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Sammanfattning  
Detta examensarbete är utfört på institutionen för Maskinkonstruktion på KTH, Kungliga 
Tekniska Högskolan. Examensarbetet är en del av ett globalt utvecklingsprojekt i samarbete med 
Luleå Tekniska Universitet, Lund Tekniska Högskola och Stanford University. Företagspartner 
och delvis finansiär har varit Immerse Global Inc. Projektet är dessutom finansierat av PIEp, 
Product Innovation Engineering program. Detta examensarbete innefattar delar av författarnas 
bidrag till projektet. Bristen på rent dricksvatten är en av de största problem som mänskligheten 
står inför idag.  Vattnet i många länder är av låg kvalitet vilket har bidragit till en stor efterfrågan 
på flaskvatten där de ekonomiska förutsättningarna gör det möjligt. I mindre utvecklade länder 
där samma möjligheter inte finns har vattenbristen lett till otaligt många dödsfall. Den stora 
konsumtionen av flaskvatten har dessutom haft en stor negativ påverkan på miljön. Många 
ansträngningar har gjorts för att utveckla en teknologi som syftar till att lösa den rådande 
vattenkrisen. I synnerhet en kategori produkter har varit intressanta för detta projekt. Dessa är så 
kallade Atmosfäriska Vatten Generatorer, vilka avser att utnyttja den naturliga åtkomsten av 
vattenånga i luften för att producera rent dricksvatten. Tyvärr har dessa ansträngningar att 
producera en fungerande och pålitlig produkt varit mindre lyckade. 

Syftet med detta projekt har varit att utveckla en innovativ produkt som kan producera rent 
dricksvatten genom att utnyttja den naturliga fukten i luften. Detta examensarbete är en teknisk 
undersökning och jämförelse mellan de två mest tänkbara teknologierna. Dessa är utnyttjandet av 
en kompressordriven kylcykel och en flytande absorptionscykel. Förhoppningen är att detta 
arbete skall visa på den mest lämpliga metoden för denna tillämpning och användas som 
underlag vid valet av denna. 

Teoretiska undersökningar och analyser i kombination med praktiska experiment och 
prototypbyggen har lagt grunden för denna omfattande jämförelse. Denna teknologi kom sedan 
att tillämpas i en slutlig prototyp som byggdes på Stanford University. Den resultatbaserade 
analysen gav starka indikationer rörande tillämpbarheten hos de olika teknologierna. Den 
huvudsakliga slutsatsen som kunde dras ur dessa var att en flytande absorptionscykel baserat på 
flytande litiumklorid är det mest passande alternativet för denna tillämpning. Detta beror främst 
på de hårda krav som uttryckts gällande teknikens prestationsförmåga vid låga luftfuktigheter. 
Den kompressordrivna kylcykeln som är den mest använda och beprövade tekniken kan på grund 
av sin knappa prestation vid låga luftfuktigheter utnyttjas för denna tillämpning. Om man istället 
utgår från andra driftförhållanden där luftfuktigheten ständigt ligger på en nivå högre än ca 40 % 
kan användandet av den kompressordrivna kylcykeln motiveras. 
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Abstract 
This master thesis has been performed at the department of Machine Design at KTH, The Royal 
Institute of Technology. The thesis has been a part of a global development project in 
collaboration with Luleå University of Technology, Lund Faculty of Engineering and Stanford 
University. Corporate liaison and sponsor has been Immerse Global Inc. The project was also 
performed on sponsorship from the Product Innovation Engineering Program, PIEp. The thesis is 
a representation of some of the contributions made by the authors. 

The lack of clean drinking water is one of the key issues facing the world today. The water in 
many countries is of poor quality creating a big demand for bottled water where the economic 
means are available. For underdeveloped countries this has led to the death of millions while it in 
the industrialized world has meant a big increase in consumption of bottled water which has had 
a big negative effect on the environment. There have been some efforts in trying to develop an 
applicable technology as a solution to the water problem. One line of products in particular has 
been influential for this project. These products are known as atmospheric water generators and 
are trying to utilize the natural occurrence of water vapor in air in order to produce clean 
drinking water. Unfortunately the efforts in producing a working, reliable product have been 
unsuccessful. 

The objective of this project has been to develop an innovative product that can produce clean 
drinking water in a consistent way utilizing the moist in the air. This master thesis is a technical 
investigation and comparison between the main technologies available. The purpose of this 
thesis is to present the most suitable technology for this application. Theoretical investigations 
and analysis in combination with practical experiments and prototypes have laid the foundation 
for an extensive comparison between the two most suitable technologies. The first of these two 
technologies is the vapor compression cycle. The second is a Lithium Chloride based desiccant 
cycle. Analysis based on the results attained gave strong indications concerning the application 
of the two technologies. The main conclusion that could be drawn from these was that the 
Lithium Chloride system is the most suitable system for the application of this project due to the 
strict requirements concerning the relative humidity levels in which the product needs to operate. 
The vapor compression cycle, the more tested and reliable one of the two is because of its poor 
performance at low humidity levels less suitable for the application of this project. As these 
requirements state demanded operation in arid environments the choice was fairly simple. 
Assuming that the product will be used in other environments where the humidity level is higher, 
over approximately 40% the vapor compression cycle is to be considered as the most suitable 
solution. 
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1. Introduction 
This Master Thesis describes the development of an Atmosperic Water Generator (AWG). 
The AWG is developed in a project that is part of ME310, a course in mechanical 
engineering held by Stanford University. In the course each project has global partners, 
students from a foreign university, and the development is a collaboration from different 
countries. 

The corporate sponsor for the project is Immerse Global Inc, a company located in New 
York. Immerse Global Inc. will be referd to as the corporate liaison for the remaining extent 
of the report. The project was also sponsored by PIEp. 

1.1 Purpose 

This thesis is a part of the development of an AWG, for this purpose the project group will 
initially investigate the suitability of the vapor compression cycle, where the extraction will 
be obtained on the evaporator. An AWG is a device that generates clean drinking water by 
utilizing the natural presence of water vapor in the air. This thesis will hopefully result in 
information that will be used as a basic data for decision-making. Since most of the 
evaporators on the market today are designed merely to cool the air passing through them, 
much effort will be made to design an evaporator that not only lower the temperature but also 
condensate some of the water vapor included in the air and to collect the condensed water if 
this technology is assessed to be liable. 

There can also be other technologies that can be more suitable for this application. The main 
purpose is to investigate which technology is the most suitable one in order to extract water. 
Other possible solutions for this problem will be presented, explained and discussed. The 
purpose is to find and develop a technology applicable for water extraction. 

1.2 Problem 

There are several technically comparable product categories available on the market today. 
These products all have different purposes and applications but they are all based on the 
vapor compression cooling cycle. This technology is commonly used and its performance 
proved.  Although the technology is used in a wide variety on products the application of 
atmospheric water generation is relatively unexamined. The main problem facing this project 
is to decide how and wheter it is possible to apply this old technology with the limitations 
that it owns for a purpose that is outside the normal area of usage. If the technology proves to 
be inadequate other alternatives are to be investigated. The focus will lie on the actual 
extraction. The extraction process will be discussed in detail and in a way that allows the 
reader to recreate the theoretical and practical results produced by the project group and 
obtaining the same results. Main subproblems that can be derived to the extraction process 
include issues such as energy consumption, water production capacity and safety. 

The project group has also decided to investigate other alternative technologies in order too 
find one more suitable for this purpose if the vapor compression cycle proves to be 
inadequate. The focus lies hence in the extraction not in a specific technology. 

The main objective of this project is to create a product that is able to produce safe and clean 
drinking water while only consuming air and energy. The problem of this thesis concerns the 
nature, thechnology and process of the actual extraction. This report will try to answer how 
the actual extraction will be performed, what technolgy will be used and why.  
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1.2.1 Requirements 

In order to quantify the purpose and goals of the project a number of requirements were 
stated by the corporate liaison. The table below illustrates the requirements stated together 
with their level of criticality and measure. Table 1 below presents these requirements. 

Description (Functional Requirement) Critical/ Non 
Critical Measure 

Should operate at low RH values. Rationale: Target 
market has low RH values Critical  30 % RH1

Should operate even at extreme temperatures. Rationale: 
Target markets may have extreme temperatures Critical 20 - 40 °C 

Should consume power of the order of an avg. household 
appliance. Rationale: Should not be too expensive to 
operate 

Critical <1000 W 

Should produce enough water for an average household. 
Rationale: Is designed to fulfill the requirements of an 
avg. household 

Critical 20 liters 

Should be powered by alternative sources of energy. 
Rationale: To target the entire world as a potential market Non-Critical 

Using power 
other than 
electricity 

Should be a new design. 
Rationale: Present technology unable to produce water at 
the desired conditions 

Non-Critical 

Using 
something more 
than just Vapor 
Compression 
Cycle daily 

Should filter and add minerals to the water. Rationale: The 
produced water should be pure and great tasting Critical 

At least one 
filter and 
mineral adder 

Table 1. Requirements from the liaison. 

 

 

                                                 

1  Relative Humidity 
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1.2.2 Constraints 

Analogous with the table presented for the requirements the table below describes the nature 
of constrains stated by the corporate liaisons. Table 2 below presents these constraints. 

Description (Functional Constraint) Critical/ Non 
Critical Measure 

Should use air to draw moisture. Rationale: 
Under the category of AWGs Non-Critical 

No input of water to 
the machine is 
needed 

Should generate water within a defined water 
temperature range. Rationale: To quench the 
thirst of the user 

Critical 5 - 20 °C 

Quality of the water produced should conform 
to EPA rules. Rationale: To ensure good quality 
drinking water 

Critical TDS2 < 500 ppm 
pH ~8 

Should be safe to operate. Rationale: Has a 
human interaction Critical 

No 
hazardous/harmful 
elements or parts 

Should operate with a low sound level. Rational: 
The user should not be disturbed by product 
noise 

Non-Critical < 50 dB 

Should have minimum production costs. 
Rational: Should not be too expensive to buy Non-Critical < $1200 

2Table 2. Constraints from the liaison. 

1.3 Delimitation  

Because this thesis is a part of a development project handling a substantial amount of 
information concerning various technological and non technological topics deliminations 
have been made in order to uphold the relevancy of the report. The most crucial being that 
this report only touches one function (the main one) in the product, the extraction of water. 
All other functions related to the product will be ignored.  During the project several 
technical concepts have been presented and pursued to different extends but  due to 

                                                 

2 Total Dissolved Solids (often abbreviated TDS) is an expression for the combined content 
of all inorganic and organic substances contained in a liquid.  
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limitations in the length of the thesis as well as the technical scope only the main concepts 
will be presented. 

Except of the technical aspects of the project several non technical activities have been 
performed. Some of wich have been design related activities and market studies. These 
aspects of the project will not be discussed. Furthermore the information in this thesis has 
been limited to the technical aspects. 
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2. Method 
The method description is meant to bring clarification to the means and methods used 
regarding the execution of the project in which the product was developed. The product 
development process will be divided into steps and described, see figure 1 below. The 
process described is no existing documented development process but is rather a merge of 
several product development processes used by the different project members. The main 
structure of the product development can be compared to the stage-gate [1] model in the sense 
that the work conducted was more controlled by the deliverables than the actual actions at 
each stage. The deliverables were primary and the way they were produced secondary. 

 

 

4 6 9 
2 

3 5 7 8

1 

 

Figure 1. Schematic figure of the product development process 

1.Prestudy  4.Prototyping-CFP  7.Concept selection 

2.Benchmarking 5.Concept development and eliminations 8.Detail 
design/improvments 

3.Concept generation 6.Prototyping-DHP  9.Final prototype 

 

The project was initiated with an exploration phase. In this initial phase the main objective 
was the exploration of the scientific scope relevant to the product being developed. This 
knowledge was attained foremost by two means. The first of these was the initial prestudy 
including the selection and review of related literature, study on master and docotoral thesis 
and internet searches on related topics. Some more practical and applieable information was 
also continuesly attained mainly from academic personel and industrial technical staff. The 
second part of the prestudy phase was the benchmarking process, which was presumed to 
deliminate less suitable technologies and be evidence for the applicability of more suiting 
ones. Benchmarking is the process during wich one unit turns to another in the purpose of 
learning from it. The main factors relevant for this learning process are, one, identifying the 
best practice, the unit who possesses the leading role and from whom one wishes to learn 
from. The other important factor relating to the benchmarking is identifying the comparable 
factors on which the benchmarking will be based. In our application the main factors for the 
benchmarking where technical issues that derived from the actual extraction process. 

Once the initial prestudy had been performed some sense of the scope of relevant and 
applicable technologies had been attained. Based on this knowledge a concept generation was 
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performed. The method used to perform this task was brainstorming. This resulted in basic 
design concepts that were meant to solve the main objective of the product, namely water 
generation. Once these common and widely used steps had been performed the concepts 
where to be tested. The testing was performed by prototyping the concept in order to 
physically test the function. Prototyping is the method of building physical prototypes in 
order to generate, develop, communicate and testing ideas.  This prototype had to 
demonstrate the most or one of the most critical functions of the product. This is a way of 
physically realizing and testing ideas in an early stage and is normally referred to as the 
CFP,Critical Function Prototype. 

Based on the results from the CFP concepts would either be eliminated or further developed. 
Two main methods were used in order to select the concepts to pursue. The first method is 
meant to quantify the wishes of the group members in order so get a measurable value of the 
relevance of different product functions and qualities. These preferences are based on the 
written and spoken statements of the corporate liaisons. Each individual graded each feature 
based on its importance. The sum of the grades attained for each feature was then calculated 
and divided by the total amount of points given in order to attain a relative procentual value. 
These procentual values act as a base for the weight of the feature. These weights gave a 
clearer overview of the most important aspects and also facilitated the weighting in the next 
step. To compare the different concepts and chose the best one the Concept Selection Matrix 
presented by Ulrich and Eppinger [2] was used. The matrix utilized the weight of each 
function attained in the previous step and multiplies this value with the grade indicating how 
well the actual concept fulfills the task/function. The total sum of all task/function is then 
calculated. The concept resulting in the largest total sum is the most suitable one the purpose. 

To ensure an open mind during the concept generation and selection phases and that concepts 
from the entire scope of solutions are being considered meaning that even the less likely ideas 
are being further investigated a second prototype was built, the Dark Horse Prototype (DHP). 
DHP is a prototype based on a concept with a high risk of failure but at the same time a high 
payoff in case of successful results. This enables project groups to allocate time and effort 
just for high risk/ high profit solutions that otherwise easily get excluded because of the high 
risk. Just as the CFP the DHP is not meant to be technically perfected but is rather meant to 
operate as a base for an incremental refining and tuning process. The third prototype built 
during the project was also the last one before thef final product (not a part of the project). 
This prototype is called the Functional Prototype (FP) and should be a working prototype 
with all of the main functions working in a reliable way. By this point no changes in 
technology or design of the product should be made. The final product should be very similar 
to the FP. Only minor modifications should be made. 

The Brainstorming process resulted in several technological directions. Some of these well 
known and widely utilized in various applications such as the vapor compression cycle. 
Others were more uncertain and not as widely utilized e.g the use of electromagnetic fields or 
microwaves. After eliminations and concept selections two main technical directions became 
clear. The first of these is the vapor compression cycle, used in numerous climate products 
such as refrigerators, air conditioning systems and dehumidifiers. The second direction was 
the desiccant cycle which is somewhat less known but is used in some dehumidification 
systems for industrial use. Common for both technologies is the exploitation of the natural 
moist in the air in order to extract water. 

This product development method, based on several prototypes with different range, can be 
effective when the goal is to derive a new method or sytem for solving a problem. If the goal 
is to present a completed product, ready to manufacture, it may not be the best method to use. 
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The reason for this is that it can be very time consuming to manufacture several prototypes, 
on expense off the fine tuning that often is needed for a product ready for manufacturing. 

When using a method based on prototyping, the end result is iterated from several prototypes. 
The result from this should produce a final product with a well tested basis. 
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3. Theory 

3.1 Moist Air 

In order to design an effective AWG the field of thermodynamics that handles the properties 
of gas-vapor mixtures, psychrometrics needs to be explored. Moist air is a mixture of dry air 
and water vapor. In order to extract or change the phase of the moist from vapor form to fluid 
form, achieving condensation the vapor need to be cooled. To describe the composition of 
humid air the term of relative humidity is used. Relative humidity is used to describe the 
amount of water vapor that exists in a gaseous mixture of air and water. The relative humidity 
of an air-water mixture is defined as the ratio of the partial pressure of water vapor in the 
mixture to the saturated vapor pressure of water at a given temperature. Relative humidity is 
expressed as a percentage for a certain volume of air at a given temperature and relative 
humidity. There is a temperature at which the air becomes saturated of water vapor and liquid 
water is extracted. This temperature is normally refered to as the Dew point. 

In many situations the relative humidity is not that significant but one is more interested in 
the absolute amount of water that a volume of air contains. In those cases the use of the term 
absolute humidity is more appropriate. Absolute humidity indicates the amount of water per 
unit of air, most often stated as grams per cubic meter. Absolute humidity does not vary with 
the temperature as in the case of the relative humidity. Instead it varies with changeable 
pressure. 

A commonly used tool to asses and calculate the behavior of moist air under different 
circumstances is the Mollier diagram, see Appendix 1[3], which is a graphical representation 
of the interrelation of air tempreture and moisture content. The air temperature is here 
analogous with enthalpy, total amount of energy that the moist stream of air contains. 

3.2 The vapor compression cycle 

The vapor compression cycle is a very common idea to create a cooling effect. Using this 
technology it is possible to create the conditions needed in order to get water vapor to 
condensate. This happens on a cold surface which has resulted in the technology often being 
referred to as the cold wall method. Because the technology is a well know and developed, it 
is also reliable.The vapor compression cycle consists of a refrigerant that undergoes a series 
of changes in a closed continuous cycle. It consists mainly of four steps: 

1. Refrigerant gas at low pressure enters the compressor and leaves it pressurized. In the 
process, the gas temperature also increases and it makes it easier to process the heat transfer 
due to take place in the next step. 
 
2. The high temperature, high pressure gas then enters the heat-exchanging (condenser) coils 
and releases the heat to the surroundings. In this step, the refrigerant gas becomes a sub-
cooled high pressure liquid. 
 
3. The high pressure liquid then passes through the expansion valve that instantly reduces the 
pressure and temperature of the refrigerant. 
 
4. The cold liquid refrigerant goes through the evaporator, absorbing heat energy from the 
surroundings. The heat absorbing leads to an evaporation of the refrigerant liquid into low 
pressure gas. The low pressure gas then flows back to the compressor and the cycle 
continues. 
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In case of AWGs, the heat absorbed by the refrigerant in the evaporator step cools the coils 
and, therefore, the water vapor in the air being passed over them condenses on the cold coil 
surfaces, often fins are added for extra contact surface. This water is then collected and 
filtered to generate pure, drinking water. 
A vapor compression cycle is dimensioned to generate water in a region of higher 
temperature and higher relative humidity. When the temperature level exceeds 20 degrees 
Celsius and 55 % relative humidity the vapour compression cycle is more effective than the 
Liquid Desiccant Cycle, effective in way of producing more water of a given time. 

At 20 degrees Celsius and 55 % relative humidity the air contains 0,0076kg of water per 
kilograms of dry air. To meet the demand of producing 20 litre of water per 24 hours, the 
machine need to process 5460 m3 of air each day, see Appendix 2. This is under the 
assumption that 40 % of the available water can be extracted, the constantα . 

At 20 degrees Celsius the density for water is 1,205 kg/m3. 

3.2.1 The Evaporator 

The central part of the vapor compression cycle for the application of water production is the 
evaporation phase. It is in this phase that the condensation of the water vapor thus the water 
extraction takes place. In order to convert the gaseous water vapor to its liquid form the gas 
must be cooled. This cooling can be achieved in different ways. The main way used in most 
dehumidifiers and other climate controlling machines is through convection. Convection is 
the way of heat transfer between a body and its ambient fluid. In this case the cold body is the 
evaporator (coils and fins) and the ambient fluid is the moist air. The heat transfer between 
these two entities follows Newton’s law of cooling: 

 mckw TAQ Δ⋅⋅= α  (1) 

As can be seen in the equation above the heat transfer,  is dependent of three variables, the 
cooling area A, the logarithmic mean temperature difference

kwQ

mTΔ , and the heat transfer 
coefficient, cα  . The cooling area is the contact area between the cold body and the ambient 
air, the bigger the area the bigger the cooling effect (given all other things being equal). The 
logarithmic mean temperature difference is the logarithmic temperature difference between 
the air and evaporator at the beginning and the end of the body. This variable is used to give a 
fair description of the temperature difference that will be varying quite a bit at different 
depths of the evaporator.  

 
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=

2

1

21

ln
ϑ
ϑ
ϑϑϑm

 (2) 

 Where:   

 mϑ  = Logarithmic temperature difference 

1ϑ  =Inlet temperature difference  

2ϑ = Outlet temperature difference 
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The heat transfer coefficient might be the biggest contributor to the heat transfer result due to 
the big range of numbers that it can assume. The general equation for the convective heat 
transfer coefficient is: 

 L
Nu

kw
⋅

=
λα

 (3)
 

As can be seen in the equation the convective heat transfer coefficient, kwα  is dependent upon 
the characteristic length, L (the length for which the heat is being transferred), the thermal 
conductivity of the material, λ  (around 0,257 W/ (m·K) for air at atmospheric pressure and 
room temperature) and Nusselts number, Nu . Nusselts Number is a dimensionless number 
which quantifies convective heat transfer from a surface. The Nusselts number is in turn a 
function of Reynolds number and Prandtl´s number after the following equation. 

  (4) 33,0PrRe ⋅⋅= nCNu

 It varies depending of the Reynolds number,  is used to identify and predict different flow 
regimes, laminar or turbulent). 

Re

 d
v
u
⋅=Re  (5) 

Where: 

u =Fluid velocity 

v =Kinematic viscosity 

d =Characteristic length 

 

Table 3. Describese the constants C and n, with varying Reynolds number. 

Nusselts number is also a function of Prandtls number, Pr  which is a dimensionless number 
approximating the ratio of momentum diffusivity, μ  (kinematic viscosity) and thermal 
diffusivity (the ratio of thermal conductivity, λ  to volumetric heat capacity, .) Cp

 
λ

μ Cp⋅
=Pr  (6) 
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Once all these variables have been determined and inserted into the named equations and the 
heat transfer described in equation 1 has been determined the heat transfer between the air 
and the evaporator has been calculated. This is however not the only contributing factor to the 
overall heat transfer in the evaporator. A second contribution in heat transfer can be derived 
from the diffusive heat transfer. This factor is the contribution of heat transfer that can be 
linked to the water particles present in the most air. The equation for the diffusive heat 
transfer contribution is: 

  (7) 
••

⋅= dd mrQ

Where: 

dQ
•

=Diffusive heat transfer 

r =Vaporization enthalpy 

•

dm =Mass flow of water 

The mass flow of water can be determined by calculating or measuring the amount of water 
in the air with a Mollier diagram. Once the amount of water per kg of air is determined the 
mass flow of water through the system can be calculated using the volumetric flow rate of the 
fans in the system.  

Once the diffusive part of the convective heat transfer had been calculated it will be added to 
the advective heat transfer and the total heat transfer is attained. 

Where  is the transferred effect, 
•

Q α  is the heat transfer coefficient for convection, A is the 
total area and mϑ  is the mean temperature difference. The effect described by (1) is a general 
expression for heat transfer, which in this case is the sum from two contributions, this is 
explained with the expression (8). 

 dkwtot QQQ +=  (8) 

Qkr is the required effect to lower the temperature of the air and  is the effect required for 
the phase change of the water vapor to water. 

dQ

The heat transfer coefficient for convection and the logarithmic mean temperature for a heat 
exchanger are described by the expressions below [5]. 

Low RH 

One of the main concerns with the vapor compression cycle and the applying of the same 
technology for this product is the performance in conditions where the RH-level is low. Due 
to the psychrometric properties of moist air the temperature at which condensation will occur, 
the dew point will vary depending on the RH-level of the ambient air surrounding the cold 
surface. At RH-levels of around 30-35% (and lower), at room temperature (around 20°C) the 
dew point will occur below the freezing point (0°C). 

There is a big problem accompanied with dew points below the freezing point, frost. Frost 
occurs naturally on the evaporator as cooled water vapor in the air is being extracted and has 
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a negative effect on the heat transfer over the evaporator. The negative effects of frost can be 
derived to two phenomenons: 

- The reduction of the air flow due to the increased flow resistance 

- Insulating effect of the frost 

The first one is a rather obvious one and can be explained and determined with relatively 
simple geometrical and fluid mechanical calculations. The lather is more complicated and is 
influenced by numeral different variables and occurrences. 

The initial step towards understanding the effect of frost is to calculate the saturation pressure 

of water vapor,  at temperatures, t above and below the freezing point utilizing the 
following equations: 

..
p

 
For 

 tepCt +
−

=⇒<< 235
4025030,12..

1000 o  (9) 
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For a given relative humidity level and temperature (setting the saturation pressure) the 
partial pressure,  at those conditions can be decided simply by: vP

 ..

v

v

P

P
=ϕ  (11) 

Where ϕ  is the RH-level and  the partial pressure of water vapor in air. Once the partial 
pressure has been determined the coefficient of diffusion can be calculated. 

vP

 c
Air

OH

CppM
M

αδ ⋅
⋅

⋅=
12  (12) 

Where  is the coefficient of diffusion,   and  the molecular weight of water and 
air respectively, Cp  the specific heat capacity of air and 

OHM
2 AirM

cα  the convective heat transfer 
coefficient. To be able to asses the impact of frost on the evaporator the mass flow of frost 
being created must be calculated. This can easily be done using the following equation: 

  (13) OHfrost pAm
2

Δ⋅⋅=
•

δ

Where A is the area of the cold surface and OHp
2

Δ  is the difference between the partial 
pressure of the water vapor in the air and at the surface temperature. The mass flow of frost, 

 describes how fast the surface of the evaporator gets covered. The thickness of the 
covering layer of frost is conclusive to the properties of the vapor compression cycle. 

frostm
•
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Another important variable that directly influences the heat transfer is the density of the frost 
which in turn is dependent upon the air velocity at the surface. A high velocity tends to make 
the frost more dense. And a higher density implies a higher level of thermal conductivity. 
Finally, once the thickness of the layer of frost and the thermal conductivity has been 
determined the total heat transfer coefficient of a frost covered evaporator can be determined 

using:  

 

λα

α dxfrost

+
=

0

1
1  (14) 

Where  0α  is the unfrosted heat transfer coefficient, dx being the thickness of the layor of 
frost and λ  being the thermac conductivity of the frost.  

 

3.2.2 Evaporating temperature 

In order to achieve condensed water on the evaporator, the surface temperature needs to reach 
the dew point, or below, corresponding to the current circumstances. The physical properties 
that determents the dew point are the temperature and the relative humidity. Using these 
properties in Appendix 1, the dew point can be read from the diagram. At  Celsius and 55 
% relative humidity, the dew point is approximately Celsius. 

o20
o9

The temperature of the surface, on which the water is going to condensate, has to be below 
Celsius in order to achieve condensed water. There are some isolating material between 

the refrigerant and the surface which mean that the refrigerant needs a temperature lower than 
Celsius. The lower the temperature is on the surface of the evaporator the better, because it 

will manage to lower the temperature of the air passing through the evaporator. 

o9

o9

Beside the energy needed to lower the temperature of the air, the evaporator also provide the 
energy required for condensing the water vapor into liquid water, the latent heat of 
vaporization, rAir. This is inserted into equation (7), which describes the energy needed to 
change phase from water vapor into liquid water. 

3.2.3 Refrigerants 

One of the key components in the vapor compression cycle is the refrigerant, which, because 
of the special qualities of the substance. These qualities enable the substance to transport 
energy from one temperature to another, and in this situation, lower the temperature for the 
evaporator. 

Refrigerants have different specification depending on the composition of the substance, but 
in general they all have a low boiling point, in the area around -30 degrees Celsius is 
common. The low boiling point is the quality that is required by a refrigerant. This feature 
enables the substance to pick up energy in shape of heat from the surroundings. 

There are many different refrigerants available on the market today; they are classified by 
ASHRAE Standard 34 [5]. In this standard the refrigerants are divided into 2 classes and 3 
groups, the two classes correspond to the toxic level and the three groups correspond to the 
flammability of the substance. 
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All refrigerants are also classified by their impact on the stratospheric ozone layer, ozone 
depleting potential (ODP), greenhouse gas, global warming potential (GWP or HGWP, 
halogen global warming potential). There is also a classification that takes account of energy 
needed during generation and using the refrigerant, not only the impact if it leaks into the 
atmosphere. 

The substances that have the least impact on the environment are Propane (R290) and 
Cyclopropane (RC270) but these have a risk of explosion, and because of this is not an 
appropriate substance. A more appropriate substance is R134a, which is not as 
environmentally friendly as R290 and RC270 but there is no risk for explosion. For the 
dimensioning of the vapor compression cycle R134a has been used. 

In this thesis the calculations are made on R134a (CH2FCF3), tetrafluoroethane. R134a is a 
common refrigerant used today and has no influence on the ozone depletion. Research has 
revealed that R134a has a contribution to the global warming, and will be banned from use in 
new cars in EU from 2011 [6]. For this product, R134a is the most suitable option. 

Optional refrigerants are R717 (NH3), ammonia, which is a relative environmental friendly 
refrigerant. Ammonia has no impact on the global warming or the greenhouse effect. Some 
negative effects are that it is poisonous in low concentrations and is not well-suited for 
copper [5]. 

The effect that the refrigerant needs to transport from the evaporator is , this is 
required at a condensation temperature lower than 9°C. 

WQ 16692 =
•

Since the refrigerant only can transport a certain amount of energy per mass it is important to 
know what mass and volumetric flow which corresponds to the current operation. The 
equation (K) describes how much energy the refrigerant can transport per second and mass 
unit. 

The evaporator temperature T2, see figure 2, is set to  With the knowledge that 100 % of 
the refrigerant is vaporized in position d. Together with the evaporating temperature, T

.0o

2, and 
 superheatingo5 3, it is possible to obtain the enthalpy from the diagram of thermophysical 

data [5] for R134a, hd=402 kJ/kg. From this diagram it is also possible to obtain the enthalpy 
for position cis, hc, is=430 kJ/kg. 

At position d the pressure is 2,928 bar [5]. 

In position b the refrigerant contains of saturated vapor and saturated liquid at pressure p1. 
With this in mind, the enthalpy for position a, and the amount of saturated vapor can be 
collected from the table for R134a in Appendix 3. Since the pressure p1, 13,63 bar, is located 
between the values presented, it is necessary to use linear interpolation for the correct value. 
For this operation MatLab [7] was used. When interpolated the enthalpy for position a and b 
were 273,72 kJ/kg. 

When calculating the volumetric flow for the cycle the specific volume for saturated vapor at 
 was used. Co5

                                                 

3 The refrigerant leave the evaporator as a saturated liquid, but in reality the refrigerant is 
superheated before it reaches the compressor. 
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 Figure 2. Show the correlation between temperature, T, and entropy, s. 

3.2.4 The Compressor 

There are many different types of compressors, for example piston and scroll. Some of these 
are more suitable for this application because of the size and the size of the effect required by 
the compressor. 

Through the compressor energy is provided to the vapor compression cycle, this enables the 
compressor to maintain the elevated pressure needed to drive the cycle. At point cis, see 
figure 2 above, the enthalpy for the refrigerant is illustrated. Since the entropy is constant and 
the pressure p1 is known, the value for cis can be found in the h, log(p) diagram, see figure 3. 
This value does not take notice to the friction and other losses in the compressor. With hd and 
hc, is known, the required work per unit mass refrigerant, from the compressor can be 
calculated, see equation (13) in Appendix 2. 

When the efficiency of the compressor is considered, the results agree with the actual effect 
required by the compressor. This is illustrated with equation (15) in Appendix 2, where cη is 
the efficiency of the compressor. 

A typical area for the efficiency is 8,06,0 −=cη [5]. Here the results for 0,6 and 0,8 will be 
calculated, this give a good appreciation for the efficiency of the compressor. 

As equations (16) and (17) show, the electric effect required by the compressor differs 
between 0,439 kW respectively 0,585 kW. 

Depending on the efficiency of the compressor, the enthalpy for position d will vary. The 
enthalpy for position d differ between 447 kJ/kg respectively 435,8 kJ/kg. 
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3.2.5 The Condensor 

The condenser has the task of transporting heat from the refrigerant, at high pressure and high 
temperature, to the ambient air. The function is similar to the evaporator and in many cases 
the design is similar. Since this thesis focus on the generating of water in the evaporator of 
the vapor compression cycle, this component will be briefly discussed. 

There are three kinds of condenser [5]; air cooled, water cooled and evaporative condensers. 
These are devided by the cooling medium. For this application the air cooled type is most 
suitable. The reason for this is that it is simple; there are no requirements for extra cooling 
medium and the fact that there already is a fan driving air through the evaporator. This kind 
of condenser is often built together with the evaporator for a compact design and easy 
passage for the air. 

  

Figure 3. Show the correlation between pressure, p, and enthalpy, h. 

3.2.6 Improvments 

There are certain improvements that can be applied to the vapor compression cycle. These 
improvements are concerning energy efficiency or water generating capacity. One of the 
improvements concerning the energy efficiency is pre-cooling. 

Pre-cooling 

The main question addressed in this experiment is the one concerning the possibility to 
improve the efficiency of the vapor compression cycle by using a pre-cooling system. This 
prototype intends to prove the practical feasibility of using the cooled airs stream exiting the 
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evaporator in order to pre-cool the un-cooled air stream entering the evaporator, thus creating 
a looping effect. 

 

Figure 4. 3D model of pre-cooling test rig.

 

Figure 5. Exploded view of the Preecooled VCC.
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Figure 6. The Temperature – Entropy Diagram for the Cycle. 

Concept

As described earlier the cooled air stream will in this prototype be used to cool the air before 
it enters the evaporator. In order to achieve this looping effect a cross flow heat exchanger is 
used. The air is first pulled through the evaporator using a fan.  
After passing through the evaporator the cooled air passes through the heat exchanger where 
it absorbs heat. This air stream, which now has a slightly higher temperature, then when it left 
the evaporator, (in part due to losses in the duct) will now be pulled through the condenser by 
the pulling fan and released into the ambient air.  
New process air is simultaneously and continuously being forced into the system by the 
pushing fan which forces the new air stream through the heat exchanger which now is cooled 
by the air stream leaving the evaporator. This will result in the cooling of the new process air 
through convection. This results in a lower temperature for the air stream being forced 
through the evaporator. As a consequence less amount of energy is needed to cool the air to a 
certain temperature (e.g. dew point).  
Given the same amount of energy usage more air can be cooled. The level of relative 
humidity and temperature was measured after 30 minutes first without pre-cooling and then 
using pre-cooling in order to assess the difference. Five different measuring points were used.
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Prototype details 

DUCT:      
  
Top and bottom of duct, plywood, 10mm 
Walls of duct,   PVC plastic, 2mm   
Insulation,    Silicone     
Inner radius 120mm,    outer radius 320mm    
Evaporator, Condenser (Honeywell Dehumidifier)    
Rated Power 288W      
Dimensions (210*220)      
Cooling medium, 134a 250g     
Min/Max working temperature, 5-32°C max    
Pulling fan       
Revolutions per minute 1300-1550     
Rated current 0,25A      
Max Airflow 190m3/h  

PUSHING FAN     

Revolutions per minute 1400    

Rated current 0,68a     

Mac airflow 120m3/  
Heat Exchanger (cross flow)     
Dimensions 200*200*200(mm)    
 In air temperature 22°C    
 Out air temperature 5°C    
 Coefficient of performance (at 190m3/h) ca 55%  
 
Digital thermo-Hygrometer (DVM 321)     
Accuracy   (between -20°C-60°C,and 5%-95% RH)  
  Temperature ± 2,5°C    
Relative Humidity  ±3,5%    
Measuring interval  2,5 measurements/second  
Resolution   0,1% RH and 0,1°C Temp   
  
Result from pre-cooling test 

The results of the prototype were based on measurements made at five measuring points. The 
relative humidity and temperature in these points with and without the pre-cooling was 
registered. The measured results are presented in table 4-6. 
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Measuring Point Temperature(°C ) Relative Humidity(%) 

1 key point 17.5 37.5 
2  8.4 49 
3 12.7 37.5 
4 23 31.7 
5 20.5 33.5 

Table 4. Temperatures without pre-cooling. 

 
Measuring Point Temperature(°C ) Relative Humidity(%) 

1 key point 14.2 34.9 

2  4.9 41 

3 8.4 45.3 

4 21.4 31.7 

5 20 23 

Table 5. Temperatures with pre-cooling. 

 

Relative Humidity difference 
(percentage point) Measuring Point Temperature difference(°C ) 
  

1 key point -3.3 -2.6 

2 -3.5 -8 

3 -4.3 7.8 

4 -1.6 0 

5 -5 -10.5 
Table 6. Temperature difference. 

The measuring results show that the temperature of the air stream was lowered implicating 
that the experiment was successful.  
Lessons Learned 

• Pre-cooling works 
• Minimize losses to the surrounding. 

o Use material with isolating characteristic. 
o Use a small contact area to the surroundings. 

• Minimize flow losses. 
• Use a fan with the right qualities; built for this kind of duct, with high pressure drop. 
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• The final product will be bigger and heavier, there is room for improvements. 
• Extra product cost because of heat exchanger, duct and fan. 

 
The prototype built managed to lower the temperature of the processed air entering the 
evaporator from 17.5˚ down to 14.2˚ Celsius, which means the air was 3.3˚ cooler than 
without the pre-cooling. This result in a lower additional energy demanded in order to cool 
the air down to the required temperature. 
With this modification to the vapor compression cycle the cost for the product will increase, 
the duct, cross-flow heat exchanger and extra fan/more powerful fan are the extra 
components needed. This can be countered by the energy efficiency gain mentioned earlier. 
 

Improvements 

In the construction of the prototype there are some important aspects of the device that can be 
improved further. These aspects of the construction that are far from optimized. 
Since the device is producing cold air it is very important that the cold is kept inside the 
device and not lost through the walls of the duct or any other parts. This is accomplished by 
using an isolating material where needed. Since the amount of energy transported through a 
wall also depends on the area it is important to keep the contact area with the ambient air as 
small as possible, at the same time as the contact area between the air stream inside the 
machine and the heattransfering components should be maximized.  

When using a cross-flow heat exchanger, the friction factor increases significantly, this result 
in a need for a fan that produces a greater pressure in order to keep the air flow at a somewhat 
constant level. Since curvatures and physical obstacle in the way of the air stream cause an 
increase in fan effect, it’s important to minimize this when designing the device. 
Because of the design of the pre-cooling system, the size of the final product will be bigger 
than a product using a regular vapor compression cycle. But there are still some choices in 
the layout available, the duct and the different components included can be designed without 
immense restrictions. 
A brief and basic calculation to show what kind of temperature change is needed to justify the 
modification with pre-cooling, due to the extra effect used by the fan. 
Extra power for the fan used in the experiment conducted was approximately 40W. 
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The value of the mass flow of air is the one applied in the pre-cooling prototype, using a fan 
with airflow of ca 200 m3/h. This shows that a temperature increase of 0.57˚ C is needed to 
justify the use for pre-cooling in this case. 
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3.3 Liquid desiccants 

The liquid desiccant cycle was in addition to the vapor compression one of the most 
promising concepts. Desiccant is the name for substances, solid or liquid with strong 
hygroscopic properties. These hygroscopic properties mean that these substances can attract 
water in a uniqe way. Desiccants can therefore be used in places where the allocation or 
removal of moist is required. Desiccants are often salts and attract water molecules of the 
moist air in their enviroment resulting in a higher concentration of water in the desiccant and 
a lower one in the ambient air.   
 
Because of the fact that desiccants use hygroscopic properties rather than condensation of 
water vapor this technology is not as strongly dependent upon the relative humidity level as 
in the case of the vapor compression cycle.  To be able to get satisfactory amount of water 
extracted using this technology some main questions need to be addressed. The first and 
maybe the most relevant one is the question concerning which desiccant to use. The choice of 
desiccant is crucial for the performance of the cycle. The relevant factors which where used 
as the base for the choice of desiccant in this project where, hygroscopic abilities [10], 
aggresiveness, lifespan, separation possibilities and price, See figure 7 below. 
 

 
Figure 7. Figure illustrating the characteristics of four common desiccants. 

 
Based on these factors LiCl was acknowledged as most suiting alternative. Once 
litiumchloride had been recognized as the most suitable desiccant for the application of water 
generation the phase of this substance had to be decided. Litiumchloride is mainly being used 
in its solid form but can also be utilized once fluid. After examination of reports and 
reviewing of the benchmarking results the liquid form of the desiccant was chosen. This 
based both on its superior performance and design advantages.   

3.3.1 The LDC cycle 

In the LDC, liquid desiccant cycle a mix of water and liquid LiCl is pumped through a system 
of pipes and sprayed down the top of a chamber using a nozzle, see figure 8. At the top of the 
chamber a radial fan is pulling the air stream through the chamber. The fluid and desiccant 
and water solution are now flowing in opposite directions. This results in the desiccant 
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solution absorbing the moist from the airstream.A portion of the solution is pumped to the 
heating chamber where it is heated until water vaporizes and the separated liquid desiccant 
can get pumped back to the chamber. Meanwhile a second pump is continuosly pumping a 
mix of LiCl and water through the system. 

 

Figure 8. The liduid desiccant cycle. 

3.3.2 The Chamber 

One of the other main factors for maximum water absorbtion is the contact area between the 
most air and the desiccant solution. There are several key issues that should be accounted for. 
The first is how to design the distribution of the solution in a way that allows maximum 
contact between the desiccant solution and the moist airstream. For this purpose a pulling fan 
and nozzle system was used. The fan pulls the airstream through while the nozzles spray a 
fine almost misty flow of LiCl in the opposite direction of the airstream. The main reason to 
why this so called counterflow system was more applicable for this purpose rather than e.g 
cross flow is the constraints in the design. More precisely the constraints declared by the 
corporate liaisons stating that the final product should be no wider than 500 mm. 
Simoultaniously calculations show that to be able to extract the required amount of water a 
longer contact distance than the one permitted by this constrain is needed. The design of the 
chamber has a big affect on the absorbtion process in many ways. One central requirement is 
to produce a flat velocity profile in order to make best use of the chamber. Unwanted flow 
asymmetrics can result in stagnations in certain parts of the chamber thus decreasing its 
active area. The main objective is to ensure maximum volume of air being processed while 
keeping the velocity of the air stream lower than 2 m/s to ensure minimum amount of LiCl 
being teared away by the airstream and thus escaping the chamber. Figures 9-10 below 
illustrate the velocities at different parts of the chamber for two alternative geometries. 
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 Figure 9. Velocities at different extents of the L-shaped chamber.  

 

Figure 10. Velocities at different extents of the straight chamber. 

Another very effective way to ensure maximum contact surface between the moist airstream 
and the mix of water and liquid desiccant is to physically add to the inner area of the chamber. 
A very effective way to do so is with the adding of so towerpackings. These are small hollow 
and mostly extruded plastic cylinders, see figure 11. These will fill the inside of the chamber 
for two main reasons, the first being to increase time of exponation in other words delaying 
runoff. The other reason for using towerpackings is to distribute the desiccant solution on to 
these and thus increasing the area of the wet surface in contact with the airstream.  

 

Figure 11. Tower packing 
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The geometery should also facilitate the installation of other complementing parts such as 
pumps and tubings. A geometry that minimizes the risk of the desiccant liquid splashing or 
running out of the chamber is also of importance. 

 

Figure 12. 3D model of the chamber with a radial fan mounted on top. 

3.3.3 Separation technology 

Once the moist air has been pulled through the chamber and the actual extraction has taken 
place the extracted water needs to be separated from the liquid desiccant. Several 
technologies such as filters and reversed osmosis were discussed until a distilling process was 
agreed to be the best alternative. Once the water and desiccant mix solution leaves the 
chamber it gets pumped to a heater in which the solution is being heated until the water 
vaporizes. Because of the higher boiling temperature of the desiccant solution it will remain 
in its liquid state and pumped back through the system. Meanwile the water vapor from the 
heater is transported to a condenser where it is cooled until condensation is attained and water 
is attained. 
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4. Results 

4.1 Vapor Compression Cycle 

This thesis presents rough calculations to investigate if it is possible to extract water from the 
atmosphere. The calculations made show that it is theoretically possible to extract water with 
the presented technology. 

The calculated effect for the compressor is 439 – 585 W, depending on how effective the 
compressor is. All the components in the calculations are standard components and the 
product can be built within the boundaries set by the liaison. 

The project has also done testing on products based on the vapor compression cycle. These 
tests were performed on three different products on two different locations. These products 
were the Immerse Global AWG, a Kenmore dehumidifier and a Honeywell dehumidifier. 

The Immerse Global AWG was the available from the liaison. The project group at Stanford 
University and KTH received each a product for testing and inspiration. Several test were 
made on these two products and the results are displayed in figure (A) 

 

 

Figure 13. The blue line show the results from tests made at KTH and green and orange show the results from 
Stanford University. 

With the results shown in figure 13, the conclusion is that the product available from 
Immerse Global doesn’t meet the requirements set up by the liaison. 
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Each of the project groups based at KTH and Stanford University bought dehumidifiers in 
order to test the product and study the design. KTH bought a Honeywell dehumidifier and the 
group at Stanford bought a Kenmore dehumidifier. 

When the Honeywell dehumidifier was tested, the ambient temperature was 
approximately , and the relative humidity approximately 42 %. At this environment the 
Honeywell didn’t produce any water at all. 
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Figure 14. Describes the performance of the Kenmore dehumidifier at 25 % and 45 % relative humidity. 

As shown in the figure 14, the Kenmore product is close to performing as the target value, 20 
liters per 24 hours. This occurred when it was tested in higher relative humidity. The 
Kenmore dehumidifier was also the most powerful of the three tested. 

4.2 Liquid Desiccant Cycle 

To test the theories related to the LDC and to practically apply these, a prototype was built. 
This prototype was subject to series of test where the main objective was to prove this 
technologies applicability for water producing purposes. A cycle similar to the one described 
earlier was constructed and tested. The test specifications can be seen in the table 7 and figure 
15 below. 
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Humidity: 38 % RH 

Room temperature: 19˚ C   5.2 g water /m3 air 

LiCl concentration: approx. 45% (mass) 

LiCl mass: 500 g 

Total solution mass: 1111 g (In the beginning and at the end of the test) 

Tower packings: 313 m2/m3  

Tot. wet area: 1.45 m2 + 0.2 m2 = 1.65 m2  

Tube inner area: 0.01539m2  

Fluid flow: 6.6 l/min 

Fan air flow: 140 m3/h 

Measured air velocity: 0.2 m/s to 0.5 m/s  

Actual air flow: 11 m3/h to 28 m3/h

Table 7. Specifications for LDC. 

 

 

Figur 15. Test Equipment for LDC. 

The test was performed for one hour. The results are presented in table 8 below. 
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Result: 

After one hour 76 g water was extracted. The solution level was the same as in the beginning. 

Maximum amount of water in the air that passed through the generator in one hour is: 

Approx.  28*5.2 g ≈ 146 g 

 Approx. 50% of the water is extracted 

Table 8. Results from LDC prototype test. 

Energy consumption: 

Fan: 30 W 

Pump: 14.4 W 

Heater: 240 W 

ETot = 30 + 14.4 + 240 = 285 W  

The heater was turned off 20% of the time and was not on max. Cooling of water vapor is not 
included. 

4.3 Concept selection 

Once the two core technologies, VCC and LDC were carefully examined and tests performed 
the available information was compiled to a single document for each technology. This was 
made to build a comparable base for comparison in order to facilitate the concept selection. 
The scorecard on wich the concept selection was performed included factors as Energy 
efficiency, Water efficiency, Scale, Cost, Relative Humidity and Mobility. To determine the 
weight of each of these factors a compilation of the preferences of all project members was 
used. To get a relative ant percentual value the weight score of each factor was divided by the 
total value of all factors. This resulted in the wights seen in table 9 below (percentual value): 

Energy efficiency 9% Enviormental friendly 3% 

Sound level 5% Durability 9% 

Marketability 7% Time required to results 30% 

Safety 12%  Geometry 2% 

Water efficiency 1% Scale volume 2% 

Cost 3%  Relative humidity 9% 

Mobility 1%  Design usability 7%  

Table 9. Weighted concept selection factors. 
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Once the weights had been calculated they were used to calculate the total value of each 
concept was calculated using the concept selection matrix presented in Product Design and 
Development [2]. The actual matrix for the to main concepts is shown in table 11 below. 

Category Weight VCC   
  LTU LTH KTH Total Weighted 
Energy effiiency 9 2 1 2 5 45 
Water efficiency 1 2 2 2 6 6 
Scale, Volume 2 4 4 4 12 24 
Cost efficiency 3 4 3 4 11 33 
Relative Humidity 9 2 2 3 7 63 
Mobility 1 3 4 4 11 11 
Design 7 4 4 4 12 84 
Environmental 
friendly 3 4 4 4 12 36 
Sound level 5 2 2 2 6 30 
Durability 9 4 4 4 12 108 
Marketability 7 2 3 3 8 56 
Time required 30 2 2 2 6 180 
Safety 12 3 3 3 9 108 
Geometry 2 2 2 3 7 14 
Total: 100   Total: 124 798 

Table 10. Concept selection matrix for VCC. 

Category Weight LDC   
  LTU LTH KTH Total Weighted 
Energy effiiency 9 4 4 4 12 108 
Water efficiency 1 4 3 3 10 10 
Scale, Volume 2 3 2 2 7 14 
Cost efficiency 3 3 4 3 10 30 
Relative Humidity 9 4 4 3 11 99 
Mobility 1 3 2 2 7 7 
Design 7 4 3 3 10 70 
Environmental 
friendly 3 2 2 2 6 18 
Sound level 5 3 4 4 11 55 
Durability 9 2 2 2 6 54 
Marketability 7 3 2 2 7 49 
Time required 30 3 3 2 8 240 
Safety 12 3 2 2 7 84 
Geometry 2 3 2 2 7 14 
Total: 100   Total: 119 852 

Table 11. Concept selection matrix for LDC. 

The two matrices show that the LDC concept scores the highest and is the most suiting one 
based on the preferences and values of the project members who in turn base their 
preferences mostly on input from the corporate liaison. Based of these results the project 
group decided to pursue the LDC-system and to apply this technology in the final product. 
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4.4 Final product 

The final prototype that was presented as the FP, the functional prototype is the last one built 
by the project group and will be as close to the designed final product as this design group 
will build. This final product is based on the winner of the concept selection presented earlier, 
thus utilizing the LDC. The desiccant used is a liquid LiCl. The final product has great 
similarities with the LDC-system presented in the theory chapter. However some parts and 
steps have been added in order to make the cycle more efficient and make it more like a final 
product. The schematic sketch below displays the cycle utilized by the product in order to 
produce clean drinking water. 

 

Figure 16. The liquid desiccant cycle utilized in the final product 

The cycle can be divided into five main steps: 

1. Water being sprayed in the opposite direction of the airsteam pulled by the fan. 
2. The water running off the absorbtion chamber and the towerpackings it is filled with 

down to the desiccant sorage tank. 
3. A pump pushing the water and desiccant solution to the heatexchanger where it picks 

upp heat 
4. The preheated solution reaches the heater where the water is vaporized and the 

desiccant is pumped back threw the heatexchanger where it gets cooled. 
5. The hot water vapor is getting cooled by a series of pipes and heatsinks, a condenser 

until condensation is attained. 

There were some main changes implemented in the final product compared to the original 
liquid desiccant cycle prototype. These main changes include: 

• Change of the size geometry of the chamber. The air intakes and the geometry 
were in this prototype more optimized for their purpose, se theory chapter 3.3.2. 

• A high pressure, low flow radial fan was used in contrast to the low pressure axial 
flow used in the initial prototype. One of the main problems initially facing the 
LDC was finding the right fan that could manage the pressure drops that the 
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towerpackings and airfilters presented while keeping the air velocity lower than 
2m/s. 

• A (series of) heatexchanger where used to make use of the heated fluid leaving the 
heater to preheat the water being vaporized while cooling the desiccant being 
reused. This to make the product more energy efficient thus keeping the energy 
consumption at a lower level. 

•  A more effective heater designed for the purpose led to higher efficiency due to 
fewer losses to the ambient air. 

• A more effective cooling system made it possible to condensate the water vapor 
more effectively thus leading to a smaller cooling unit utilizing the airstream 
flowing through the fan.  

• More effective and suitable pumps were used to pump the solution through the 
system 

• A series of temperetaure and pressure sensors were used in order to controll the 
heater and the pumps to make sure that these were only active when needed in 
order to keep energy consumtion at a lower level. 
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5. Analysis 
In order to make a correct assessment conserning the suitability of the different technologies 
discussed an analysis has to be made. The analysis is based on theoretical estimations as well 
as physical results from experiments performed. These results help to legitimize and verify 
the theoretical assessments made. In order to compare the different technologies in a reliable 
manner a common ground must be established. Common ground meaning quantitative and 
comparable factors which will be used to estimate the performance of each technology. These 
values were then be used as unput in an comparison. The method used to compare and 
evaluate the different technologies was the application of a comparison matrix. This effective 
tool grades a number of selected factors based on the performance of the technology. The 
importance of the factor is implicated by the weight of the factor in the matrix. Higher weight 
indicates a more important factor while a lower weight implicates a less important factor. The 
Product of each factor and its weight is then calculated. The technology resulting in the 
highest sum of all weighted factors considered is thougt to be the most suitable technology. 

This comparison resulted in favor of the LDC. This due to some of the shortcomings of the 
vapor compression cycle. The most important one of these being the poor performance at low 
relative humidities. In general, mechanical refrigeration systems are seldom used for 
applications below 45% relative humidity (RH). For example, in order to maintain an outlet 
condition below 40% RH it would be necessary to bring down the coil temperature very low, 
which may result in the formation of ice on the coil and a reduction in moisture removal 
capacity. Efforts to prevent this (defrost cycles, tandem coils, brine solutions etc.) can be very 
burdensome and expensive. 

Desiccant-based systems are more economical than refrigeration systems at lower 
temperatures and humidity levels. Typically, a desiccant dehumidification system is utilized 
for applications below 45% RH. In an early stage of testing, it became obvious that liquid 
desiccants offered several design and performance advantages over solid desiccants. To 
effectively utilize the possibilities of this technology two main features are needed an 
effective absorbtion chamebr and a big flow of moist air.  
If this product is ment to be used in climates of high relative humidity the vapor compression 
cycle is more efficient. This is mostly due to the elimination of the risk of frost and the 
declining energy consumtion. The corborate liaison stated two requirements that made the 
justification of the use of the VCC difficult. The first of these being the the requirement 
conserning the water generation at different levels of humidity. This meaning that water 
extraction should be possible even at low humidity levels ( approximately 30% RH). This is 
as stated earlier a big challenge for the VCC and the construction of a system that fullfills 
such requirements is costsome which also is opposing to the requirements and constraints 
stated. 

The second main requirement favoring the LDC is the one conserning the energy 
consumption of the product. The LDC has both in theory and throuogh experiments proven 
less energy consuming at lower humidity levels. Because of the relative unexploited 
application for the liquid desiccants there is also a business and marketing advantage 
accompanying this alignment. 

Another aspect is that the LDC utilizes a true destillation process when in order to extract the 
drinking waterer. This means condensing the steam of boiled water. The boiling process kills 
most microbes and fungi that may be present in the solution. This is a great advantage for the 
LDC system that can add to the product value by eliminating the need of big and expensive 
filters. 

33 



 

 
Figure 17. Graph representing the energyefficiency of the VCC and the LDC at different relative humidity levels. 
 
If a salt is to be used as a desiccant, the product must be designed with durable materials (ex. 
polymers) due to the corrosion risk involved. Ideally, in an accurately performed distillation 
process no desiccant substance should end up in the pure water. However, the tests 
doneconductede show that it is likely that a small amount may end up in the pure water if the 
heater container is designed incorrectly. The amount of desiccant needed depends on several 
parameters, namely the wet surface, volume in the pipes, the water extraction capacity of the 
heater and air humidity. The desiccant substance in the prototype needs to be chosen 
judiciously and so far, LiCl has been used for its high hygroscopic abilities and life span. 
product will increase if the substance is less hygroscopic. The product needs to be designed 
well to ensure that the desiccant solution does not leak from the container, for example during 
transport or an accidental tilting of the machine. The liquid is aggressive and can cause 
irritation on skin tissue in case of direct contact. If consumed over an extended period of time 
LiCl can cause serious damage to liver and other vital organs. 
The suitability of the different technologies is greatly influenced by the demands stated. In 
cases where strict demands concerning the conditions in which the product is needed to work 
the conclusion drawn earlier concerning the vapor compression cycle is appliabble. In other 
cases where the product is known to be used only at high humidity levels where the vapor 
compression technology is more effective the use of the same technology would be the better 
alternative. This mostly due to some main factors inherently connected to each of the 
mentioned technologies. Price is one of these factors. The liquid chloride technology contains 
some expensive and custom made parts that will lead to a higher price. The vapor 
compression cycle is an old and commonly used rechnology where all the parts are relatively 
easy to attain at a reasonable price.  
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6. Conclusion 
Results from experiments performed with AWGs and dehumidifiers have presented the main 
bases for further exploration of alternative technologies. The main concern relating to the use 
of the vapor compression cycle is the poor performance at low humidity levels. When taking 
into consideration the explicit demands stated by the corporate liaisons, the conclusion can be 
drawn that the vapor compression technology is not suitable for this application. The 
alternative technology considered during the project, the desiccant technology is assessed to 
be more suitable for the actual application.  

Although some design challenges are enclosed with this technology these challenges are 
assessed to be manageable and therefore the objective of this project, mainly finding an 
applicable technology for water generetation using air can be considered fulfilled. 

Safety is an other issue conserning the choice of technology. The vapor compression cycle is 
a closed cycle physically separated from the the active chemical substances while the LiCl is 
in contact with the water being extracted. Futhermore no analysis of the extracted water have 
been peformed at this point of the project. In order to be able to utilize this technology in a 
commercial product extensive testing must be performed and all the appropriate safety 
measures must be taken. 

As mentioned earlier the technology utilized is strongly dependent on the environment in 
which it will be used.  

Both technologies are applicable, but suitable in different conditions. They both involve a 
series of challenges that must be solved but since this project was performed in research 
purposes and to confirm functionality, a so called proof of concept further refinements and 
improvements will not be made at this point by the project group. The improvements 
identified by the project group will be presented to the corporate liaisons together with 
appropriate measures. 
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Appendix 2 
At 20 degrees Celsius and 55 % relative humidity the air contains 0,0076kg H20/kg dry air. 
To meet the demand of producing 20 litre of water per 24 hours, the machine need to process 
5460 m3 of air each day, see equations (1) and (2). This is under the assumption that 40 % of 
the available water can be extracted, the constantα . 

 kg
m

mm 7579
0076,040,0

20
=

⋅
⇒

⋅
=
α

 (1) 

At 20 degrees Celsius the density for water is 1,205 kg/m3. 

 35460
205,1

6579 m=  (2) 

In order to meet the demanded specification the evaporator has to process 5460 m3 of air each 
period of 24 hours. When the air passes through the evaporator the velocity can not exceed a 
speed of 2 m/s4. 

 2031597,0
2360024

5460 mA
vs

V
=

⋅⋅
⇒=

⋅
 (3) 

The equation (4) below give the effect needed to lower the temperature of the air being 
processed. 

  (4) tCpmQ Air Δ⋅⋅=
••

With the current values shown below inserted, the result is presented in equation (5) 

 Specific heat for air at  o9

 CpAir=1,006 kj/kg 

 WQ kw 1149)520(1006
360024

6579
=−⋅⋅

⋅
=

•

 (5) 

Beside the energy needed to lower the temperature of the air, the evaporator also provide the 
energy required for condensing the water vapor into liquid water, the latent heat of 
vaporization, rAir. This is inserted into equation (8), which describe the energy needed to 
change phase from water vapor into liquid water. 

 
360024

20
⋅

=
•

m  (6) 

 kgkjrAir /2260=  (7) 

                                                 

4 Kompressordriven kylluftavfuktare för hushållsbruk, M. Jansson et al, Inst. För 
Energiteknik, KTH, 1996, s 14 
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  (8) WQmrQ dAird 523=⇒⋅=
•••

In order to liquidize 20 litres of water per 24 hour period, the evaporator need 523W. The 
total effect required from the evaporator is the sum of equations (5) and (8). 

  (9) 
•••

+= dkw QQQ2

The evaporator temperature T2, see figure 2, is set to  With the knowledge that 100 % of 
the refrigerant is vaporized in position d. Together with the evaporating temperature, T

.0o

2, and 
 superheatingo5 5, it is possible to obtain the enthalpy from the diagram of thermophysical 

data6 for R134a, hd=402 kj/kg. From this diagram it is also possible to obtain the enthalpy for 
position cis, hc, is=430 kj/kg. 

At position d the pressure is 2,928 bar [5]. 

  (10) )(2 ad hhmQ −⋅=
••

 skg
hh

Q
m

ad
f /0130,0

10)72,273402(
1669

)( 3
2

Re =
⋅−

=
−

=⇒

•
•

 (11) 

In position b the refrigerant contains of saturated vapor and saturated liquid at pressure p1. 
With this in mind, the enthalpy for position a, and the amount of saturated vapor can be 
collected from the table for R134a in Appendix 3. Since the pressure p1, 13,63 bar, is located 
between the values presented, it is necessary to use linear interpolation for the correct value. 
For this operation MatLab [7] was used. When interpolated the enthalpy for position a and b 
were 273,72 kj/kg. 

  (12) fmvV Re
''

••

⋅=

When calculating the volumetric flow for the cycle the specific volume for saturated vapor at 
 was used.  Co5

  (13) smV /107592,0013,00584,0 33 −−
•

⋅=⋅=

With hd and hc, is known, the required work per unit mass refrigerant, from the compressor 
can be calculated, see equation (14). 

 discisc hh −= ,,ε  (14) 

When considering the mass flow, the effect of the compressor can be calculated. 

                                                 

5 The refrigerant leave the evaporator as a saturated liquid, but in reality the refrigerant is 
superheated before it reaches the compressor. 

6 Refrigerating engineering, E. Granryd, et al, 2005, Department of Energy Technology, 
KTH, Stockholm, Appendix A 
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  kWE isc 351,0270130,0, =⋅=
•

When the efficiency of the compressor is considered, the results agree with the actual effect 
required by the compressor. This is illustrated with equation (15), where cη is the efficiency 
of the compressor. 

 
c

c
c

E
E

η
μ,=  (15) 

A typical area for the efficiency is 8,06,0 −=cη  [8]. Here the results for 0,6 and 0,8 will be 
calculated, this give a good appreciation for the efficiency of the compressor. 

 kWEcc 585,0
6,0

351,06,0 ==⇒=η  (16) 

 kWEcc 439,0
8,0

351,06,0 ==⇒=η  (17) 

As equations (16) and (17) show, the electric effect required by the compressor differs 
between 0,439 kW respectively 0,585 kW. 

Depending on the efficiency of the compressor, the enthalpy for position d will vary. 

 kgkjc /447402
0130,0
585,06,0 =+⇒=η  (18) 

 kgkjc /8,435402
0130,0
439,08,0 =+⇒=η  (19) 
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