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Abstract Natural water evaporation is a physical 
phenomenon that is useful in many industrial applications. 
Many researchers have worked to monitor the parameters 
affecting the brine evaporation rate. Many different 
criteria have been determined by researchers to obtain 
data for the parameters. This paper presents a simulation 
based on modified Penman equation. Objective of this 
work is to acquire the parameters experimentally in a 
different way using distributed embedded system. Finally 
evaporation rate for series of condensers prepared for 
natural evaporation type salt manufacturing process has 
been compared with experimental values. The result shows 
that the parameter acquisition method performs well in 
the environment of salt manufacturing unit and also helps 
estimating seepage component of brine. 

 

Keywords Brine, Distributed Embedded System, parameter 
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I. INTRODUCTION  

The relationship between salt and human exists since 
time immemorial. Initially rock-salt was used for domestic 
purpose, but after the industrial revolution, extraction of the 
salt from brine/seawater made available. With the highest 
number of primary consumers on the globe, salt is an essential 
commodity for human with any type of food cooking habits. 
Apart from serving to add taste to food, salt is an important 
raw material for production of range of chemicals [1]. In the 
salt manufacturing process, inland brine or seawater has been 
used as raw material. Salinity of the brine or seawater plays an 
important role during the salt production process. Brine to be 
exposed for evaporation has different salt concentration will 
show different evaporation rate. Common salt NaCl has been 
produced through natural solar evaporation technique. 
Evaporation is the phenomenon in which state of liquid 
changes to the vapor.  The evaporation rate from brine 
resources depends mostly on the amount of saturated vapor 
pressure above its surface. The saturated vapor pressure is 
affected by the ion activity coefficient, which stems from the 
salt concentration of water, which is also known as salinity of 
the brine. Thus, increase in concentration results in reduction 

of saturated vapor pressure. To acquire actual evaporation rate 
a uniform set of evaporation pans under same meteorological 
condition with different salt concentration are used [2]. Solar 
ponds are simple pools of saltwater where it acts as a large 
scale solar energy collection system which absorbs solar 
radiation and stores it as thermal energy [3]. Such solar ponds 
have been used to increase the salinity of brine are known as 
condensers. A series of various condensers have been prepared 
in order to evaporate content of the water from the brine.
Information on the evaporation rate is crucial when designing 
saltwater ponds [4]. If evaporation rate has been known, 
planning and scheduling to feed fresh brine has to be 
determined. Brine flow control between two successive 
condensers also depends on the rate of evaporation. The last 
pond after the series of condensers is the main pond where 
crystallization of sodium chloride takes place. 
 In natural evaporation salt manufacturing process, a 
gradual salinity increment in successive condensers play an 
important role. Brine salinity level must be reached at certain 
level before filling the brine in the main salt pan followed by a 
series of condensers. Operation of this task requires close 
monitoring by the saltpan workers for brine flow control in the 
process. This paper presents a real-time concept for the 
development of the system replacing traditional method and in 
order to help saltpan workers to monitor the salinity of 
successive condensers in the series and system is also helpful 
to operate the pump/ actuator. 

 

II. THEORETICAL BASE FOR SIMULATION 

A. The Equation 

In natural solar evaporation, the main source for the energy 
is the sun. The air above the brine surface of the condenser 
becomes saturated with vapor of water and In order to remain 
continue the evaporation process, this humid air must be 
removed by natural wind. Many field testing methods and few 
equations are used till today for the determination of 
evaporation rate. In order to determine evaporation rate from 
open water source the Penman equation, which was proposed 
in 1948, has generally be used by hydrologist in that era. This 
equation is acceptable for natural water resources with 
relatively very lower salinity levels. The Penman equation was 
modified to reflect the reduced vapor pressure of a saline 
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solution of higher TDS levels (Akridge, 2008). The modified 
Penman equation is presented as [4] [5]: 

 

E= Rn + f(u)(es-  

Where:   E= evaporation 
  (MJKg-1) 

=gradient of the vapor pressure-temperature curve. 
=psychometric constant (location specific) 

               Rn=net solar radiation (MJm-2day-1) 
               f(u)=function of wind speed (m/s) 

es=saturation vapour pressure (function of   
temperature and salinity 

es=0.6108awexp  , T=mean temperature 

Where aw=-0.0011m2-0.0319m+1, m is salinity of 
brine in mole per liter) 
e= ambient water vapor pressure (function of relative 
humidity    =Hres/100, where Hr=relative humidity) 
[6]  

 In order to calculate latent heat of evaporation mean of 
daily maximum and minimum temperature is required and for 
this purpose we input maximum temperature and minimum 
temperature of the day in simulation. In order to calculate 
gradient of vapor pressure- temperature curve, saturation vapor 
pressure and mean temperature are required and saturation 
vapor pressure is a function of concentration of sodium 
chloride and mean temperature. Mean temperature will be 
obtained from maximum and minimum values of the daily 
temperatures and concentration of sodium chloride for brine 
(salinity) has been taken as an input parameter. Psychometric 
constant is a function of the atmospheric pressure, which is 
dependent only on the height of the site from the sea level. Net 
solar radiation can be calculated from latitude of the place, 
number of the day of the year, from the sunshine duration of 
the day and albedo of the surface. Ambient water vapor 
pressure is calculated from average relative humidity of the 
day. 

B. The Simulation 

The simulation of above equation is possible using so 
many packages of software. Different researchers use different 
kind of software. In this paper trial version of MATLAB has 
been used for simulation work. Following parameters have 
been taken as inputs for the simulation. 
 

1.  
2.  
3. Concentration of sodium chloride in mole/liter  
4. Height of the site above sea-level in meters 
5. Latitude of the experimental site in decimal degree 
6. Number of the day of the year 
7. Sunshine duration in hours 
8. Albedo of the surface. 
9. Wind speed in m/s 
10. Average relative humidity of the day in rh%  

Values of above mentioned parameters are necessary in 
simulation method, to find out evaporation rate for the 
particular salt condenser. Method for acquiring values of these 
parameters is explained in the next section of the paper. 
Distributed embedded system is used for this purpose. There 
are two types of distributed embedded system can be 
employed in this application (1) Wired distributed embedded 
system and (2) wireless distributed embedded system, the later 
one is most suitable for acquiring the parameter in 
conventional salt manufacturing industries. 
 

III. PARAMETERS ACQUISITION METHODOLOGY 

A number of researchers have worked in modeling and 
simulation of solar evaporation process, but a very rare has 
touched the parameter acquisition side. As all the solar 
evaporation type salt manufacturing units do not have nearby 
meteorological stations, demand of in-situ parameter 
acquisition has been increased. Day by day new methods are 
invented for the determination of parameters affecting the solar 
evaporation process. 

Parameters described in above simulation can be acquired 
by so many different methods. One of these, using distributed 
embedded system is illustrated. In the study the site has been 
selected near Desert Island of Vachchharaj Bet, little runn of 
Kutch in the Gujarat state of India. The latitude of the site is 
23.38575 and longitude of the site is 71.51788. In the extracted 
brine from this site, the prevailing dissolved salt in water is 
sodium chloride.  

A. Method Discription 

Temperature has been monitored at regular interval of the 
day by using temperature sensor DHT22. The sensor DHT22 
is available with digital output. A complete set of the 
temperature data has been acquired and stored in Excel sheet 
through the specially designed data logger. Using data shorting 
method, maximum and minimum temperature of the day have 
been obtained easily. Concentration of sodium chloride in the 
brine is obtained by electrical conductivity measurement and 
temperature of solution. Sensors DFR0300 and DS18B20 are 
used for the measurement of conductivity of brine and 
temperature of the solution respectively. Data of these sensors 
are useful for the calculation of the concentration of NaCl in 
the conversion of mole per liter. Sensor DFR0300 is based on 
principal of temperature dependant electrical conductivity with 
analog output. This conductivity meter is specially designed 
for Arduino based microcontrollers. Conductivity is reciprocal 
of resistivity, and it describes the ability of the material to 
carry the current. In liquid we often use conductance rather 
than resistance. The measurement unit for the solution 
conductivity is either milli-Siemens (mS) or micro-Siemens 
(µS), salinity of the brine has been decided through this 
measurement. How much electrolytes are present in the water, 
if concentration of the electrolytes differs, conductivity of the 
solution differs. In order to measure temperature dependent 
salinity, DS18B20 is used as temperature sensor for the 
temperature measurement of the brine. This sensor provides 
configurable 9 to 12 bit, 1-wire interface digital output. The 
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sensor electrode design has been kept waterproof as this sensor 
is used for different types of liquid solutions.  

Height above sea-level can be obtained from internet 
site www.mapcoordinates.net simply adjusting latitude and 
longitude data of the place where experiment has been 
performed [7]. Latitude of the experimental place has been 
obtained from GPS coordinates or from the internet sites or by 
mobile phone application [8]. Number of the day of the year 
can directly be calculated and entered. In order to calculate 
sunshine duration of the day, light intensity sensor GY30 has 
been configured. Output of this sensor is in lux. According to 
World Meteorological Organization sunshine duration has 
been defined as the period during which direct solar irradiance 
exceeds a threshold value of 120 W/m2. This threshold value is 
equivalent to 15190 lux. So in this research work calculated 
hours of the day during which the irradiance of the sun 
exceeds 15190 lux, in the experiment the value is 7 hours, this 
is easy to find out from irradiance data obtained from the 
installed embedded system. During solar evaporation process 
of the brine, salt crystal will begin to form, thus in reflectivity 
is increased. In such case appropriate albedo value found by 
Rife et al. (2002) is 0.3 [6].  This reference value has been 
used in this research work. In order to obtained wind speed 
data, Adafruit industries make wind speed sensor 1733 has 
been configured. This anemometer measures wind speed 
directly in meters/seconds. This sensor is RoHS (Restriction of 
Hazardous Substances) compliant. RoHS compliant means 
that the electronics or electrical component or device does not 
contain hazardous substances namely: lead, mercury, 
cadmium, PBB and PBDE. This well made wind speed sensor 
is designed to install outside and measure wind speed with 
ease. The sensor is rugged and easy to mount. The sensor 
gives analog voltage output which is proportional to the wind 
speed. The voltage ranges from 0.4V DC (for wind speed of 0 
m/s) up to 2.0V DC (for wind speed of 32.4 m/s).  At regular 
interval humidity data in rh% has been recorded using the 
sensor DHT22, Which is earlier mentioned for temperature 
monitoring. This sensor is dual purpose sensor. Humidity 
sensors works on either capacitive principle or resistive 
principle. In capacitive sensor, a thin film of metal oxide or 
polymer is deposited between two conductive plates. The 
change in dielectric constant of the sandwiched material is 
directly proportional to the humidity of surrounding 
environment. In resistive humidity sensors, electrical 
resistivity of medium, like conductive polymer or salt exhibits, 
change with the change in humidity. DHT22 is capacitive 
type, high precision humidity sensor. It is preferred in this 
work because it gives calibrated digital signal with low power 
consumption and no extra components required to configure it. 
It is available in fully interchangeable package with 4-pins. 
Full range temperature compensation and outstanding long-
term stability are additional features of this sensor. Sensors 
DHT22, DFR0300, DS18B20, GY30, 1733 are configured 
with appropriate input pins of Arduino Uno microcontroller 
kit. All data regarding air temperature, salinity, brine 
(solution) temperature, solar irradiance and wind speed are 
displayed on LCD display by designing suitable program in 

IDE Arduino 1.8.5. The system is expandable as required by 
number of condensers in the series. Zigbee wireless modules 
are used in order to transfer the data wirelessly from one node 
to another node and to the base station. Zigbee is a standard 
IEEE 802.15.4 based wireless protocol. It is a high level 
communication protocol used to create personal area networks 
built from small, low power digital radios [9]. The parameters 
acquired by this methodology for the experimental site has 
been summarized in table: 1.  
Fig.1. Experimental Set-up to acquire data of the parameters affecting 
evaporation rate 

 
 

B. Acquired parameters 

TABLE I.  PARAMETERS USING DISTRIBUTED EMBEDDED SYSTEM 

Parameter Condenser 
1 

Condenser 
2 

Condenser 
3 

Condenser 
4 

Maximum 
temperature of 
the day in degree 
Celsius  

8 8 8 8 

Maximum 
temperature of 
the day in degree 
Celsius 

32 32 32 32 

Concentration of 
Sodium Chloride 
in mol/liter 

5.6 7.1 10.2 12.8 

Site height above 
mean sea level (in 
meters) 

07 07 07 07 

Number of the 
day of the year 

26 26 26 26 

Latitude of the 
site (in degree 
North) 

23.3857 23.3857 23.3857 23.3857 

Actual duration 
of sunshine hours 
of the day 

7 7 7 7 

Albedo 0.3 0.3 0.3 0.3 
Average relative 
humidity (RH%) 

42 42 42 42 

Wind speed 
(meter/second) 

2.22 2.22 2.22 2.22 
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IV. RESULTS AND CONCLUSION 

In an industrial operation several condensers (ponds) are 
used for salt crystallization. A salt-worker has to plan the 
feeding flow to each of the solar ponds, the manipulation of the 
brine solution between ponds, brine and solids inventories in 
the pond that maximizes the salt production [10]. The 
production unit has four successive condensers followed by a 
main salt-pan. The data obtained by simulation model and 
experimental values of the parameters obtained by above 
mentioned wireless distributed embedded system have been 
compared in table: 2. 

A. Results and Discussion  

TABLE II.  COMPARISION OF SIMULATED AND EXPERIMENTAL VALUES 

Condenser 
Number 

Salinity Level 
(mol/lit.) 

Evaporation rate 
predicted from 

Simulation model 
mm/day 

Actual 
Evaporation 

rate (water lost) 
mm/day 

1 5.6 4.9492 5.5 
2 7.1 4.7807 5.2 
3 10.2 4.3078 4.7 
4 12.8 3.7053 4.1 

 

Fig.2. Graphical representations of the results 

Result shows a considerable difference between predicted 
evaporation rate from simulation and experimentally measured 
values. This kind of almost constant difference between 
simulated and experimental values of the evaporation might be 
seen because of the simulation considers only evaporation 
component and it does not consist the seepage component of 
the brine loss. Seepage is the slowly soaking of brine in porous 
soil. Seepage contributes as a function of brine level filled in 
the salt pan. The soil of the desert always consists of porous 

neglected. After crystallization at the bottom of the condenser, 
 effect. Dikes and bottom of the 

salt pond/condenser employ porous sandy material mixed with 
minor partial loam and clay. Analysis of the soil of 
experimental site shows the seepage of approximately 0.5 to 1 
mm/day after five weeks of filling the salt pan in these 
conditions. After the consideration of evaporation and seepage 
components, above results are justified as summarized in table-
3. 

TABLE III.  CONSIDERATION OF SEEPAGE RATE 

Condenser 
Number 

Evaporation 
rate 

predicted 
from 

Simulation 
model 

mm/day 

Actual 
Brine loss 
mm/day 

Seepage 
rate after 
five weeks 

of salt 
production 

stage 
mm/day 

Net  
Evaporation 
rate 
(Experimental 
values) 
mm/day 

1 4.9492 5.5 0.5 5.0 
2 4.7807 5.2 0.5 4.7 
3 4.3078 4.7 0.5 4.2 
4 3.7053 4.1 0.5 3.6 

 

B. Conclusion 

Theoretical evaporation rate in mm/day from simulation 
model are very close to the values obtained by practically 
measured values of evaporation in mm/day after considering 
the estimated seepage effect of 0.5 mm/day. Actual brine loss 
in the condenser includes the major factor of evaporation as 
well as the minor factor of seepage also. Thus parameters 
acquired through distributed embedded system showed an 
acceptable compatibility with predicted evaporation rate. 
System can be developed for more numbers of condensers and 
feeding flow of brine can be decided according to this database. 
Brine flow in each condenser can be managed using the data of 
the evaporation rate and seepage rate.  
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