following: 
 Since APC was filling the expansion pond SP-0A the 

values of the Dead Sea feed were way off from the 
actual results. 

 The combination of F1 = 0.8 and Lk = 0.11 mm/day 
gives better C-3 feed results and better carnallite pro-
duction results. 

It is concluded that the Combination F1 = 0.8 and Lk = 
0.11 mm/day is a better overall assumption for these val-
ues. 

4.3. Model Validation 

Using the values deduced during the calibration sub- 
section, the model is validated using the data of the years 
1998 to 2001. The results of these runs are presented in 
Table 3. 

 
Table 1. Calibration results year 2002. 

Run No. F1 Lk D. S feed 1000 (ton/y) % actual C-3 feed 1000 (ton/y) % actual Carnallite 1000 (ton/y) % actual
1 0.75 0.1 223616.2 88 135076.2 89 7995.7 100.6 
2 0.8 0.11 238619.1 94 143983.3 95 8528.5 107.3 
3 0.7 0.085 208,614 82.5 126168.5 83 7462.8 93 

Actual   252870.9 100 151691.3 100 7947.7 100 

 
Table 2. Calibration results year 2000. 

Run No. F1 Lk D. S feed 1000 (ton/y) % actual C-3 feed 1000 (ton/y) % actual Carnallite 1000 (ton/y) % actual

4 0.75 0.1 243078.7 66 145870.9 78 8294.9 93 
5 0.8 0.11 259387.8 70.1 155489.1 84 8847.3 99 

Actual   369889.1 100 185969.1 100 8925.4 100 

 
Table 3. Validation results. 

Year Salt pond area D. S feed 1000 (ton/y) % actual C-3 feed 1000 (ton/y) % actual Carnallite 1000 (ton/y) % actual
1998 53.46 216815.6 70.1 130011.7 88 8140.7 105.2 

Actual 1998  309095.6 100 147471.6 100 7737.7 100 
1999 62.13 251271.1 76.5 150350.1 85.5 8742 99.18 

Actual 1999  328140.3 100 175887.7 100 8813.7 100 
2001 62.94 255888.8 87.5 154844.1 97 8810.9 101.8 

Actual 2001  292496.5 100 159563.8 100 8655 100 
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Examining the validation results data confirm the cali-

bration conclusions where it shows the following: 
 The Dead Sea feed are way off from the actual results. 

This is due to the fact that APC was pumping water to 
the SP-0A and SP_0B. 

 The salt pond area for the year 1998 is very small and 
the production is relatively small, this is explained by 
the fact that during this year the salt ponds were cov-
ered by salt mushrooms that were blocking or re-
stricting the brine flow in the ponds [3]. APC started 
dredging activities during the following years and the 
conditions of the salt ponds were improved. 

 The Dead Sea feed results for the year 2001 are close 
to actual since only for a short period of time the APC 
were feeding the SP-0B pond. The results for C-3 
feed and the carnallite production values for the year 
2001 are very close to the actual, which show that the 
calibration values used are correct. 

4.4. Optimum Salt Pond to Carnallite Pond Area 
Ratio 

Using the year 2002 input data the evaluation of the op-
timum salt area to carnallite area ratio is performed. 

Both Figure 9 and Table 4 present the results of the 
salt to carnallite area ratio versus the tons of carnallite 
per km2. It shows that the optimum ratio is in the range 
1.85 to 1.92 with the optimum ratio is 1.88. The respec-
tive Mg% concentration is 6.99% to 7.02%, with the op-
timum value of 7.006% (Figure 10). 

If no leakage is assumed, the optimum case results in 
102,346 ton/km2 carnallite and if entrainment is zero, 
103,255 tons/km2 is made. All of this depends on the 
reliability of the correlations made through this study and 
the APC data. 

5. Conclusions 

The study conclusions are summarized in the following 
points: 

 

 

Figure 9. Salt pond to carnallite pond area ratio versus car-
nallite production. 

Table 4. Optimum salt to carnallite area ratio. 

Salt/carnallite 
area ratio 

Carnallite pond 
area 

Mg% Leaving 
C-7 

Tons carnallite 
per km2 

2.133 27.59 6.9 100,636 

2.008 29.3 6.95 101,352 

1.962 29.99 6.97 101,507 

1.896 31.04 7.0 101,610 

1.883 31.25 7.006 101,612 

1.854 31.74 7.02 101,596 

1.794 32.8 7.05 101,462 

1.7 34.62 7.1 100,961 

1.532 38.4 7.2 99,123 

 

 

Figure 10. Mg% Concentration versus carnallite produc-
tion per km2. 

 
 A steady state optimization model was developed to 

define the salt to carnallite ponds area ratio in a solar 
pond system. 

 The model is based on material balance analysis using 
a cascade of complete-mix reactor. 

 The Arab Potash solar pond system was used as a 
case study where all the phase chemistry and physical 
parameters relations were developed using APC data 
for the period from 1997 to 2002. 

 The optimum salt area to carnallite area ratio is 1.88 
where a range from 1.85 to 1.92 showed negligible 
difference from the optimum. 

 Under the present assumptions, APC could produce 
up to 101,612 tons of carnallite per square kilometer 
of solar pond area if a salt to carnallite area ratio of 
1.88 to 1 is adopted. If entrainment is released from 
the salt deposits with dredgers, and if it is assumed 
that leakage is less than 0.11 mm per day, carnallite 
production will increase to 103,255 tons/km2 or a 
1.6% increase in production from the optimum value 
of 101,612 tons/km2. 

 Brine concentration discharged to the waste discharge 
canal and concentrations at the carnallite point are 
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very sensitive to optimum design and more research 
efforts need to be conducted to fully understand the 
complex behavior and trends. 

 The model also assumes that evaporation of all brines 
is correctly represented however its accuracy is not 
well examined. The optimization is highly dependent 
on evaporation rates especially in case of having a 
magnesium range of 6.5 to 7.5, and at the carnallite 
point. 

 The model was developed based on yearly average 
data; a more comprehensive monthly or even daily 
model is required for proper analysis of the solar 
pond system. 

 The model results could be used to upgrade the solar 
pond system and enhance the carnallite production. 
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