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Abstract 

 Solar Aided Desalination 

 Christian Robert Moe 

 Mechanical Engineering and Applied Mechanics 

 University of California, Merced 2014 

 Committee Chair: Gerardo Diaz 

 Access to potable water is necessary for human development.  Industry, farms, 
and the public all need clean sources of water.  Generally this water is available locally 
through natural sources such as rivers or wells, but there are many cases where 
additional clean water is needed.  This includes desert regions and cities that have 
outgrown their natural water sources. 

 California, where some cities are outgrowing their water supply, is currently 
facing a multi-year drought.  California already has several desalination plants, with the 
first major utility scale plant being installed near San Diego [1].  However, few responses 
have been made toward inland areas, such as the vast farming region of the California 
Central Valley. 

The once vast underground water reserves of the California Central Valley are 
drying up.  Land in some regions has subsided as much as 25 feet due to aquifer use 
[2].  California agriculture makes up one sixth of the total irrigated land in the United 
States, making the region too important to ignore. 

The ongoing water scarcity in California is a problem of enormous scale, with the 
farms and food processing industries being good candidates for wastewater reuse.  
According to the California Department of Water Resources, the collective agricultural 
industry uses around 80% of the fresh water in the state [3].  This leads to two large 
sources of wastewater, farm runoff and agricultural processing waste streams.  To help 
the agricultural industry continue, water streams could be used more effectively and 
many waste streams could be recovered. 

Desalination systems have the potential to take most wastewater streams and 
generate useful water.  If the agricultural wastewater streams were reused, it could lower 
the overall water needs and increase water security for the California Central Valley. 

An abundant resource in California that could be utilized to aid in this task is solar 
energy.  Solar thermal collector arrays can be used for pre-heating to reduce electricity 
costs in a reverse osmosis system or be used as the driving energy in a distillation 
system. 

This thesis touches on the major desalination systems currently in use, including 
components that can be aided or powered by solar thermal energy.  A section is also 
devoted to cover the basic process of zero liquid discharge, which removes the waste 
stream from desalination installations.  Finally, this thesis goes in depth into a project to 
augment a current solar thermal loop and demonstrate solar thermal technology being 
used with an evaporator.
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1 Introduction 

This thesis focuses on the desalination systems for generating useful water from 
wastewater streams of different salt concentrations.  It focuses mostly on utilizing waste 
streams from farm runoff.  This thesis also touches on integrating solar thermal 
collectors with desalination processes, including simulating a demo project to 
demonstrate solar thermal systems with an evaporator. 

It is important to note what category of water is treatable through desalination 
and what category is useful.  The different categories of water types are potable, 
graywater, and blackwater.  Potable is used to define water fit for human consumption 
and food preparation.  Graywater is lightly dirtied water, such as runoff from sinks and 
showers.  Runoff from farms and food processing plants will be included in the graywater 
category as well.  The blackwater category is reserved for water that has significant 
biological wastes and is not a good candidate for reuse. 

Graywater streams are generally higher in salt levels and has limited use unless 
the salt is removed.  Desalination systems produce fresh water at the cost of energy and 
produce a concentrated brine holding the remaining salts.  Large streams of graywater 
with fairly steady salt contents are usually good candidates for desalination systems.  
Different desalination technologies handle different concentrations of salt.  With the 
correct desalination selection, as much as 90% of the incoming water can be recovered 
[4]. 

The resulting water product from a desalination plant is often pure enough to be 
potable, but may not recommended for human used due to the source of the feed water.  
The best use for the product water is the system that generated the feed water as a 
byproduct.  For example, if a farm or plant generates a lot of waste water they will likely 
have high water needs.  If a majority of the water is recovered and fed back to the farm 
or plant it would demand much less water from other sources. 

In addition to creating product water, all desalination systems also create a highly 
concentrated salt brine.  To dispose of this brine, evaporators can be installed to 
concentrate the water until dry salts can be harvested with a filter press.  The salts can 
then be inexpensively disposed of or sold.  The process of eliminating all liquid disposals 
from a desalination plant is call zero liquid discharge. 
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1.1 Desalination Overview 

 Every desalination system takes in salt water and generates two streams.  One 
stream is pure water, often defined as the product or percolate.  The other stream is 
concentrated salt water, usually referred to as brine. 

 Desalination systems generally fall into two broad categories.  Osmotic systems 
push against the osmotic pressure of the brine to make its product, while distillation 
systems evaporate nearly pure water from the brine. 

The brine generated from a desalination system is considered a waste stream, 
unless the salt can be removed as a dry product.  The process of generating dry salts 
from the waste stream is discussed later in the zero liquid discharge section. 

1.1.1 Defining the Work Done 

 The salt water has an osmotic pressure, which must be overcome in any 
desalination process to generate pure water.  This osmotic pressure can be calculated if 
the salt concentration and type of salts are known in the salt water stream [5].  The 
equation to find the osmotic pressure is shown below [6]. 

Π = 𝑖𝑀𝑅𝑇           𝑖 ≈ 1          𝑅 = 8.31 (
𝐿 𝑘Pa

𝐾 mol
) ( 1 ) 

 To give an example, ocean water has a Total Dissolved Solids (TDS) count of 
36000 parts per million (ppm).  It is assumed that the dissolved solids are mostly sodium 
and chlorine ions.  36000 ppm can be converted directly into 36000 mg per liter, 
because water at any salt concentration has an approximate density of 1.0 kg per liter.  
Using this average atomic weight, the osmotic pressure can be found. 

𝑀 =
(36000

𝑚𝑔
𝐿

)

(29.225
𝑔

mol
)

= 1.232
mol

𝐿
 ( 2 ) 

 

Π = (1)(1.232)(8.31)(290)𝑀Pa = 3.0𝑀Pa ( 3 ) 

 This result gives an approximate osmotic pressure of 3.0 MPa, which is fairly 
close to the accepted solution of about 2.7 MPa for seawater at that salt concentration.  
The salt makeup is likely the main factor in the 10% discrepancy. 

The work done can be defined as the osmotic pressure difference between brine 
and clear water multiplied by the volume of pure water generated.  Using this definition 
of work, an estimate of the efficiency of the different desalination systems can be made if 
we know the energy requirements of each system.  This definition can be applied 
regardless of the method used, as long as we assume nearly pure water as the product.  

Pa ∙ 𝑚3 =
𝑘𝑔

𝑚 𝑠2
 𝑚3 = 𝑁 ∙ 𝑚 = 𝐽 ( 4 ) 
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 For Engineers, it may sound like a good idea to call this work being done a 
change in the ‘osmotic potential’ between the feed water and pure water.  However, that 
term has already been defined as a type of negative osmotic pressure, where pure water 
has a zero pressure and any change in osmotic pressure is a negative value.  This was 
done to more easily explain how salt water can ‘pull’ fresh water through a membrane, 
as in define the pressure change as a ‘potential’ to move water.  This definition does not 
conform to the idea of potentials in the engineering fields and should be noted to avoid 
future confusion. 

By incorporating the density of water, we can convert between the osmotic 
pressure and the energy needed to generate pure water from the feed water.  If an 
osmotic pressure of 1 MPa is used, the energy needed can be found with the equation 
below. 

𝜌𝑤 = 1000
𝑘𝑔

𝑚3
,              Π ∙ 𝜌𝑤 = 1𝑀𝑃𝑎 ∙ 1000

𝑘𝑔

𝑚3
= 1

𝑘𝐽

𝑘𝑔
 ( 5 ) 

When pure water is removed from the feed water, the TDS of the remaining feed 
water increases.  The above equations works if the amount of pure water generated is 
small in comparison to the feed water.  In cases where a significant amount of pure 
water is removed from the feed, the salinity of the water will increase along with the 
energy needed to generate pure water. 

The energy calculations need to be altered to account for the changing salt 
concentration.  The instantaneous osmotic pressure as water is recovered can be 
estimated by the following equation. 

Π = Π0 (
1

1 − 𝑥
) , 𝑥 = percent water recovered ( 6 ) 

 Where 𝑝0 is the starting osmotic pressure of the feed water and 𝑥 is the current 
percent that has been converted into pure water.  Integrating this equation will result in 
the average osmotic pressure encountered during the desalination procedure. 

Πavg =
(∫ Π0

𝑥𝑓

0
(

1
1 − 𝑥

) 𝑑𝑥)

𝑥𝑓
=

Π0(− ln(1 − 𝑥𝑓))

𝑥𝑓
 ( 7 ) 

This equation can now be used to find the energy required to remove significant 
percentages of fresh water from the feed water.  For example, when removing 50% fresh 
water from sea water ( TDS = 36000 ppm, 𝑃0 = 2.7 𝑀Pa, 𝑥𝑓 = 0.5 ) it can be estimated 

that: 

(2.7 𝑀Pa)(− ln(1 − 0.5))

0.5
= 3.7 𝑀Pa → 3.7

𝑘𝐽

𝑘𝑔
 ( 8 ) 

In this scenario, every kg of fresh water removed from sea water requires 3.5 kJ 
of energy per kilogram of fresh water generation. 
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1.2 Desalination Technologies 

 There are certain desalination systems that were selected for review based upon 
their prevalence and/or application alongside solar thermal systems.  This includes a 
range of electrically and thermally driven systems.  Desalination systems fall into two 
categories of osmotic and distillation technologies. Osmotic systems perform work 
directly against the osmotic pressure of the brine, while distillation systems evaporating 
pure steam out of the brine.  Both technologies perform the same work, meaning the 
efficiencies can be directly compared. 

1.2.1 Osmotic Technologies 

1.2.1.1 Electrodialysis 

Electrodialysis systems consist of ‘electrodes’ that pull the positive and negative 
salt ions away from the product streams.  Their progress is halted in the concentrate 
streams by positively and negatively charged fluid membranes.  The central stream(s) 
becomes more pure, while the side streams near the electrodes become brine. 

This technology is best suited for low TDS applications where some salt is still 
desired in the product stream, such as drinking water [7].  This technology is not useful 
with high TDS water streams and is ineffective at producing water of high purity. 

 

Figure 1: Electrodialysis diagram 
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1.2.1.2 Reverse Osmosis 

Reverse Osmosis (RO) systems consists of a large pressure gradient that 
pushes water through a membrane.  The membrane provides a barrier to the salts, 
allowing only clean water to pass through.  The large pressure gradient overcomes the 
osmotic pressure of the brine, forcing water clean water to separate from the brine.   

These systems can recover much of the pressure lost in the discharge stream 
through methods including pressure-pumps.  Additionally, these systems run more 
efficiently and can handle slightly higher salt concentrations when the incoming water 
stream is warmed above ambient temperature [8].  This temperature has a maximum, 
based upon the membrane polymer, between 35 and 45 Celsius. 

RO systems leave a small remnant of salt left in the fresh water stream.  RO is a 
good technology to use with moderate amounts of salt in the feed water.  To attain water 
pure enough to drink, some higher salinity feed water requires two stages of RO 
systems.  For example, seawater often requires passing through two RO units before it 
is pure enough to drink. 

 

 

Figure 2: Reverse osmosis diagram 
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1.2.2 Distillation Technologies 

 Distillation systems covered include Multi-Stage Flash distillation (MSF), Multiple-
Effect Distillation (MED), Multiple-Effect Membrane Distillation (MEMD), and Mechanical 
Vapor-Compression distillation (MVC) systems.  Each one of these evaporates water in 
one chamber and condenses the pure water vapors as the water product.  All the 
systems besides MVC require thermal energy as their primary energy source. 

 All of these systems leave extremely small amount of salt left in the produced 
fresh water.  This may be desirable for lowering the salt concentration for soil, but for 
drinking purposes a small amount of salt needs to be added back to the fresh water. 

1.2.2.1 Multi-Stage Flash 

 MSF systems heat the feed water up to 120 Celsius and moves the water from 
higher to lower pressure and temperature to ‘flash’ boil a portion of the water at each 
stage.  The lowest pressures can be below ambient to drive additional evaporation, at 
the expense of running a vapor compression pump.  The steam generally condenses on 
pipes cooled by the incoming water, which recovers most of the energy used in 
evaporation [9]. 

 

 

Figure 3: Multi-stage flash diagram 
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1.2.2.2 Multiple-Effect Distillation 

MED systems heat the water below 100 Celsius.  This process uses the 
temperature difference between the incoming water and heated water to drive 
evaporation from the warmed water to the condensing pipes.  This also helps recover 
the energy used in evaporation.  MED systems are typically large compared to the other 
desalination technologies, as they generally evaporate water at ambient pressure.  This 
requires significantly more surface area to produce the same amount of distilled water 
compared to a technology that uses a pressure drop, such as MSF distillation. 

 

Figure 4: Multiple-effect distillation diagram 

1.2.2.3 Multiple-Effect Membrane Distillation 

 MEMD systems are much like MED systems, but places a membrane between 
the evaporation and condensing areas.  This has the benefit of being able to place the 
components very close together and becomes more space efficient, solving the size 
problems associated with MED systems.  The membrane is generally made out of 
polypropylene, which can’t handle the slightly higher temperatures common among MED 
systems [10]. 

 

Figure 5: Multiple-effect membrane distillation diagram 



9 
 

 
 

1.2.2.4 Mechanical Vapor-Compression 

 MVC systems use electricity to drive a mechanical vapor compression pump that 
lowers the pressure in the feed chamber and compresses the vapors coming from the 
feed water.  This produces heated fresh water, which is often used to heat the feed 
water bath.  Heating elements are sometimes added to the feed water bath to increase 
yield. 

 

 

Figure 6: Mechanical vapor-compression diagram 
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1.3 Desalination Technology Comparisons 

 To get an idea of the differences in capabilities between the systems, the major 
categories are defined and compared.  First we must find the common system 
properties, including redefining properties so proper comparisons can be made. 

1.3.1 Efficiencies and Gain Output Ratios 

To evaluate how effectively each system utilizes its input energy, we convert all 

the performance characteristics given into a standard efficiency.  The efficiency of a 

system is defined as the amount of work done divided by the amount of energy used.  

The work done was already defined earlier and is the same for all of the systems. 

Electrodialysis efficiencies are can be above 90% for systems that don’t need to 

provide water of high purity (<100 ppm) [11] [12].  The high efficiency is achieved by the 

electrodes directly moving ions across membranes without any phase change or high 

pressures required.  The downside is that with increased salt content the efficiency 

decreases because the brine begins to conduct electricity more and more effectively.  

This conductivity limits the salt concentration it can handle, although there are some 

systems that can handle higher salt concentrations.  The explanation of the efficiency is 

outside the scope and field of this project and is not discussed further. 

 RO efficiencies for larger systems depend on the pressure needed to push 
percolate through the membrane.  Some additional pressure beyond the osmotic 
pressure, called over-pressure, is needed to move any water through the membrane.  
Higher over-pressure means the system will run less efficiently, but produce water at a 
faster rate. 

For seawater the incoming osmotic pressure is around 27 bar.  To generate fresh 
water from seawater, a typical RO membrane typically uses 40 to 50 bar and recovers 
25% to 50% of the feed water [13].  The resulting efficiency for a commercial reverse 
osmosis unit is between 50% and 70%. 

 Distillation systems are typically defined by their Gained Output Ratio (GOR).  
The GOR is defined as the amount of times steam is generated from the energy needed 
to evaporate water [14].  For example, an evaporator/boiler that does not condense the 
steam to heat up the incoming water or move air over the evaporating surface will never 
produce a GOR above 1.  GOR values for the pressure-aided MSF systems can be 
above 20, with MED/MEMD systems being less effective. 
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To convert this to efficiencies, we can use the GOR and compare the energy 
required to evaporate water to the energy needed to overcome the osmotic pressure 
difference.  The latent heat of water divided by the GOR is the energy required to 
evaporate water per kg.  If we assume a GOR of 10 and convert the units to pressure, 
we get 

2257𝑘𝐽/𝑘𝑔

10
= 226

𝑘𝐽

𝑘𝑔
 ( 9 ) 

The MSF systems also have an electrical requirement, being estimated 

around 10.0
𝑘𝐽

𝑘𝑔
.  Given desalinating sea water theoretically takes only 2.7

𝑘𝐽

𝑘𝑔
, a 10 GOR 

system is only about 1.1% efficient.  This sounds low, but these systems utilize a 
cheaper energy type and can handle higher salinity levels.  At higher salinity levels, the 
efficiency can increase up to around 8% for large systems because it is doing more work 
while using about the same amount of energy for every kg of water produced [15]. 

1.3.2 Installation Costs 

 The installation costs are graded in relative terms, as it is difficult to find exact 
figures from many different manufacturers.  As the systems covered are commercial 
technologies, the cost of producing the systems is often controlled by the materials used. 

Electrodialysis, RO, and MVC systems are comparatively inexpensive and all run 
on electricity.  The size of the systems are small, as not much surface areas are needed 
to transfer water.  Only RO systems handle high pressures, meaning some more 
expensive piping and components are required in an installation.  

MEMD is likely the middle.  The membrane and structure can be made of 
inexpensive polypropylene.  Also, the surface area for evaporation is large compared to 
the size of the unit due to the use of membranes in the place of air-gaps. 

MSF and MED systems are fairly expensive, generally being made of large 
stainless steel structures.  A significant amount of surface area is needed to facilitate 
water evaporation in both cases. MSF systems trade off needing less overall 
evaporation area with a higher energy requirement compared to MED 

1.3.3 Salt Concentrations 

 Electrodialysis is limited by the voltage difference that can be maintained within 
the salty, conductive water.  This leads to generally low salt concentrations, working 
most effectively at less than 6000 TDS [7] [12].  Additionally these systems are most 
effective at slight reducing the Total Dissolved Solids (TDS), and not handling water with 
high salt concentrations.  The majority of commercial systems remove less than half of 
the salts from the percolate. 

 RO can generally handle higher salt concentrations.  Pre-treatment of the water 
allows the system to handle higher concentrations than normal without the membrane 
clogging.  The limit RO systems can handle with pre-treatment is around 60,000 TDS.  
RO systems generally leave around 0.5% of the salt in the percolate.  This is only a 
concern if very pure water is desired as percolate. 
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Distillation systems are not generally affected by the salt concentrations and 
don’t need pretreatment outside of low cost bio filters.  Salt level can generally be 
tolerated until crystals begin to form in the brine.  This happens between 120,000 and 
180,000 TDS for most water sources.  The percolate produced is usually very pure. 

1.3.4 Additional Considerations 

 Aside from the electrical costs, RO membranes need to be periodically replaced 
and high pressure pumps maintained.  Additionally, pretreatment for Electrodialysis and 
RO systems may also incur significant running costs (chemicals, particle filters, water 
softeners) [16] [6]. 

Pre-treatment methods are generally not suitable for dynamic conditions, such as 
farm runoff where the salt content in the water varies depending upon fertilizers, 
pesticides, etc.  Distillation systems are more favorable in these situations, as the 
system is tolerant to a wider array of salts and is less susceptible to fouling. 

1.3.5 Comparison Table 

 This is a table of approximate energy requirements.  This does not include 
electrical needs for running pumps not related to the specific desalination process.  An 
evaluation including these can be found in the references [17].  For the cost estimates, 
$0.10 per kWh electrical energy and $0.03 per kWh thermal energy. 

 

Table 1: Desalination comparison table 

System Electro RO MVC MSF MED MEMD 

Electric Energy (kJ/kg) 0.1 – 0.3 0.5 – 7.5 15 – 25 7 – 14 - - 

GOR - - - 6 – 12 6 – 10 5 – 8 

Thermal Energy (kJ/kg) - - - 190 – 380 230 – 380 260 – 450 

Max Temperature (C) - - - 120 90 70 

Total Energy (kJ/kg) 0.1 – 0.3 0.5 – 7.5 15 – 25 197 – 394 230 – 380 260 – 450 

Tolerated TDS (ppt) 0 – 6 3 – 60 60 – 120 60 – 120 60 – 120 60 – 120 

Approx. Efficiency 50-95% < 70% < 60% < 8% < 6.5% < 6.0% 

Energy Costs ($/m3) 0.0067 0.11 0.55 2.65 2.82 2.96 

Relative Install Cost Low Low Low High-Mid High Mid 
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1.4 Zero Liquid Discharge 

Zero liquid discharge refers to no liquid brine exiting a desalination facility.  This 
is generally achieved by adding another stage after the desalination steps.  This stage 
takes the high salinity brine from a desalination system and produces salt solids.  There 
are several ways to achieve this, but we will only cover the use of an evaporator and 
filter press combination. 

1.4.1 Evaporator 

 The evaporator takes in high salinity water and evaporates water into the 
atmosphere [18].  Evaporators can be configured with multiple effects, having the steam 
from one effect warming up the brine in the next.  The concentration increases until the 
salt is about to precipitate out of the brine.  This salt concentrate, often only 10% of the 
original brine volume, can either be trucked away directly at a much lower cost or 
passed to another system on site to produce dry salt. 

 Evaporators are normally powered by either waste steam or natural gas.  Some 
steam powered evaporators can be run by other heat sources by simply substituting the 
steam for thermal oil. 

Substituting thermal oil for steam requires higher temperatures because the 
thermal energy is provided through a temperature change instead of a phase change.  
This conversion is covered in more detail in the evaporator demo section. 

 

 

Figure 7: Evaporator diagram 
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1.4.2 Filter Press 

There are a number of systems that can produce dry salts from salt concentrate.  
We will only focus on the filter press because it generally matches well with the salt 
concentrations leaving an evaporator.  In a filter press, the brine is forced through a 
rubber membrane, leaving the precipitated salt crystals behind.  After each batch, the 
filter press is opened up and the salt cakes drop into a collection bin. 

 

Figure 8: Single chamber of a filter press diagram 

1.4.3 Zero Liquid Discharge Configuration 

 Below is a depiction of a thermal salt evaporator coupled to a bank of solar 
thermal collectors.  This is one of the simplest ways to augment a system to have zero 
net discharge of salt water. 

 

Figure 9: Evaporator and filter press combined diagram
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1.5 Solar Thermal Collectors 

Before delving into how solar thermal technology can be used with desalination 
technologies, solar thermal collector technologies will be covered.  An exhaustive review 
of solar thermal energy systems has been described in previous articles [19] [20] [21] 
[22].  This thesis will cover the most prominent technologies as well as what 
technologies are being used and demonstrated at UC Solar. 

A solar thermal collector is a device that captures thermal energy from sunlight.  The 
collector generally consists of an absorber that converts solar rays into heat.   Solar 
thermal collectors can include a concentrator that reflects light toward the absorber.  The 
different collector types collect solar energy in different ways.  All collectors absorb direct 
sunlight coming from the direction of the sun.  Some collectors also absorb indirect 
sunlight reflecting off the atmosphere or clouds. 

1.5.1 Non-Concentrating Collectors 

Non-Concentrating solar thermal collectors are generally flat plate collectors.  This 
type of collector is non-tracking and fixed in place.  Generally these collectors consist of 
a solar absorbing surface facing the sun and covering a channel carrying thermal fluid, 
which will be collectively referred to as an absorber. 

To reduce thermal losses, a glass layer is often placed above the coating to help 
retain heat and reflect thermal radiation back to the absorber.  Insulation is also often 
installed on the back of the fluid channel to lower thermal losses from the surface not 
facing the sun.  [23] 

Collectors without concentration generally provide thermal temperatures below 
100 ℃ [24].  The installations and operation of these systems are fairly simple, having 
few moving parts [23].  Solar thermal collector performance can vary greatly depending 
on the time of year and weather.  Performance for non-tracking systems generally drop 
off more gracefully, being able to absorb direct and indirect sunlight. 

 

 

Figure 10: Basic flat plat solar collector diagram 
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1.5.2 Concentrating Collectors Without Tracking 

Concentrating collectors also have an absorber.  The difference is the addition of 
reflectors that direct additional sunlight toward the absorber, meaning more energy can 
be collected in a given area.  These non-tracking variants of concentrating collectors are 
also fixed in place. 

These systems can provide heat above 100 ℃.  The installation of these systems 
aren’t much more complex than that of flat plate collectors, aside from needing additional 
insulation and components that can operate at higher temperatures.  Concentrator 
performance also drops off more gracefully in adverse weather, being able to absorb 
direct and some indirect sunlight [25]. 

In the UC Solar group, concentrators based off non-imaging optics designs are 
used for their high performance and non-tracking properties [26].  Specifically, several 
arrays of Compound Parabolic Concentrators (CPC) have been installed at UC Solar.  
The first image below is a 3D model of a CPC generated from a custom ray tracing 
program [27].  This shows how the reflector is able to reflect light towards the absorber.  
The black bar in the image is the absorbing surface, while the reflective outer surfaces is 
the concentrator.  The second image on the next page shows part of a bank of CPCs 
deployed by the UC Solar group.  This specific array consists of 160 collectors. 

 

 

Figure 11: 3D rendering of a CPC with incoming rays 
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Figure 12:  UC Solar CPC array close up 
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1.5.3 Concentrating Collectors With Tracking 

Solar thermal concentrators with tracking have much the same design as those 
without tracking.  The main difference is the concentrators and often the absorber move 
to track the sun through the sky.  Moving, by tilting and panning, allows for additional 
solar thermal energy to be collected on the absorber surface. 

Depending on the specific configuration and size, concentrating and tracking solar 
thermal collectors are able to achieve temperatures above 1000 ℃ [28].  The installation 
of such systems are considerably more complex with large moving concentrator 
surfaces and any necessary support structures.  The performance of tracking solar 
thermal collectors are also very susceptible to small defects in the collector shape [29].  
These collectors can suffer on cloudy days due to only being able to collect direct 
sunlight. 

 

Figure 13: Parabolic solar tracking concentrator diagram 
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1.6 Existing Solar Thermal Installation 

The existing solar thermal loop at UC Solar utilizes CPC collectors in an array, 
consisting of 160 individual collectors aligned in series and parallel.  This array is 

capable of achieving thermal fluid temperatures up to 180 ℃ for 6 to 8 hours a day. 

This is done by moving thermal oil, specifically Duratherm 600 [30], at 0.5 kg per 
second through the solar collectors.  This increases the thermal energy in the oil by 
increasing its temperature.  The thermal fluid is then sent to the device being powered, 
releasing thermal energy with a temperature drop.  The thermal fluid then completes the 
loop back to the absorber, continuing to transfer thermal energy from the collectors to 
the thermally powered device. 

These CPC collectors have demonstrated the ability to continue functioning even 
in cloudy conditions.  Although the power provided can drop considerably, high 
temperatures can still be reached. 

The thermal energy transfer is much more complex than described, involving 
convective, conductive, and radiative heat transfer.  The specifics of how the energy 
flows through the system can be understood by studying the different transfer modes 
and the design of a specific solar thermal loop [31] [32]. 

Below is a simple solar array with 4 collectors in series.  Each collector in the 
series increases the temperature of the thermal oil.  Much like battery voltages in 
circuitry, collectors can be added to the series to attain a larger temperature difference.  
Collector banks can also be added in parallel to increase the total power of the array 
without increasing the temperature difference. 

 

Figure 14: Solar thermal loop with 4 collectors. 
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2 Solar Thermal Evaporator Demo 

 As a scaled prototype of a desalination component working with solar thermal 
energy, the UC Solar group is considering installing an evaporator to its existing 25kW 
solar thermal loop. In practice, the evaporator ultimately may be a small part of an inland 
desalination installation.  However, dealing with large volumes of concentrated brine is a 
critical capability when implementing large desalination systems. 

Additionally, natural gas and steam powered evaporators are used for waste 
water concentration in many situations, reducing the overall volume of waste water for 
cost savings [18].  These systems are well understood and pose little risk.  Driving an 
evaporator with solar thermal energy is a new approach and has some operational 
unknowns.  This combination may prove to be a practical way to reduce the 
environmental impacts over traditional evaporator installations. 

This demo has not been built yet, but a simulation has been developed to 
evaluate expected performance.  This evaluation is to be included in a proposal for the 
California Department of Water Resources. 

 

Figure 15: Solar thermal array and evaporator loop 
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2.1 Evaporator Integration 

When integrating an evaporator into a solar thermal loop, there are two main 
approaches that were considered.  One approach is to attempt to drive an evaporator as 
if it was running off a constant heat source.  This will require additional solar thermal 
power to provide the energy needed to run the system when solar thermal energy isn’t 
collected over night.  This first approach also requires a way of storing solar thermal 
energy, usually with tanks, and additional piping and controls to provide a constant 
source of energy to the system being run by the solar thermal energy.  The evaporator 
should ultimately perform as it was powered by a constant energy source. 

A second approach is to directly link the solar thermal energy loop to the 
evaporator.  This requires no thermal storage tanks, but can have a significant impact on 
the evaporator performance.  The fact that this second approach would be a simpler, 
and less expensive to install, made it the first choice.  Going this route also allows us to 
assess the effects of powering an evaporator with a dynamic thermal energy source. 

Without the need for large thermal storage equipment, the evaporator can be 
integrated into the current solar loop close to the current piping.  This piping has existing 
valves that allow the control and shut off of other components in the loop.  Adding the 
evaporator would require using taps that have already been made, or by tapping the 
loop in a more useful location.  The image below shows the current configuration of the 
solar thermal loop where the evaporator would hook into.  There is a good location on 
the far side of the pump that is close to the loop and is easily accessible. 

 

 

 

 

Figure 16: Solar thermal loop end with pump 

Pipe taps 
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Evaporator Location 

Thermal 
Oil Flow 
Direction 
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 An evaporator needs to be selected that can perform well with 20 kW of thermal 
energy.  Evaporators are usually sized based upon the amount of water that is 
evaporated over time.  The calculation used to estimate the volume of water evaporated 
is mostly defined by the latent and specific heat of water.  Estimating an input 
temperature of 25 C and a boil temperature of 100 C, we can evaluate: 

𝑃 (
1

𝐶𝑃 + 𝑠𝑝Δ𝑇
) = 𝑚̇ 

 

( 10 ) 

 

20 kW ∗
3600 sec

hour
∗ (

1 kg

2257 kJ + 4.2
kJ
𝐾

∗ 75 𝐾
) = 28

kg

hour
 

( 11 ) 

 

 This gives an estimate to help find an appropriate evaporator size.  An 
evaporator from ENCON Evaporators [18] will be focused on, having a rated capacity of 
38 kg per hour.  This specific evaporator was designed to run on 150 ℃ steam, but can 

accept thermal oil as well.  A system having up to double the capacity (~55 kg/hour) 
might not be wasted as the current solar loop will be expanded in the future. 

 To ensure that the system will perform correctly, the temperature needs must 
also be considered.  To find these temperatures, we need to know more about this 
specific evaporator. 
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2.1.1 Evaporator configuration 

The evaporator selected has an insulated brine chamber that can hold about 0.7 
cubic meters of brine.  The heat exchanger consists of 4 plates measuring approximately 
0.50 x 0.35 meters, giving an effective surface area of 1.4 square meters.  The heat 
exchanger is fully submerged in the evaporator’s brine bath.  The inlet and outlet pipes 
for the heat exchanger are 5 cm in diameter.  The evaporator also has an air pump to 
move the steam out of the evaporator and a demister to ensure entrained liquid droplets 
do not escape to the atmosphere. 

 

Figure 17: ENCON 38 kg per hour evaporator 

 

Figure 18: Evaporator configuration 
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2.1.2 Steam Configuration Check 

To estimate the needed temperature of the ENCON evaporator [18], heat 
transfer rates are calculated with steam and mineral oil in the heat exchanger.  These 
calculations ensure that the temperature requirement for thermal oil can be met.  This 
also provides a check to ensure the evaporator can perform as the specification sheet 
indicates.  The specification sheet states that the heat exchanger within the evaporator 
has 4 plates measuring approximately 0.50 x 0.35 meters, giving a total surface area of 
1.4 square meters.  The specification sheet also shows an evaporation rate of 38 kg per 
hour. 

The first check is to estimate the heat exchanger heat transfer coefficient and 
ensure it is a reasonable value.  A few assumptions are made to perform this: a uniform 
wall temperature of 150 ℃ for the heat exchanger walls, an inlet brine temperature of 

25 ℃ into the bath, a temperature of 100 ℃ for the brine, and a brine evaporation rate of 
38 kg per hour.  The total power transferred from the heat exchanger can be found by 
rearranging equation 10 and solving for power: 

38
kg

hour
∗

1 hour

3600 𝑠
∗

2257 kJ + 4.2
kJ
𝐾

∗ 75 𝐾

1 kg
= 27 kW 

( 12 ) 

 

 The heat transfer coefficient can now be found by taking into account the 
temperature difference and the estimated area of the heat exchanger.  We start with this 
heat exchanger equation and solve for the heat transfer coefficient [33]: 

ℎ =
𝑞

𝐴(𝑇 − 𝑇∞)
 

( 13 ) 

 

27 kW

1.42 𝑚2 ∗ (150 − 100)𝐾
= 380

𝑊

𝑚2 𝐾
 

( 14 ) 

 

This heat transfer coefficient of this value is well within the expected value of a 
heat exchanger immersed in boiling water [34].  Finding this value completes the check 
and indicates the evaporator should perform as advertised. 
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2.1.3 Mineral Oil Configuration Check 

 To estimate the energy transfer through a heat exchanger using thermal mineral 
oil [30], the same assumptions cannot be made.  Due to the fluid not undergoing a 
phase change, we can’t assume a constant heat exchanger wall temperature.  It is still 
possible to provide the 28 kW of thermal power, but a higher oil temperature will be 
required. 

 To evaluate the input and output temperature of the mineral oil, equation 13 still 
applies.  The difference is the temperature of the mineral oil drops as it moves through 
the heat exchanger.  The new equation that handles the drop in temperature is along the 
heat exchanger is: 

Δ𝑇

𝐴
=

𝑞

𝑠𝑝 𝑚̇
 

( 15 ) 

 

 Evaluating the equations was done by integration or by breaking down heat 
exchanger into small sections as done in the appendix.  The calculations show the 
temperature of the inlet oil will be about 168 ℃ and an outlet temperature of 136 ℃.  This 
shows that an appropriately sized, non-tracking solar loop will be able to provide the 
thermal energy to run the evaporator as effectively as steam. 

 We can also use the heat exchanger temperatures to find the effectiveness.  The 
effectiveness of a heat exchanger is the amount of thermal energy provided compared 
with the theoretical thermal energy it can provide.  The oil inlet temperature is 169 ℃ and 

the brine bath undergoing a phase change is 100 ℃.  The total energy that can be 
transferred into the brine is: 

𝑄max = 𝑠𝑝 ∙ 𝑚 ∙ Δ𝑇 = 1.67 (
𝑘𝐽

𝑘𝑔 𝐾
) ∙ 0.5 (

𝑘𝑔

𝑠
) ∙ 69(𝐾) = 58 𝑘𝑊 

( 16 ) 

 

 Compared to the actual heat transfer rate of 27 kW for the heat exchanger, the 
effectiveness of the heat exchanger can be found [33]: 

𝜀 =
𝑄

𝑄max
=

27 𝑘𝑊

58 𝑘𝑊
= 0.47 

( 17 ) 
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2.2 Estimated Performance 

 Combined with the current solar loop power of 20 kW, we expect to have lower 
performance than if 27 kW of thermal power was provided.  The assumption is that the 
drop off in performance is approximately linear when providing reduced thermal power.  
This is just a value to check against the simulation, not a final value.  This gives a simple 
evaporation rate estimate: 

38 
kg

hr
∗

20 kW

27 kW
= 28 

kg

hr
 

( 18 ) 

 

 To now find the approximate input temperature, equations 16 from the mineral oil 
configuration check can be used.  Doing so shows that the system should run at an input 
oil temperature of 154 ℃.  This lower temperature is expected, given our heat exchanger 
is dissipating less energy.  Additionally, an increase in performance may be seen from 
the solar loop since it performs more efficiently at lower temperatures. 

 The effectiveness of our heat exchanger at boiling can be estimated to be 0.44, 
shown by evaluating the equation 16 and 17 from above. 

𝑄max = 𝑠𝑝 ∙ 𝑚 ∙ Δ𝑇 = 1.67 (
𝑘𝐽

𝑘𝑔 𝐾
) ∙ 0.5 (

𝑘𝑔

𝑠
) ∙ 54(𝐾) = 45 𝑘𝑊 

( 19 ) 

 

𝜀 =
𝑄

𝑄max
=

20 𝑘𝑊

45 𝑘𝑊
= 0.44 

( 20 ) 

 

 With a capacity of 0.7 cubic meters, it would take about 4 hour to heat up brine 

to 100 ℃, as shown in the following equation: 

𝑡 =
𝑠𝑝 ∙ 𝑉 ∙ 𝜌 ∙ Δ𝑇

𝑄
=

4.2
𝑘𝐽

𝑘𝑔 𝐾
∙ 0.7 𝑚3 ∙ 1000

𝑘𝑔
𝑚3 ∙ 75 𝐾

20
𝑘𝐽
𝑠

= 3.1 ℎ𝑜𝑢𝑟𝑠 
( 21 ) 

 

This does not mean that the evaporator will only be effective for the last few 
hours of the day, but it will evaporate at a slower rate before and after boiling occurs. 
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The achievable concentration of the salt slurry leaving the evaporator is 
dependent on the salts in the incoming brine.  That concentration is usually between a 
TDS of 220,000 ppm and 320,000 ppm, depending on the salt mixture.  The final TDS 
for an installation is usually determined by performing a boil test in a laboratory 
environment. 

In this example we estimate the salt mixture will be farm runoff, estimated by salt 
the spikes in the local river [3]. 

Ion/Anion Molar Percentage 

Sodium 44% 

Chloride 33% 

Calcium 10% 

Sulfate 7% 

Other 6% 

 

 Sodium (Na+) chloride (Cl−) salt makes up the majority of the salts in the water.  

Additionally the calcium (Ca2+) when the salt spikes is near precipitation levels (52  vs 
 70 mg/L), only needing to combine with carbonate ions (CO3

2−) in the brine to precipitate 
out of the solution into calcium carbonate scale (limestone).  In other words, the calcium 
will precipitate out of the brine with only slight increases to salt concentration. 

The evaporator is designed to function until suspended salts solids in the brine 
are present in some quantity.  It is also able to function after small levels of salts, such 
as calcium carbonate, have begun to scale on the surfaces inside the evaporator.  If the 
concentration is too high and other salts begin to precipitate out, excessive scaling can 
occur and rapidly reduce the effectiveness of the evaporator. 
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2.3 Simulation 

To estimate the performance of an evaporator being powered by a solar thermal 
loop, a simulation was developed.  This allowed the testing of ideal scenarios and 
coupled with data from a working solar thermal loop.  The calculation in the previous 
section are used for additional error checking of the simulation.  

2.3.1 Energy Balance 

To handle the energy balance each major energy sources and sinks.  Two 
energy balances are simulated concerning the solar thermal loop oil temperature and the 
evaporator brine temperature.  These are modified to be based on heat transfer rather 
than energy in this simulation.  The oil loop equation and the brine heat transfer 
equations are respectively: 

Δ𝑄oil = 𝑄col − 𝑄env − 𝑄brine 
 

( 22 ) 

 

Δ𝑄brine = 𝑄brine − 𝑄env − 𝑄evap ( 23 ) 

  

For the solar thermal loop oil equation, the solar energy collected is the main 
input and is defined by data or as a constant energy source.  Increasing the heat energy 
in the solar thermal loop increases the oil temperature.  This gives the oil temperature 
difference between the inlet and outlet of the collectors. 

Δ𝑇oil =
𝑄col

𝑠𝑝 oil 𝑚̇oil
 

 

( 24 ) 

 

Energy lost in the loop is the energy lost through the piping of the solar thermal 
oil loop.  This is simplified by creating working constant to simplify the calculation on 
simulation run time.  With an estimate of the oil temperature and ambient temperature, 
the heat transfer lost can be estimated and lowers the temperature of the oil in the loop. 

𝑘pipe 𝐴pipe (𝑇oil − 𝑇env)

𝑑pipe
= 𝑄𝑒𝑛𝑣 

 

( 25 ) 
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The energy transferred to the brine is the thermal energy that transfers from the 
oil through the heat exchanger walls in the evaporator.  This is driven by the temperature 
difference between the oil and the brine. 
 

ℎ =
𝑘

𝑑
= 𝐶, ℎHX 0 𝐴HX (𝑇oil − 𝑇brine) = 𝑄brine 

( 26 ) 

 

To account for scale formation on the heat exchanger, the heat exchanger 
conductivity can be altered to include the effect of the scale.  Using the theory of thermal 
resistances being additive, we find the thermal resistances of the heat exchanger without 
scale and the resistance of the scale itself. 

 

𝐶 =
1

𝑅
              𝑅HX = 𝑅HX 0 + 𝑅scale 

( 27 ) 

 

𝑅HX 0 =
Δ𝑇

𝑞
=

𝐴HX Δ𝑇

𝑄brine
=

1

ℎHX 0
 

( 28 ) 

 

𝑅scale =
𝑑scale

𝑘scale
=

1

ℎscale
 

( 29 ) 

 

Solving equation 23 starts with the heat transferred to the brine in equation 26.  
Much like equation 25, the heat loss through the walls is calculated based upon the 
temperature of the brine inside the evaporator and the ambient temperature. 

𝑘ins 𝐴ins (𝑇brine − 𝑇env)

𝑑ins
= 𝑄env 

( 30 ) 
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The brine evaporation heat transfer is calculated based upon common 
evaporation rate data.  This data correlates the evaporation rate per area with the 
surface temperature of the brine [35].  In the presence of high salt concentrations, the 
boiling temperature increases slightly, which is taken into account in the simulation. 

 

Figure 19: Evaporation rate vs. surface temperature 

 

Once the brine is above boiling, the heat transfer equation changes from being 
based upon the surface area of the brine to being based upon the surface area of the 
heat exchanger.  The jump in heat transfer is substantial enough that the brine 
effectively does not increase above its boiling temperature. 

With equation 22 and 23 solved, the power gained by each is used to increase 
the starting temperature of the next simulation cycle.  To compensate for new brine 
entering the evaporator, the final temperature is reduced using equation 33.  This 
completes the energy balance equations.  

𝑇oil 𝑛+1 = 𝑇oil 𝑛 +
Δ𝑄oil Δ𝑡

𝑠𝑝 oil 𝑚oil
 

 

( 31 ) 

 

𝑇brine = 𝑇brine 𝑛 +
Δ𝑄brine Δ𝑡

𝑠𝑝 brine 𝑚brine
 

 

( 32 ) 

 

𝑇brine 𝑛+1 =
𝑇brine 𝑚brine + 𝑇brine inc 𝑚brine inc

𝑚brine + 𝑚brine amb
  

( 33 ) 
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2.3.2 Mass Balance of Brine 

The water evaporated is resupplied continuously by the same brine that was 
initially in the evaporator, keeping the brine mass inside the evaporator constant. 

0 = 𝑚brine inc − 𝑚water evap ( 34 ) 

 

2.3.3 Mass Balance of Salt 

The salt continues to accumulate in the evaporator, which increases slowly over 
the course of weeks. 

𝑚salt = 𝑚salt 𝑛 + 𝑚salt inc ( 35 ) 

 

This simple salt mass equation is complicated by the fact that a low solubility salt 
is present, being Calcium Carbonate (CaCO3).  To deal with this, it is assumed that any 
new calcium that is added will turn into calcium carbonate scale and be deposited evenly 
on all surfaces in contact with the brine. 

𝑚salt 𝑛+1 = 𝑚salt 𝑛 + 𝑚salt inc − 𝑚calc inc ( 36 ) 

 

𝑑𝐶𝑎𝐶𝑂3
=

𝑚𝐶𝑎𝐶𝑂3

𝜌𝐶𝑎𝐶𝑂3
 𝐴wall brine

 ( 37 ) 
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2.3.4 Results 

The simulation inputs consist of 2 example (ideal) data sets and 4 data sets 
based upon actual performance data of the UC Solar thermal loop.  This gives a range 
of information that helps validate the simulation and some expected performance metrics 
from this evaporator connected to the current solar thermal loop at UC Solar. 

The first simulation with test data is to find the overall performance of the system 
at its factory rated output of 38 𝑘𝑔/ℎ𝑟 of water mass evaporation [18].  According to the 
simulation it takes around 3 hours to warm up the evaporator. 

It appears that 29 kW thermal energy is needed to provide the 27 kW to the 
evaporator.  Some of this 27 kW is used to heat up and boil the brine, while some is lost 
through the evaporator walls. 

It is interesting to note the performance changes when the brine begins to boil in 
the evaporator.  While boiling, as much as 24 kW is being used to boil the water, giving a 
short-term efficiency of 89%. 

ε =
𝑄HX

𝑄evap
, 89% =

24 kW

27 kW
 

( 38 ) 

 

Additionally the evaporation rate more than doubles from a maximum of 

16 𝑘𝑔/ℎ𝑟 to a steady 38 𝑘𝑔/ℎ𝑟 when boiling occurs. 

It is also important to note that the brine continues to evaporate well after the 
system has cooled down, at a significantly reduced rate.  The overall evaporator 
efficiency for the 16 hours is around 67%.  The reduced efficiency is mostly due to the 
evaporator continuing to lose energy to the environment while the brine evaporates at a 
much slower rate when not boiling. 

 

Figure 20:  Simulation performance with constant thermal power over 8 hours 
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 For the second simulation with example data, a more realistic sinusoidal curve 
was placed on the thermal input to better represent a solar thermal power profile.  In this 
case it takes over 4 ½ hours to begin boiling.  Additionally, boiling is only achieved for 2 
hours. 

 The overall efficiency seen in this simulation is 57% over a 16 hour period.  This 
additional drop in performance is mostly due to the short amount of time that the brine is 
boiling as comparison to the first simulation (Figure 20). 

 

Figure 21:  Simulation performance with sinusoidal thermal power curve over 8 hours 

 The remaining 4 simulations use data gathered from the UC Solar non-tracking 

thermal collector array.  This collector array is undersized for this evaporator, but does 

provide an effective amount of energy to run the evaporator.  None of these simulations 

indicated that the evaporator would have started boiling the brine. 

 There are a couple other interesting things to note in these simulations.  The 

warm up time for the thermal loops would not be so apparent when connected to an 

evaporator.  This dip in the thermal power at the beginning of the day is caused by no 

load being applied to the thermal loop, while an evaporator would be able to make use of 

low thermal power and would apply a thermal load during warm up. 

 Another interesting thing to note is the ability of the system to continue to perform 

on a cloudy day (Figure 24).  This is mostly due to the non-tracking solar collector being 

able to collect indirect solar thermal energy in adverse weather. 

 The efficiency of the evaporators in these simulations are between 51% and 

47%. 
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Figure 22: Simulation performance with solar thermal data (1/4) 

 

 

Figure 23: Simulation performance with solar thermal data (2/4) 
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Figure 24: Simulation performance with solar thermal data (3/4) 

 

 

Figure 25:  Simulation performance with solar thermal data (4/4) 
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3 Conclusion 

 According to the sinusoidal ideal data simulation (Figure 21) and utilizing 

equations 26 through 28, it would take about 370 days to reduce the heat transfer 

coefficient of the heat exchanger by 10%.  Therefore as long as the evaporator is run 

correctly and this is an acceptable loss in performance, it should only need cleaning 

once a year or less. 

   The simulations show how important it is to correctly size the collector array to 

the evaporator component.  It is still possible to test an oversized evaporator with an 

existing solar array, but a noticeable decrease in performance should be expected if the 

brine is never able to reach boiling temperatures. 

 From this information, future studies including evaporator systems integrated into 

the UC Solar infrastructure should include analysis of thermal storage.  A way of keeping 

the evaporator running when the solar thermal energy is not collected could increase the 

efficiency and total evaporation mass significantly. 

Overall solar thermal collectors can be used with evaporation technologies.  

Configuring an evaporator directly with a solar thermal loop is possible, but efficiency 

losses should be expected.  This efficiency drop can be attributed to the limited hours of 

thermal energy available in such a configuration, not to any inherent limitation of solar 

thermal technologies.  
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4 Nomenclature 

Following the definition of each variable, generalized units are given in terms of 
length (L), mass (M), time (t), and temperature (T). 

 𝐴 = area,  𝐿2 

 𝐶 = thermal conductivity,  𝑀/𝑡3𝑇 

 𝐶𝑝 = latent heat capacity at constant pressure,  𝑀𝐿2/𝑡2 

 𝑑 = thickness,  𝐿 

 ℎ = heat transfer coefficient,  𝑀/𝑡3𝑇 

 𝑘 = thermal conductivity,  𝑀𝐿/𝑡3𝑇 

 𝑀 = molarity,  mol/𝑀 

 𝑚 = mass,  𝑀 

 𝑚̇ = mass flow rate,  𝑀/𝑡 

 𝑃 = Power,  𝑀𝐿2/𝑡3 

 𝑄 = rate of heat flow across an area,  𝑀𝐿2/𝑡3 

 𝑞 = heat flux,  𝑀/𝑡3 

 𝑅 = gas constant, 𝑀𝐿2/𝑡2𝑇 mole 

 𝑅 = thermal resistance,  𝑡3𝑇/𝑀 

 𝑠𝑝 = specific heat capacity at constant pressure,  𝑀𝐿2/𝑡2𝑇 

 𝑇 = temperature,  𝑇 

 𝑡 = time,  𝑡 

 𝜌 = density,  𝑀/𝐿3 

 Π = osmotic pressure, 𝑀/𝐿𝑡2 
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Appendix 

 

Figure 26: Evaporator Heat Exchanger Breakdown Configured with Steam and Thermal Oil 
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Figure 27: Simulation clip, right 
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Figure 28: Simulation clip, center 

h
e

at
 lo

ss
 f

ro
m

 w
at

e
r 

d
u

e
 t

o
 e

va
p

o
ra

ti
o

n
 (

h
tt

p
:/

/w
w

w
.e

n
gi

n
e

e
ri

n
gt

o
o

lb
o

x.
co

m
/h

e
at

-l
o

ss
-o

p
e

n
-w

at
e

r-
ta

n
ks

-d
_2

86
.h

tm
l)

gu
e

ss
e

s
sp

li
ce

d

0
0

0
0

27
0.

03
32

.2
22

0.
02

51
2

47
0.

3
37

.7
78

0.
05

02
4

65
0.

75
43

.3
34

0.
07

53
6

78
1.

5
48

.8
9

0.
11

30
4

86
2.

25
54

.4
46

0.
15

07
2

92
.5

3
60

.0
02

0.
20

72
4

10
0

4
65

.5
58

0.
27

00
4

12
0

6
71

.1
14

0.
34

54

76
.6

7
0.

43
33

2

82
.2

26
0.

54
63

6

sp
li

ce
d

87
.7

82
0.

67
82

4

0
0

93
.3

38
0.

84
15

2

27
0.

01
98

.8
94

1.
01

73
6

T 
( 

F 
)

T 
( 

C
 )

Ev
ap

 (
B

tu
 /

 f
t2

 h
r)

Ev
ap

 (
W

 /
 c

m
2)

47
0.

1
10

5
1.

3

0
0

65
0.

25

90
32

.2
22

80
0.

02
51

2
78

0.
5

10
0

37
.7

78
16

0
0.

05
02

4
86

0.
75

11
0

43
.3

34
24

0
0.

07
53

6
92

.5
1

12
0

48
.8

9
36

0
0.

11
30

4
10

0
4

13
0

54
.4

46
48

0
0.

15
07

2
12

0
6

14
0

60
.0

02
66

0
0.

20
72

4

15
0

65
.5

58
86

0
0.

27
00

4

16
0

71
.1

14
11

00
0.

34
54

17
0

76
.6

7
13

80
0.

43
33

2

18
0

82
.2

26
17

40
0.

54
63

6

19
0

87
.7

82
21

60
0.

67
82

4

20
0

93
.3

38
26

80
0.

84
15

2

21
0

98
.8

94
32

40
1.

01
73

6

H
X

 0
H

X
 1

H
X

 2
H

X
 3

H
X

 4
H

X
 5

H
X

 6
H

X
 7

H
X

 8
H

X
 9

H
X

 T
o

ta
l

H
X

 O
il

 T
h

e
at

 x
 (

W
)H

X
 O

il
 T

h
e

at
 x

 (
W

)H
X

 O
il

 T
h

e
at

 x
 (

W
)H

X
 O

il
 T

h
e

at
 x

 (
W

)H
X

 O
il

 T
h

e
at

 x
 (

W
)H

X
 O

il
 T

h
e

at
 x

 (
W

)H
X

 O
il

 T
h

e
at

 x
 (

W
)H

X
 O

il
 T

h
e

at
 x

 (
W

)H
X

 O
il

 T
h

e
at

 x
 (

W
)H

X
 O

il
 T

h
e

at
 x

 (
W

)H
X

 O
il

 T
h

e
at

 x
 (

W
)h

e
at

 x
 h

 (
W

 /
 c

m
2)

h
e

at
 x

 (
J)

W
at

 T
 b

e

25
0

25
0

25
0

25
0

25
0

25
0

25
0

25
0

25
0

25
0

25
0

0
0

25

25
0.

92
71

11
24

.9
98

89
0.

86
70

08
24

.9
97

85
0.

81
08

01
24

.9
96

88
0.

75
82

39
24

.9
95

97
0.

70
90

83
24

.9
95

12
0.

66
31

15
24

.9
94

33
0.

62
01

26
24

.9
93

59
0.

57
99

25
24

.9
92

89
0.

54
23

29
24

.9
92

24
0.

50
71

71
24

.9
91

63
6.

98
49

09
0.

00
04

9
20

95
.4

73
24

.9
83

59

24
.9

93
88

1.
48

19
78

24
.9

92
11

1.
38

59
05

24
.9

90
45

1.
29

60
59

24
.9

88
9

1.
21

20
38

24
.9

87
45

1.
13

34
64

24
.9

86
09

1.
05

99
83

24
.9

84
82

0.
99

12
67

24
.9

83
63

0.
92

70
05

24
.9

82
52

0.
86

69
09

24
.9

81
48

0.
81

07
09

24
.9

80
51

11
.1

65
32

0.
00

07
84

33
49

.5
95

24
.9

67
66

24
.9

84
22

1.
81

94
88

24
.9

82
05

1.
70

15
34

24
.9

80
01

1.
59

12
27

24
.9

78
1

1.
48

80
7

24
.9

76
32

1.
39

16
01

24
.9

74
65

1.
30

13
87

24
.9

73
1

1.
21

70
2

24
.9

71
64

1.
13

81
23

24
.9

70
27

1.
06

43
41

24
.9

69
0.

99
53

41
24

.9
67

81
13

.7
08

13
0.

00
09

62
41

12
.4

39
24

.9
52

02

24
.9

72
52

2.
03

00
55

24
.9

70
09

1.
89

84
5

24
.9

67
82

1.
77

53
77

24
.9

65
69

1.
66

02
83

24
.9

63
7

1.
55

26
5

24
.9

61
84

1.
45

19
94

24
.9

60
1

1.
35

78
64

24
.9

58
48

1.
26

98
36

24
.9

56
96

1.
18

75
15

24
.9

55
54

1.
11

05
31

24
.9

54
21

15
.2

94
56

0.
00

10
74

45
88

.3
67

24
.9

36
59

24
.9

59
65

2.
16

64
61

24
.9

57
06

2.
02

60
13

24
.9

54
63

1.
89

46
71

24
.9

52
36

1.
77

18
43

24
.9

50
24

1.
65

69
78

24
.9

48
26

1.
54

95
59

24
.9

46
4

1.
44

91
04

24
.9

44
66

1.
35

51
61

24
.9

43
04

1.
26

73
09

24
.9

41
52

1.
18

51
51

24
.9

40
1

16
.3

22
25

0.
00

11
46

48
96

.6
75

24
.9

21
31

24
.9

46
13

2.
25

95
18

24
.9

43
42

2.
11

30
38

24
.9

40
89

1.
97

60
54

24
.9

38
52

1.
84

79
5

24
.9

36
31

1.
72

81
51

24
.9

34
24

1.
61

61
18

24
.9

32
3

1.
51

13
48

24
.9

30
49

1.
41

33
7

24
.9

28
8

1.
32

17
44

24
.9

27
22

1.
23

60
58

24
.9

25
74

17
.0

23
35

0.
00

11
95

51
07

.0
04

24
.9

06
13

24
.9

32
24

2.
32

72
14

24
.9

29
45

2.
17

63
45

24
.9

26
85

2.
03

52
56

24
.9

24
41

1.
90

33
15

24
.9

22
13

1.
77

99
26

24
.9

2
1.

66
45

37
24

.9
18

01
1.

55
66

28
24

.9
16

14
1.

45
57

15
24

.9
14

4
1.

36
13

44
24

.9
12

77
1.

27
30

9
24

.9
11

24
17

.5
33

37
0.

00
12

31
52

60
.0

11
24

.8
91

05

24
.9

18
17

2.
38

00
48

24
.9

15
32

2.
22

57
54

24
.9

12
66

2.
08

14
62

24
.9

10
17

1.
94

65
25

24
.9

07
83

1.
82

03
35

24
.9

05
65

1.
70

23
26

24
.9

03
62

1.
59

19
68

24
.9

01
71

1.
48

87
63

24
.8

99
93

1.
39

22
5

24
.8

98
26

1.
30

19
93

24
.8

96
7

17
.9

31
42

0.
00

12
59

53
79

.4
27

24
.8

76
05

24
.9

04
02

2.
42

41
5

24
.9

01
12

2.
26

69
97

24
.8

98
41

2.
12

00
32

24
.8

95
87

1.
98

25
94

24
.8

93
49

1.
85

40
66

24
.8

91
27

1.
73

38
71

24
.8

89
2

1.
62

14
67

24
.8

87
25

1.
51

63
5

24
.8

85
44

1.
41

80
48

24
.8

83
74

1.
32

61
19

24
.8

82
15

18
.2

63
69

0.
00

12
82

54
79

.1
08

24
.8

61
12

24
.8

89
85

2.
46

30
99

24
.8

86
9

2.
30

34
21

24
.8

84
14

2.
15

40
95

24
.8

81
56

2.
01

44
49

24
.8

79
15

1.
88

38
56

24
.8

76
89

1.
76

17
29

24
.8

74
79

1.
64

75
19

24
.8

72
81

1.
54

07
14

24
.8

70
97

1.
44

08
32

24
.8

69
24

1.
34

74
26

24
.8

67
63

18
.5

57
14

0.
00

13
03

55
67

.1
42

24
.8

46
26

24
.8

75
69

2.
49

89
85

24
.8

72
7

2.
33

69
81

24
.8

69
9

2.
18

54
79

24
.8

67
28

2.
04

37
98

24
.8

64
83

1.
91

13
03

24
.8

62
55

1.
78

73
96

24
.8

60
4

1.
67

15
23

24
.8

58
4

1.
56

31
61

24
.8

56
53

1.
46

18
24

24
.8

54
78

1.
36

70
57

24
.8

53
14

18
.8

27
51

0.
00

13
22

56
48

.2
52

24
.8

31
46

24
.8

61
56

2.
53

30
27

24
.8

58
53

2.
36

88
16

24
.8

55
69

2.
21

52
5

24
.8

53
04

2.
07

16
39

24
.8

50
56

1.
93

73
39

24
.8

48
24

1.
81

17
45

24
.8

46
07

1.
69

42
93

24
.8

44
04

1.
58

44
55

24
.8

42
14

1.
48

17
38

24
.8

40
37

1.
38

56
8

24
.8

38
71

19
.0

83
98

0.
00

13
4

57
25

.1
95

24
.8

16
73

24
.8

47
47

2.
56

59
38

24
.8

44
4

2.
39

95
93

24
.8

41
53

2.
24

40
32

24
.8

38
84

2.
09

85
56

24
.8

36
33

1.
96

25
1

24
.8

33
98

1.
83

52
84

24
.8

31
78

1.
71

63
06

24
.8

29
72

1.
60

50
41

24
.8

27
8

1.
50

09
9

24
.8

26
1.

40
36

83
24

.8
24

32
19

.3
31

93
0.

00
13

57
57

99
.5

8
24

.8
02

06

24
.8

33
44

2.
59

81
33

24
.8

30
33

2.
42

97
01

24
.8

27
42

2.
27

21
88

24
.8

24
7

2.
12

48
87

24
.8

22
15

1.
98

71
34

24
.8

19
77

1.
85

83
12

24
.8

17
55

1.
73

78
41

24
.8

15
46

1.
62

51
8

24
.8

13
52

1.
51

98
23

24
.8

11
7

1.
42

12
96

24
.8

1
19

.5
74

5
0.

00
13

74
58

72
.3

49
24

.7
87

45

24
.8

19
45

2.
62

98
56

24
.8

16
31

2.
45

93
68

24
.8

13
36

2.
29

99
32

24
.8

10
61

2.
15

08
32

24
.8

08
03

2.
01

13
97

24
.8

05
62

1.
88

10
02

24
.8

03
37

1.
75

90
6

24
.8

01
26

1.
64

50
24

24
.7

99
29

1.
53

83
8

24
.7

97
45

1.
43

86
5

24
.7

95
73

19
.8

13
5

0.
00

13
91

59
44

.0
5

24
.7

72
91

24
.8

05
53

2.
66

12
5

24
.8

02
34

2.
48

87
26

24
.7

99
36

2.
32

73
87

24
.7

96
57

2.
17

65
07

24
.7

93
97

2.
03

54
08

24
.7

91
53

1.
90

34
56

24
.7

89
25

1.
78

00
59

24
.7

87
12

1.
66

46
61

24
.7

85
12

1.
55

67
44

24
.7

83
26

1.
45

58
23

24
.7

81
52

20
.0

50
02

0.
00

14
07

60
15

.0
06

24
.7

58
43

24
.7

91
66

2.
69

23
96

24
.7

88
43

2.
51

78
53

24
.7

85
42

2.
35

46
26

24
.7

82
6

2.
20

19
8

24
.7

79
96

2.
05

92
3

24
.7

77
49

1.
92

57
34

24
.7

75
19

1.
80

08
92

24
.7

73
03

1.
68

41
44

24
.7

71
01

1.
57

49
64

24
.7

69
13

1.
47

28
62

24
.7

67
36

20
.2

84
68

0.
00

14
24

60
85

.4
04

24
.7

44

24
.7

77
84

2.
72

33
45

24
.7

74
58

2.
54

67
95

24
.7

71
53

2.
38

16
91

24
.7

68
68

2.
22

72
91

24
.7

66
01

2.
08

29
24

.7
63

52
1.

94
78

7
24

.7
61

18
1.

82
15

93
24

.7
59

1.
70

35
03

24
.7

56
96

1.
59

30
68

24
.7

55
05

1.
48

97
92

24
.7

53
27

20
.5

17
85

0.
00

14
4

61
55

.3
54

24
.7

29
64

24
.7

64
09

2.
75

41
24

24
.7

60
79

2.
57

55
79

24
.7

57
7

2.
40

86
09

24
.7

54
82

2.
25

24
64

24
.7

52
12

2.
10

64
41

24
.7

49
6

1.
96

98
84

24
.7

47
24

1.
84

21
81

24
.7

45
03

1.
72

27
55

24
.7

42
97

1.
61

10
73

24
.7

41
04

1.
50

66
3

24
.7

39
24

20
.7

49
74

0.
00

14
57

62
24

.9
22

24
.7

15
34

24
.7

50
39

2.
78

47
51

24
.7

47
05

2.
60

42
21

24
.7

43
93

2.
43

53
94

24
.7

41
02

2.
27

75
12

24
.7

38
29

2.
12

98
65

24
.7

35
74

1.
99

17
9

24
.7

33
35

1.
86

26
66

24
.7

31
12

1.
74

19
13

24
.7

29
04

1.
62

89
88

24
.7

27
09

1.
52

33
84

24
.7

25
26

20
.9

80
48

0.
00

14
73

62
94

.1
45

24
.7

01
1

24
.7

36
75

2.
81

52
35

24
.7

33
37

2.
63

27
29

24
.7

30
22

2.
46

20
54

24
.7

27
27

2.
30

24
44

24
.7

24
52

2.
15

31
81

24
.7

21
94

2.
01

35
94

24
.7

19
53

1.
88

30
57

24
.7

17
27

1.
76

09
82

24
.7

15
16

1.
64

68
21

24
.7

13
19

1.
54

00
61

24
.7

11
34

21
.2

10
16

0.
00

14
89

63
63

.0
48

24
.6

86
92

24
.7

23
16

2.
84

55
84

24
.7

19
75

2.
66

11
1

24
.7

16
57

2.
48

85
96

24
.7

13
59

2.
32

72
65

24
.7

10
8

2.
17

63
93

24
.7

08
19

2.
03

53
01

24
.7

05
76

1.
90

33
57

24
.7

03
48

1.
77

99
66

24
.7

01
34

1.
66

45
74

24
.6

99
35

1.
55

66
63

24
.6

97
49

21
.4

38
81

0.
00

15
05

64
31

.6
43

24
.6

72
8

24
.7

09
64

2.
87

58
01

24
.7

06
19

2.
68

93
68

24
.7

02
97

2.
51

50
21

24
.6

99
96

2.
35

19
78

24
.6

97
14

2.
19

95
03

24
.6

94
51

2.
05

69
14

24
.6

92
04

1.
92

35
68

24
.6

89
74

1.
79

88
67

24
.6

87
59

1.
68

22
5

24
.6

85
57

1.
57

31
93

24
.6

83
69

21
.6

66
46

0.
00

15
21

64
99

.9
39

24
.6

58
74

24
.6

96
17

2.
90

58
87

24
.6

92
68

2.
71

75
04

24
.6

89
43

2.
54

13
34

24
.6

86
39

2.
37

65
84

24
.6

83
54

2.
22

25
15

24
.6

80
88

2.
07

84
33

24
.6

78
39

1.
94

36
93

24
.6

76
06

1.
81

76
87

24
.6

73
89

1.
69

98
5

24
.6

71
85

1.
58

96
52

24
.6

69
95

21
.8

93
14

0.
00

15
37

65
67

.9
41

24
.6

44
73

24
.6

82
75

2.
93

58
46

24
.6

79
24

2.
74

55
21

24
.6

75
95

2.
56

75
34

24
.6

72
87

2.
40

10
86

24
.6

7
2.

24
54

28
24

.6
67

31
2.

09
98

61
24

.6
64

79
1.

96
37

31
24

.6
62

44
1.

83
64

27
24

.6
60

24
1.

71
73

75
24

.6
58

19
1.

60
60

4
24

.6
56

26
22

.1
18

85
0.

00
15

53
66

35
.6

55
24

.6
30

79

0
2

0
4

0
6

0
8

0
1

0
0

1
2

0

Te
m

p
er

a
tu

re
 (

 C
 )

Ev
ap

o
ra

ti
o

n
 R

at
e 

(W
 /

 c
m

2
)

05

1
0

1
5

2
0

2
5303540 12

:0
0

 A
M

2:
00

 A
M

4
:0

0
 A

M
6:

00
 A

M
8:

00
 A

M
1

0
:0

0
 A

M

Evaporation Rate

Ev
ap

o
ra

ti
o

n
 R

at
e 

In
 A

n
 E

va
p

o
ra

to
r 

P
o

w
er

ed
 B

y 
So

la
r 

Th
er

m
al

 E
n

er
gy



45 
 

 
 

 

Figure 29: Simulation clip, left 
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