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Abstract 
 
In this thesis, the potential of reutilizing waste heat from base stations to purify water is studied. 
Nokia’s recently developed liquid-cooled base station is used as heat source to drive a small-scale air 
gap membrane distillation unit (AGMD), a thermally driven water purification technology. The 
temperature difference over a hydrophobic membrane is the driving force inducing a part of the 
water to vaporize and transfer through the mem-brane. Then is a clean distillate produced, leaving 
the contaminants and other solutes in the hot stream.  
 
The results from the experimental study show that 1.6 kW of heat can be transferred from a 3-kW 
base station, which results in a water distillate production of 1 l/h from the AGMD unit. This pro-
duction is achieved since the hot water stream can be heated to 58°C, having the cooling water at 
25°C. The dependency of the water production rate on the temperature difference over the mem-
brane, was confirmed in the measurements - the larger the cross-membrane temperature difference, 
the higher the water production rate. The results of testing the base station-MD prototype also 
demonstrated a high separation efficiency of the MD technology, decreasing the conductivity, of 
both tap water and seawater (0.32% -salinity), to the levels of highly purified water (HPW). Increas-
ing the feedwater contamination level was found to slightly affect the performance of the prototype 
regarding the production rate.  
 
The system of the base station driving a MD unit (BS-MD) was found to be a promising concept 
for future base station installations. It gives an opportunity to provide simultaneously both connec-
tivity as well as fresh water, and is thus a suitable concept for re-mote and arid locations where 
access to clean water is limited. Using waste heat in a secondary application saves both in energy 
costs of the secondary process, as well as reduces the carbon footprint of the base station. It can 
also reduce the production costs of clean water when compared to business cases where conven-
tional energy sources are used. 
 
Keywords: Desalination, Membrane Distillation, AGMD, Base Station, Waste heat, Sustainability, 
Socioeconomics 
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Sammandrag 
 
I denna avhandling studeras möjligheten att driva en småskalig vattenreningsenhet med spillvärmen 
från en basstation. Nokias nyligen utvecklade vätskekylda basstation används som värmekälla för att 
upprätthålla en membrandestillationsprocess innehållande en luftspalt (Air Gap Membrane Distil-
lation, AGMD). Den drivande kraften bakom processen är temperaturskillnaden över ett hydrofo-
biskt membran som skapar en deltrycksskillnad, som i sin tur orsakar att en del av vattnet förångas 
och tar sig genom membranet. På så sätt separeras vattnet från dess orenheter och processen är en 
värmedriven vattenreningsteknik.  
 
Studiens experimentella del visar att Nokias 3 kW-basstation kan avge 1.6 kW spillvärme till 
AGMD-processen och därmed värma varmvattentanken till 58°C. Således producerar AGMD-
enheten 1 l/h destillerat vatten då kylvattnet till processen är 25°C varmt. Testresultaten bekräftar 
också MD processens beroende av temperaturskillnaden över membranet - desto större tempera-
turskillnad, desto mera destillerat vatten produceras per tidsenhet. Resultaten demonstrerar även 
MD teknologins höga separationsförmåga. Både vanligt kranvatten, samt havsvatten med hög sali-
nitet (0.32%), kan renas upptill standarder för höggradigt renat vatten (Highly Purified Water, 
HPW). Resultaten visade att ökningen av vattnets koncentration av orenheter påverkade produkt-
ionshastigheten till en viss grad. 
 
Att använda basstationens spillvärme till att driva en AGMD-process konstateras vara ett lovande 
koncept för framtida basstationsinstallationer. Konceptet möjliggör ett system där man erbjuder 
både nätverksanslutning samt rent vatten. Därmed ämnar sig konceptet till avlägsna och varma 
platser där tillgången till rent vatten är begränsad. Genom att återvinna spillvärmen från basstation-
en i en sekundär process, sänker man både basstationens koldioxidavtryck samt energikostnaderna i 
den sekundära processen. Systemet kan därmed även erbjuda lägre produktionskostnader för rent 
vatten, gentemot alternativ där konventionella energikällor används.   
 
Nyckelord: Desalination, Membrandestillation, AGMD, Basstation, Spillvärme, Hållbarhet, Socio-
ekonomi 
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Nomenclature 
 
 

 [kJ/kgK]  specific heat capacity 
 [kJ/kgK]  specific heat capacity of the hot feed 

CO2 Avoided [g CO2/kWh]  CO2 emissions avoided compared to baseline 
CO2 coefficient [g CO2/kWh]  measure for CO2 emissions in an alternative case 
Es [kWh/year]  energy consumed in SPMD system 

 [kg/s]  mass flow on the hot side of MD 
 [kg/s]  the mass flow of the permeate 

N [mol/m2s]  molar flux  
r [m]  mean pore size 

 [°C]  hot feed inlet temperature 
 [°C]  hot feed outlet temperature 

Tm1 [°C]  feed temperature on the membrane surface 

Tm2 [°C]  temperature of the permeate at the air gap inlet 

Tb1 [°C]  bulk feed temperature 

Tb2 [°C]  bulk permeate temperature 
 [l/m2h]  hourly distillate flux per membrane area 

QBS [W]  heat supply from the base station 

Qdist [W]  enthalpy of the distillate 

Q hot-cool [W]  heat recovered on the cool side of the MD 

Qlosses [W]  heat losses to the surroundings 

QMD hot [W]  heat recovered in the MD process hot side 
 (BS) [l/min]  flow rate in BS cooling circuit 
 (MD cold) [l/min]  flow rate in MD cooling circuit 
 (MD hot) [l/min]  flow rate in MD hot circuit 
 [-]  membrane porosity 

 [m]  membrane thickness 
 [-]  membrane tortuosity 
∆ 	 [kJ/kg]  enthalpy drop across the MD hot side 
 



 

vi 
 

Abbreviations 
 
AGMD  Air Gap Membrane Distillation 
BS  Base Station 
BS-MD  Base station – Membrane Distillation system  
DHW  Domestic Hot Water 
GHG  Greenhouse gas 
HPW  Highly Purified Water 
ICT  Information and Communications Technology 
IEA  International Energy Agency 
MD  Membrane Distillation 
MED  Multi Effect Distillation 
MSF  Multi Stage Flash Distillation 
MVC  Mechanical Vapor Compression 
RES  Renewable Energy Sources 
RO  Reverse Osmosis 
R&D  Research & Development 
SD  Solar Distillation 
SDG  Sustainable Development Goals  
SPMD  Solar-Powered Membrane Distillation 
TPC  Temperature Polarization Coefficient 
TVC  Thermal Vapor Compression  
UN  United Nations 
WFI  Water for Injection 
WHO  World Health Organization 
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1 Introduction 
 
Since sources of fresh water are diminishing and global population is increasing, many countries are 
turning to water purification and desalination technologies in order to make use of non-conventional 
water resources such as seawater or recycled waters. Meantime, the world is battling global warming 
which calls also the water treatment processes to start utilizing renewable energy sources. Therefore, 
membrane distillation (MD) is a rapidly growing water purification technology thanks to its possibility 
to be driven with renewable energy sources or waste heat. MD is considered to be a potential competi-
tor to the conservative reverse osmosis process (Subramani and Jacangelo, 2015).   
 
Meanwhile, the ICT industry is looking for ways to reutilize the large amount of waste heat that is pro-
duced by the energy-intensive computing of data centers, base stations etc. Data centers are starting to 
move to the Northern countries where the waste heat can be transferred to, e.g., the district heating 
system. Nevertheless, the telecom networks are extending and more and more base stations are being 
installed in hot and arid areas in developing countries. One base station emits between 1 and 10 kW of 
waste heat, which makes them significant sources of low-grade waste heat.  
 
With this said, the topic of this thesis is to study the possibility of running a small-scale MD unit with 
the waste heat produced by a base station. MD technology has been proven to be run with thermal 
power collected by solar collectors which makes it a compatible technology also with the base station 
waste heat, both in regard to the temperature of the waste heat as well as the waste heat amount. The 
idea behind the MD technology is to use a thermal gradient over a hydrophobic membrane to drive the 
process. Since the distillation is accomplished with a thermal difference and not by heating the water to 
its boiling point, low-grade heat sources are compatible with the technology. The motivation behind 
the thesis topic is to design a concept with a secondary application for base stations installed in remote 
and arid locations, in which the waste heat can be reutilized in a sensible way in regard to the environ-
ment.   
 
Water purification or desalination are processes where salts and other dissolved contaminants are re-
moved from the water. Depending on the process, the product water has different qualities. MD is a 
thermally driven distillation process, which makes the end-product distilled water of very high purity 
quality. All non-volatile solutes can be separated from the water. Hence, salts, heavy metals, bacteria, 
viruses, organic matter etc., can all be removed from the water.    
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2 Research Objective  
 
Since the amount of waste heat from mobile networks, i.e., base stations, is substantial, operators and 
other actors on the market are looking for ways to reutilize the waste heat, in the interest of making the 
base station sites more energy-efficient. Nokia has initiated a research project on the matter and is 
connected to the development of liquid-cooling systems for the base stations.  
 
The overall objective of this thesis is to develop the concept of using waste heat from liquid-cooled 
base stations to drive a small-scale membrane distillation unit on remote and arid base station sites. 
The main objective is to prove the functioning of the concept as well as to study its performance. Ad-
ditionally, the concept is to be reviewed from both an economical as well as an environmental perspec-
tive. The idea is to develop a framework for the future development of the concept and system, once 
the first proof-of-concept has been installed and evaluated. 
 
The specific objectives of this thesis are: 

o Install a proof of concept system in Nokia laboratory  
o Estimate how much clean water we can produce with the waste heat available 
o Develop a framework for future concept development 

 
The concept and the system is referred to as the “base station – membrane distillation system” and it is 
abbreviated as BS-MD in this thesis work.   
 
 



 

3 
 

3 Methodology 
 
The methodology used in this thesis consists of both a literature study as well as experimental testing. 
The literature study provides background information and includes an introduction to the global water 
crisis, the global desalination markets as well as the theory behind membrane distillation and further 
the air-gap membrane distillation configuration (AGMD). A brief presentation of the liquid-cooled 
base station as well as the companies involved in the project are also given. All of these topics are in-
cluded in chapter 4.  
 
The experimental study is performed with a lab unit, combining the Nokia base station and the MD 
unit provided by Xzero AB, and is installed on the Nokia premises. The system set-up, design of ex-
periments as well as measurement results are further explained in chapter 5.  
 
Following the experimental part and its results, an analysis of the technology implementation is carried 
out. Thereby, chapter 6 contains the analysis of the potential site requirements and restrictions, sugges-
tions on system improvements as well as a brief environmental and economic review of the technolo-
gy. This analysis is also performed based on information found in literature.   
 
Finally, the potential to implement the concept in real life is analyzed in the discussion, chapter 7, and 
conclusions are summarized in chapter 8.  
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4 Background 
 
This chapter presents background information to support the development of the BS-MD concept. 
The global water crisis is discussed as well as the desalination market to give an overview of the water 
purification technologies available. The Swedish manufacturers of the MD module tested in this thesis 
are presented (Scarab AB and Xzero AB) and the liquid-cooled base station developed at Nokia is 
introduced.  

 
MD technology, including its advantages and disadvantages, is explained, after which air-gap mem-
brane distillation (AGMD) is treated more in detail. The AGMD process is explained as well as the 
effect of the different operating conditions on the AGMD performance.  
 

4.1 Global Water Crisis 
 
Water scarcity is one of the most critical challenges that humankind is facing. The term refers to the 
geographical imbalance between the need for potable water and the fresh water reservoirs. According 
to the UN, more than 40% of the global population is affected by water scarcity and this ratio is ex-
pected to increase. Further, 1.8 billion people consume fecally contaminated water sources that result 
in serious water- and sanitation related diseases. Especially children are suffering, almost 800 children 
die every day from diarrheal diseases. The severity of the issue has spurred the UN to include water 
access improvement in its Sustainable Development Goals (SDGs), an agenda for sustainable devel-
opment. The water security targets involves, e.g., guaranteeing clean and affordable drinking water for 
all by 2030 as well as improving water management and water treatment strategies. (United Nations, 
2016) 
 
Water scarcity is strongly linked with the increasing water demand, that in turn, is coupled with the 
constant population growth. Also, industry and agriculture require more and more water resources. 
Rapid population growth is also often linked to poor areas where water is already a rare resource and in 
growing economies that already rely on desalinating technologies (e.g., Middle East) (Eltawil et al., 
2009). In addition to the UN, there are also other international instances recognizing the ever-
increasing demand for water. The International Energy Agency (IEA) is considering the increasing 
energy demand that follows. As can be seen from Figure 1, the electricity consumption linked to the 
water sector is expected to increase by up to 80% by 2040 from that of the sector in 2014. The largest 
contributor to the required electricity demand is the growing desalination sector in the Middle East and 
North Africa. The need for wastewater treatment is also expected to increase substantially due to in-
creased demand in emerging economies. (IEA, International Energy Agency, 2016).     
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Figure 1. Electricity consumption in the water sector by process (IEA, International Energy Agen-
cy, 2016) 
 
The different degrees of water stress are shown geographically in Figure 2. Central America, North 
Africa, the Middle East and parts of Asia and Australia are areas suffering the most from water scarcity 
and diminishing fresh water resources. (Gude, 2016a) 
 
 

 
Figure 2. Water stress regions in the world (Gude, 2016a) 
 
A decrease in fresh water resources also contributes to the problem. Prolonged periods of low rainfall 
cause the ground water levels to drop and non-regenerative water reserves are emptied in lack of alter-
native solutions. Over-pumped aquifers in coastal areas cause risk for seawater to intrude into the fresh 
water reservoirs which also decreases the fresh water available. Agriculture and industry are often the 
causes behind local soil, ecosystem and water reserves being contaminated. (Papapetrou et al., 2010)  
 
Considering these possible risks as well as the impacts of climate change, it is evident that many parts 
of the world are facing serious challenges in covering the ever-increasing demand for fresh water. As 
stated in the yearly report by the UN Water commission, water is essential not only for human survival 
but also for economic growth. (WWAP (United Nations World Water Assessment Programme), 2016)     
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4.2 The global desalination markets 
 
The market for water purification and desalination has a growing significance since potable pure water 
is an increasingly rare resource in many parts of the world. As can be seen from Figure 3, the global 
desalination capacity has increased manifold since the 70’s and 80’s. Reverse Osmosis (RO) is the 
dominating technology representing 66% of the capacity. Multi Stage Flash (MSF) and Multi Effect 
Distillation (MED) are the most common thermally driven desalination technologies. (Koschikowski, 
2015) 
 

 
Figure 3. The development of the global desalination market (Koschikowski, 2015) 
 
Saudi Arabia is the largest desalinating country in the world, followed by the United Arab Emirates and 
the United States. Dubai for instance, gets 98.8% of its water need from desalination plants, the re-
maining from ground water sources (Hackley, 2013). Spain is the largest desalinating country in Eu-
rope, having installed its first desalination plant in the 1970’s to support the water needs of the agricul-
tural sector. RO covers 70% of the technology installed. (Koschikowski, 2011)     
 
The desalination market serves many different sectors. Most desalination plants are owned by munici-
palities to provide drinking water or by the industrial sector. In addition to these, the technology is 
used for power plants, irrigation, tourism and military applications (Gude, 2016b). Desalination tech-
nology is constantly being developed, decreasing water production prices and making the technologies 
more and more competitive. The current main trend within research and development (R&D) is the 
coupling of desalination technology with renewable energy sources (RES). King Abdullah Initiative 
was introduced in the Kingdom of Saudi Arabia (KSA) in 2010 with the goal to renew all desalination 
plants in the country to be run by solar power alone by 2019 (King Abdulaziz City for Science and 
Technology (KACST), n.d.). 	
 
GWI, the Global Water Intelligence, an association providing analysis and data of the global water 
market estimates the desalination market to grow by a whopping 8.1% annually between 2014 and 
2020 with the biggest investments carried out in the Middle East. (WWAP (United Nations World 
Water Assessment Programme), 2016) 
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4.3 Water purification technologies 
 
Since there is an alarming need of drinking water in developing countries, technologies to purify con-
taminated ground water or desalinating sea- and brackish water have developed rapidly. Water desali-
nation technology is mostly used in municipalities to produce drinking water (63% of total capacity) 
while industrial applications represent 26% of total capacity. The remaining desalination technology is 
used in agriculture, tourism as well as the military sector. (Bennett, 2013)  
 
Water purification technology can be broadly divided into two categories: the phase-change processes 
(thermal) and the non-phase change technologies (membrane technologies). The thermally-driven 
technologies utilize the phase changes in water to separate the dissolved salts and contaminants from 
the liquid by evaporating and condensing the water. These technologies include solar distillation (SD), 
multi-effect evaporation/distillation (MED), multi-stage flash distillation (MSF), thermal vapor com-
pression (TVC) and mechanical vapor compression (MVC). (Gude, 2015)       
 
The membrane processes and the non-phase change processes use, on the other hand, a membrane as 
a physical separator between the feedwater and the end-product. These mechanically, chemically or 
electrically driven desalination technologies include reverse osmosis (RO) and electro dialysis (ED). In 
addition to the two separate categories, there are also hybrid technologies that incorporate both ideas, 
either in one process or combine different technologies in several process steps. Membrane distillation 
(MD) is a thermally driven membrane technology, thus a hybrid of the categories. (Gude, 2015) 
 
This collection of technologies enables a wide range of applications that can be used in various operat-
ing conditions with different available energy resources (renewable energy sources, electricity from the 
grid, waste heat etc.).  
 
As indicated earlier, in this master thesis, membrane distillation is chosen as technology for the reuse 
of waste heat from the base station, thus a secondary application in the base station concept to pro-
duce pure drinking water. Membrane distillation, which will be further explained and studied in the 
following chapters, is a water purifying process that has been developed since the 60’s. The most im-
portant advantage of the MD process is that it can be driven with low-grade heat, that is heat of a tem-
perature of less than 90°C (Khan et al., 2014). This has given the technology rise to a wide range of 
possible applications driven with renewable energy (solar and geothermal energy) or waste heat. Some 
examples are seawater desalination, waste water treatment, applications in the chemical industry and 
processing of dairy fluids in the food industry (Wang and Chung, 2015).   
 

4.4 Scarab Development AB and Xzero AB 
 
Scarab AB is a firm, located in Stockholm, that has been researching and developing MD technology 
since the 1970’s. They have developed a AGMD module with a plate and frame design with an effi-
cient heat recovery system (Zhani et al., 2016). Projects have been conducted both in contact with 
industry in collaboration with companies such as ABB, Procoria etc., as well as research institutions, 
KTH Royal Institute of Technology, Sandia National Laboratory in the US and such. Scarab has re-
cently installed a 10-module facility at Hammarby Sjöstadsverket in Stockholm that utilizes heat from 
the district heating system return-water to remove pharmaceutical residues from wastewater (Zhani et 
al., 2016). Xzero AB is subsidiary of Scarab and focuses on MD applications in industrial scale. The 
MD unit used in this thesis work was provided by Xzero. (Liu, 2004) 
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4.5 Liquid-cooled base station 
 
Radio base stations (BS) are the building pillars maintaining the mobile networks and providing us 
with, e.g., 3G and 4G connection. Base stations are known to be very power consuming, largely be-
cause of the energy-intensive components such as the power amplifiers and the processors in the base 
stations. These components dissipate a lot of heat, e.g., roughly half of the power consumption of the 
power amplifier is lost as waste heat. Therefore, an extensive cooling system is required for the base 
station to keep the ICT components at reasonable temperatures and maintain stable operation. Fur-
ther, the load on the networks is growing substantially because of the increasing amount of IoT (Inter-
net of Things) devices coming online. This is why the energy-efficiency of mobile networks is becom-
ing more and more important. (Nokia, 2016a) (Nokia, 2016b)      
 
When looking at the energy consumption of a base station site, up to half of the site-level energy con-
sumption is dedicated for cooling (Nokia, 2016b). Nokia Bell Labs has recently developed a more en-
ergy-efficient base station concept that involves a liquid-cooling technology instead of conventional 
air-cooling. This is in order to reduce the energy consumption of the base station site and make the 
base station and the network considerably more energy-efficient. Since water is a much more efficient 
way to transport the heat from the base station (the volumetric heat capacity of water is roughly 4000 
times that of air), a liquid-cooling system is a significant improvement compared to the air-cooling in 
terms of cooling efficiency, volumetric cooling capacity and cooling power consumption. (Kuosa et al., 
2016) 
 
This transition from air- to liquid-cooling does not only decrease the energy-consumption of the cool-
ing system substantially, but also enables reutilization of the waste heat from the BS. Since the waste 
heat output is in the form of hot water (approx. 50-60°C), its value in a secondary application is direct-
ly much higher than that of exhaust air. The waste heat from the BS can be used directly in a secondary 
application, e.g., as a heating medium for domestic hot water, or as studied in this thesis, it has poten-
tial to be the driving force in a thermally driven process. (Kuosa et al., 2016) 
 

4.6 Membrane Distillation 
 
Membrane Distillation (MD) has recently gained ground in the desalination and water purification 
market to compete with the other thermally driven technologies as well as to provide an alternative to 
the electrically driven reverse osmosis technology. This is thanks to recent extensive efforts done in 
research and development, for instance, within the membrane materials and the energy efficiency of 
the MD systems. The main motivating factor behind the efforts carried out in MD research, is the 
potential of the technology to be run with renewables (RES). Despite the fact that the thermally driven 
technologies are more energy-consuming than the market-dominating RO-technology, they are now 
emerging as the preferred alternative in many applications where heat is available to drive the process. 
Renewable thermal energy sources include solar thermal, geothermal as well as many applications pro-
ducing waste heat in substantial amounts. The advantage of MD is that it can be applied with all the 
renewable energy sources mentioned, as well as the fact that it is scalable to applications of varying 
sizes; small-scale solar thermal systems to large-scale sources of low-grade waste heat from industry. 
This gives MD an advantage over the other thermal systems suitable for only industrial applications 
(Summers and V, 2013). (Drioli et al., 2015) 
 
The advantages and disadvantages of the MD technology can be summarized as follows (Kullab, 2011) 
(Asim, 2013): 
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Advantages of MD:  
 

 100% theoretical rejection of all non-volatiles (ions, macromolecules, colloids, cells etc), the 
end-product is of high quality 

 Lower temperature requirements than conventional distillation processes that lead to 
possibility of using renewable energy sources 

 Lower requirements on the operating pressures than for other conventional membrane 
separation processes 

 Low sensitivity to variations in process variables like for instance pH-values and salt 
concentrations 

 Robust mechanics and high chemical resistance 
 Reduced vapor spaces as compared to conventional thermal distillation technology 

 
 
Disadvantages of MD:  
 

 High energy intensity per unit of distillate produced 
 The yield is low in non-batch mode (when modules are batched, recirculation of heat is 

possible) 
 Sensitive to surfactants 
 Pretreatment of feedwater required when undesired volatiles are present  

 
There are several system designs to which the MD process can be applied. These include Direct Con-
tact Membrane Distillation (DGMD), Air Gap Membrane Distillation (AGMD), Sweeping Gas Mem-
brane Distillation (SGMD) and Vacuum Membrane Distillation (VMD). These system design have 
been presented and compared in several research works, e.g., (El-Bourawi et al., 2006), (Lawson and 
Lloyd, 1997) and (Kullab, 2011). The choice of configuration depends on the feedwater as well as the 
requirements on performance, as well as the heat source available.  
 
AGMD, the system design used in this thesis work, is known to be one of the more thermally efficient 
alternatives. Thanks to the air gap, the conductive heat losses through the membrane supporting stand 
are reduced. However, the air gap causes additional resistance for the mass flux which leads to lower 
performance than without the air gap (Kullab, 2011). AGMD is the configuration used in the MD unit 
provided by Xzero AB, that is tested in this research work.  
 

4.7 AGMD process 
 

AGMD is a separation process containing a hot feedwater stream, a cooling stream, the separating 
membrane as well as an air gap. The AGMD structure is illustrated in Figure 4. The principle of opera-
tion is the creation of a temperature difference over the membrane that, in turn, results in a partial 
pressure difference. This pressure difference works as the driving force in the process, causing a part 
of the feedwater to evaporate and move across the membrane. Thanks to the hydrophobic micro-
porous properties of the membrane, it only lets through vapors, i.e., volatile substances. All non-
volatiles components from the membrane surface diffuse back to the bulk, thus staying in the hot wa-
ter stream. (Guillén-Burrieza et al., 2011) 
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Figure 4. Heat and mass transfer in air gap membrane distillation (Liu, 2004) 
 
Once the water vapor has transferred through the membrane as well as the air gap behind it, the vapor 
condenses on the cooling plate, cooled down by the cooling stream. The distilled water then simply 
drains down the cooling plate and is collected in a distillate tank. The operating principle of the 
AGMD technology using the hydrophobic membrane enables a high separation efficiency, thus high 
purity rates in the product stream. (Guillén-Burrieza et al., 2011) 
 
The energy demand to drive the process is thus the thermal energy needed to heat the feedwater to 
attain the temperature difference over the membrane. In addition to the thermal energy, a certain 
amount of electrical energy is required for the pumping power in the streams. The thermal energy, i.e., 
the heat transferred over the membrane from the hot stream, is distributed to the cooling stream, the 
distillate as well as some of the heat is lost due to thermal inefficiencies (see 4.7.1). The system is oper-
ating in atmospheric pressure which facilitates its operation. (Lawson and Lloyd, 1997) 
 
The temperature of the feedwater in the hot stream is usually between 60 and 90°C but can be as low 
as 30°C. The temperature in the cooling stream is typically between 20 and 40°C. (Lawson and Lloyd, 
1997) 
 
The heat transfer rate, Q [W], supplied to heat the feedwater for the AGMD process can be described 
with  
 

 	 ∙ ∙ ∆  (1) 
 
where  is the mass flow of the stream [kg/s],  is the specific heat capacity of the liquid [J/kgK] and 
∆  is the temperature difference of the inlet and outlet flow temperatures [K]. The specific heat capac-
ity of water is 4.2 kJ/kgK and is used when calculating the heat transfer to the AGMD process as well 
as the heat distribution from the AGMD hot side to the cold side, the distillate as well as heat losses to 
surroundings. (Khan, 2017)   

4.7.1 Energetic inefficiencies in AGMD 
 
There are three factors that contribute to the energetic inefficiencies, i.e., causes of heat loss, in the 
AGMD process. The first heat loss component is caused by the temperature polarization over the 
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cross-section of the system. It is mainly due to the additional thermal resistance induced by the air gap 
and can be described with the Temperature Polarization Coefficient (TPC): 
 

 	  (2) 

 
where Tm1 is the feed temperature on the membrane surface [°C], Tm2 the temperature of the permeate 
at the air gap inlet [°C], Tb1 the bulk feed temperature [°C], and Tb2 is the bulk permeate temperature 
[°C] (see Figure 4). As previously explained, the driving force behind the process is the temperature 
difference over the membrane (Tm1 - Tm2) inducing the vapor pressure difference. Thus, the TPC de-
scribes the ratio of how much of the overall temperature difference (Tb1 - Tb2) contributes to the actual 
driving force. Therefore, the ideal would be the ratio to be equal to 1, however, in practice, it varies 
between 0.2 and 0.9 (Burgoyne and Vahdati, 2000).  
 
The second cause for heat losses, is the resistance to vapor flow caused by air trapped in the mem-
brane pores and the third is the conductive heat losses through the membrane structure (Lawson and 
Lloyd, 1997). The latter, is however decreased thanks to the air gap configuration (Yarlagadda et al., 
2009). The total heat losses of the MD system are usually 20-40% of the thermal energy provided to 
the MD unit. However, by for instance, properly removing all air from the system, the losses can al-
ready be decreased to 10%. (Burgoyne and Vahdati, 2000)   
 

4.8 Requirements on membrane material 
 
The main purpose of the membrane is to separate the feedwater from the air gap and coolant, as well 
as to maximize the vapor flux across it. The membrane has several characteristics that affect its opera-
tion. The transmembrane flux is related to the membrane characteristics as follows: 
 

 ∝ 	  (3) 

 
where N is the molar flux [mol/m2s], r is the mean pore size of the membrane pores [m], a equals 1 or 
2 according to Knudsen diffusion or a viscous flux, respectively,	  stands for the membrane porosity [-
],  is the membrane thickness [m], and  is the membrane tortuosity [-] (Lawson and Lloyd, 1997). 
Thus, the mass flux increases by increasing porosity and pore size as well as decreasing membrane 
thickness and tortuosity. In addition to these membrane design guidelines, the well-functioning porous 
membrane should have:  
 

 Long-term thermal resistance to temperatures as high as 100°C  
 Low thermal conductivity (to prevent heat loss across the membrane construction) 
 High resistance to chemicals in the feed solutions 
 High Liquid Entry Pressure (LEP; the hydrostatic pressure required from the liquid to over-

come the hydrophobic forces of the membrane) to prevent water from entering the mem-
brane 

 High permeability (which involves large pore size and high porosity) 
 
As some of these requirements are contradictory, optimization is required to find the optimal mem-
brane design. For instance, permeability should be high to enable a large mass transfer. However, the 
porosity and pore size should be minimized to prevent pore wetting. Also, heat loss is reduced by in-
creasing membrane thickness which, in turn, decreases trans-membrane mass flux. Hence, a balance 
between heat loss and mass transport should be found. (Baaklini, 2011) (Lawson and Lloyd, 1997) 
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Given all the criteria above, the same materials that are used in microfiltration are also found to match 
the MD process. These include polytetrafluoroethylene (PTFE), polypropylene (PP), and polyvinyli-
dene fluoride (PVDF) that have good hydrophobic properties (surface energies of 9.1 and 30.3 kN/m 
for PTFE and PVDF).  Surface energy refers to the contact angle of a liquid droplet against the sur-
face. In case of high surface energy, the fluid has a low contact angle against the surface which means 
that it can wet the surface. Meanwhile, with low surface energy, the fluid has a high contact angle 
against the surface which means that it stays as droplets against the surface and results in poor wetting 
and adhesion against the surface. Thus, the low surface energies of PTFE and PVDF result in good 
hydrophobicity. The thermal conductivities are between 0.22 and 0.45 W/mK and they have high 
chemical resistances at the MD operating conditions. (Zhang et al., 2010) 
 

4.9 Effect of the operating parameters 
 
The performance of AGMD and how the performance varies according to operating variables as well 
as the design of the process and membrane, has been studied in several research articles and review 
papers (Baaklini, 2011), (El-Bourawi et al., 2006), (Yarlagadda et al., 2009), (Banat et al., 2003). The 
published material seems to agree upon the general theory of the performance of the AGMD and the 
operating conditions that are the most crucial when optimizing the system to maximize the distillate 
production (El-Bourawi et al., 2006). These guidelines are presented in this subchapter.     

4.9.1 Feed temperature 
 
The influence of the operating temperatures on the MD performance have been widely investigated 
since they represent the driving force behind the system. Especially the feed inlet temperature’s effect 
on the operation has been researched, testing temperatures from 20 to 90°C in various MD research 
modules and pilot plants around the world. The consensus is that there is an exponential increase in 
the transmembrane flux, in all MD configurations, when the temperature in the feed temperature is 
ramped up. (El-Bourawi et al., 2006)   
 
Besides the permeate flux, the heat efficiency is relevant for the MD performance. The feed tempera-
ture’s effect on the heat efficiency was investigated by, for instance, (Liu et al., 1998) who concluded 
that also the heat efficiency increases with the temperature on the hot side. This is in spite of the fact 
that the temperature polarization effect increases with feed-inlet temperature. This is confirmed by, 
e.g., (El-Bourawi et al., 2006) (Liu and Martin, 2005), and is explained by the fact that the evaporation 
efficiency increases with a faster rate than the heat losses when the feedwater temperature is increased.  

4.9.2 Feed inlet concentration 
 
The feedwater properties and the contaminant concentration in particular, have also been investigated 
by MD researchers. MD is known to be a robust system, tolerant to very high salt concentrations, 
which gives it an advantage over other water separating technologies. However, the contamination 
level (i.e., feed inlet concentration) can affect the performance of the system. Since the addition of salt 
and other non-volatile solutes reduce the vapor pressure difference over the membrane, the driving 
force is therefore decreased, hence also the transmembrane flux. The addition of a non-volatile solute 
decreases the vapor pressure according to Raoult’s law, which states that the vapor pressure of a non-
volatile solute mixed with the solvent is equal to the vapor pressure of the pure solvent multiplied by 
the mole fraction of the solvent in the solution. Hence, the partial pressure difference decreases pro-
portionally with the increase of concentration. (El-Bourawi et al., 2006) (Alkhudhiri et al., 2012) 
 
Adding volatile solutes to the mixture (alcohols for instance) will most likely have the opposite effect 
by increasing the partial vapor pressure difference with increased concentration. This is because vola-
tile substances have a vapor pressure of their own which is added to the vapor pressure of the solution. 
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The vapor pressure of a solution containing volatiles solutes is the sum of the vapor pressures of the 
solvent and each of the volatile solutes. (El-Bourawi et al., 2006)  
 
Thus, blending both volatile and non-volatile solutes in the feedwater can affect the performance both 
ways. Therefore, the scenarios explained indicate that the system needs to be studied case by case, 
depending on what kind of feedwater is at hand and what separations is supposed to be achieved. (El-
Bourawi et al., 2006) 

4.9.3 Feed velocity and stirring rate 
 
Similarly, to an increase in feedwater temperature, an increase in feed-side velocity can improve the 
performance of the MD process. A ramp-up in velocity increases the Reynolds number which repre-
sents the stirring rate in the feedwater stream. Higher mixing rates or circulation velocities decrease the 
temperature polarization effect present in MD configurations (see 4.7.1). This means that the bulk 
temperature is brought closer to the membrane surface, thus increasing the transmembrane tempera-
ture difference and the system performance. (El-Bourawi et al., 2006) (Alklaibi and Lior, 2005)  
 
The Reynolds number [-], is expressed as for the Reynolds number in a flow channel, that is  
 

 ∙ 	 ∙ 	
 

(4) 

 
where u	is the fluid velocity [m/s],  is the flow channel diameter [m],  is the fluid density [kg/m3] 
and  is the fluid dynamic viscosity [kg/ms]. (El-Bourawi et al., 2006) 

4.9.4 Temperature difference and mean temperature 
 
The thermal gradient across the membrane is the main driving force for the process, thus the most 
important parameter affecting the performance. Increasing the thermal gradient, increases the vapor 
pressure difference which increases the transmembrane flux. This has been shown in various research 
works, keeping the mean temperature constant but varying the temperature gradient. The relation be-
tween temperature and vapor pressure can be described according to the Antoine equation and it is 
illustrated in Figure 5 (Bui et al., 2007). (El-Bourawi et al., 2006) 
 

 
Figure 5. The relation between temperature and water vapor pressure according to the Antoine 
equation (Bui et al., 2007) 
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As can be seen from Figure 5, the water vapor pressure grows exponentially when the temperature 
increases. That is why the distillate flux increases also when the mean temperature is increased while 
keeping the temperature difference constant. Thus, both an increase in temperature difference as well 
as mean temperature generally result in higher flux rates in AGMD configurations. (El-Bourawi et al., 
2006)      

4.9.5  Cooling stream parameters 
 
Because of the dominant role of the air gap in the AGMD configuration, the influence of the cooling 
stream parameters is less important than the operating conditions on the feed-side. Nonetheless, by 
changing the coolant temperature, the transmembrane pressure difference is affected. Likewise, in-
creasing the velocity in the cooling stream increases the cooling of the cooling plate which affects the 
temperature polarization. However, for instance El-Bourawi et al. (El-Bourawi et al., 2006) and Alklaibi 
et al. (Alklaibi and Lior, 2005) state that their effect is negligible since the vapor pressure increases 
exponentially with temperature. Thus, it is more advantageous to modify the conditions in the feedwa-
ter stream. 
 

4.10 Membrane inefficiencies 
 
Scaling and fouling are two important risks that need to be considered and monitored when operating 
a MD system. These phenomena refer to the deposition and build-up of contaminants in the MD 
channels, on the membrane surface or even in the membrane pores. This kind of clogging either de-
creases the membrane area available and/or the flow channel areas which, in turn, cause a decay in 
permeate flux. Build-up of fouling or scaling in the membrane pores might even result in wetting of 
the membrane and eventually contaminants passing through the membrane and ending up in the end-
product. (El-Bourawi et al., 2006) 
 
There are several types of fouling and scaling, depending on the composition of the feedwater. Biolog-
ical fouling is the result of the growth of microorganisms; particulate fouling is caused by solid particles 
in the feedwater and crystallization fouling from salt concentrated feed solutions or from the scaling of 
calcium carbonates (CaCO3). (El-Bourawi et al., 2006) 
 
Correspondingly, several methods have been developed to prevent and reduce the occurrence of scal-
ing and fouling. Mechanical pretreatment of the feedwater is an obvious way to reduce particulate foul-
ing and thus membrane damage. Biological fouling is more challenging as bacteria, for instance, are 
known to survive under extreme conditions such as high temperatures and low pH-values. However, it 
has been reported that the occurrence of biofouling depends largely on the operating conditions and is 
less common than in other pressure-driven separation technologies (Gryta, 2002). Acidification has 
been found to be efficient in controlling of crystallization of CaCO3. By rinsing the membrane with an 
hydrochloric acid solution, part of the deposit built on the membrane surface can be dissolved (Gryta, 
2007). Scaling of salts can be expected in MD systems with salts that have lower solubility at lower 
temperatures. However, Xzero reports that they have noticed decay in distillate flux only when salt 
ratios exceed 25% in the feedwater and Banat et al. (Banat and Simandl, 1994) ran an AGMD module 
with simulated seawater for two months without observing scale formations.   
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5 Experimental study of MD unit connected to base 
station  

 
In this chapter, a detailed description of the MD-BS lab demo installation, experiments as well as test-
ing results are given. The lab demo is installed on Nokia’s premises in Espoo, Finland, where the tests 
were also conducted during a 2-month period.   

5.1 System set-up 
 
The MD-BS lab-demo consists of two main parts; the liquid-cooled base station and the small-scale 
MD unit. The main purpose is to capture the waste heat produced by the base station and transfer it to 
the MD process. The heat transfer from the BS to the MD is done via a traditional heat exchanger. 
The base station has one cooling loop while the MD unit consists out of two streams; the hot stream 
and the cold stream. All the water flows are closed and are therefore not mixed with each other, only 
heat is transferred between the streams. The streams in this system are therefore referred to as the BS 
cooling stream, the MD hot stream and the MD cold stream. The heat produced by the base station is 
transferred to the MD unit with the cooling stream and through a heat exchanger (copper coils) into a 
hot water tank of the MD hot stream. The waste heat is transferred in this way over to the MD process 
and the base station remains stable in terms of temperature in the radio components. The MD hot 
stream is maintained hot, thanks to the base station waste heat. Thus, is also the temperature difference 
between the MD hot and cold stream maintained, which drives the distillation process. The system set-
up, including its streams and components are illustrated in Figure 6.  
 

 
Figure 6. The BS-MD system set-up  
 
As seen from Figure 6, the heat exchanger between the base station cooling loop and the MD hot 
stream is located in the hot water tank of the MD system. Both the MD hot stream and cold stream 
are circulating separately through corresponding side of the AGMD module. Also, both the hot and 
cold stream of the MD unit have a by-pass stream that pass the AGMD module, to facilitate the opera-
tion of the system. The AGMD module has the output of distilled water which is collected separately. 
All streams are equipped with pumps, temperature sensors (TI in Figure 6) and flow meters (FI Figure 
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6). The hot and cold stream in the MD unit are both equipped with valves to either control the ratio of 
water through the bypass streams or to enable drainage of the circuit. In the lab set-up, the cooling 
stream is closed and cooled down by a compressor in the cold-water tank (the compressor is not 
shown in Figure 6).  
   
The entire installation with the liquid-cooled base station connected to the MD unit in the Nokia la-
boratory, is shown in Figure 7. The system set-up and process are explained further in detail, first by 
presenting the BS, its cooling stream and the heat exchanger between the BS cooling and the MD pro-
cess. After, the MD unit, i.e., the AGMD module, is further explained. 

  

 
Figure 7. Base station-MD lab unit 

 
A demo-unit of the liquid-cooled base station developed at Nokia Bell Labs is provided by Nokia for 
the lab demo. The base station consists of 3 radio modules (FRGT 3·80W) and one system module 
that steers the radios. The base station is liquid-cooled by a closed loop dividing into four streams 
when entering the station, one stream for each radio and the radio module. The mass flow in the liquid 
cooling of the BS is maintained by an 18 W-pump and the volume flow as well as temperature is moni-
tored with a meter from IFM. More information on the controllers can be found in the Appendix.   
 
The heat exchange between the base station and the MD unit is executed with two copper coil heat 
exchangers in the hot water tank of the MD unit. The base station and the copper coil heat exchangers 
are shown Figure 8. The black electric heater, that is normally used when base station is not available 
as heat source, can be seen beneath the copper coils in Figure 8. The cooling water in the BS cooling 
stream heats up while flowing through the base station. When the water reaches the copper coil heat 
exchangers, the excess thermal energy is released the water in the hot water tank and the cooling water 
returns to the base station. Thus, is the waste heat transferred from the BS to the MD process.     
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Figure 8. The Nokia liquid-cooled base station (left) and the copper coil heat exchangers in MD 
hot water tank (right) 
 
The bench-scale MD unit used in the demo was provided by courtesy of Xzero AB, subsidiary of Scar-
ab AB. All components including membranes and such are of Xzero’s property and their suppliers. As 
can be seen from Figure 6, the MD unit consists of two streams; the hot water and the cooling water. 
Both stream loops are closed and have a by-pass stream passing the AGMD module. The by-pass 
streams can be used during the heating and cooling of the streams before starting the distillation pro-
cess and are used by opening or closing the required valves. Both the hot and cold streams are run by a 
rotameter pump. Specifications of the pumps and sensors are gathered in the Appendix.  
 
Figure 9 shows the MD bench-scale unit and its components with explanations. The feedwater tank is 
about 25 l while the cooling tank is approximately 80 l. The feedwater flows into and out of the 
AGMD-module from above while the cooling water for the cooling plates flows into and out of the 
module horizontally. In this lab unit, the cooling water is maintained cold with the help of a compres-
sor, since the cooling stream is a closed loop and part of the thermal energy from the hot stream trans-
fers to the cooling stream via the AGMD module. The compressor is marked as cooling system in 
Figure 9, and has a cooling capacity of 1.8 kW.      
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Figure 9. The MD bench-scale unit used in demo with explanations 
 
The AGMD-module, where the distillation process takes place, consists of a cassette fitted in between 
two cooling plates, cooled down by the cooling water (thus, there are two cooling water inlets and two 
outlets in the AGMD module). The cassette is an injected molded plastic frame and consists of small 
feed channels through which the hot water is flowing. There is a spun bounded PTFE membrane on 
each side of the cassette, between the cassette and both the cooling plates. The total membrane area in 
the AGMD module is 0.2 m2. The air gap between the membrane and cooling plates is very thin and is 
even further reduced since the membranes bulge during operation.   
 

 
Figure 10. Sketch of MD bench-scale AGMD module (Asim, 2013) 
 
The membrane is made of PTFE material and has thickness of 0.2-0.3 mm, pore size of 0.2 µm and 
80% porosity.  
 
As can be seen from the Figure 7, the distillate was collected into two open collectors. By monitoring 
the distillate production from each side of the cassette and membrane separately, possible faults or 
damage of membrane can be detected more easily. The distillate production was evaluated by simply 
measuring the total amount of distillate produced during a specific amount of time.   



 

19 
 

5.2 System heat balance 
 
In this system configuration, the waste heat from the base station is transferred over to the MD system 
where it is used to create the vapor pressure difference over the membrane by heating the feedwater in 
the hot water tank. When using only the base station as heat source, the heat flow in the MD unit’s hot 
water circuit is limited to be at most equal to the heat supply from the base station. The heat flow in 
the MD hot circuit can be expressed as the waste heat recovered in the MD system.   
 
 	 	   (5) 

 
where QBS is the heat supply from the base station [W] and QMD hot is the heat recovered in the MD 
process hot side [W]. Further, the heat flow in the MD hot side is distributed between the heat used 
for the vaporization of the water in the AGMD-module, the heat losses discussed in 4.7.1, as well as 
the heat transferred to the cooling water. Thus, the heat flow and thermal balance in the system in 
steady-state conditions can be expressed as: 
 
 	 	  (6) 
 
where Qdist is the enthalpy of the distillate [W], Q hot-cool is the heat recovered on the cool side of the 
MD [W] and Qlosses are the heat losses to the surroundings [W]. (Guillén-Burrieza et al., 2011) 
 
Further, Khan (2017) presents the enthalpy drop across the hot side,	∆  [kJ/kg] as  
 
 ∆ 	 /	  (7) 
 
where  is the mass flow on the hot side [kg/s],  is the specific heat capacity of the hot feed 
[kJ/kgK],  is the hot feed inlet temperature [°C],  is the hot feed outlet temperature [°C] and  
is the mass flow of the permeate [kg/s]. Equation 7 shows relation of the heat flow and the permeate 
production, hence, the amount of heat needed to maintain the feed at a desired temperature level for a 
given yield [kWh/m3]. (Khan, 2017) 
 

5.3 Design of Experiments 
 
The testing of the system aimed at two different goals;  
 

- To see how the MD operates with the base station as its heat source 
- To test the performance of the MD by varying the temperature difference over the membrane 

as well as trying different feedwater types 
 
The equipment allows for the following parameters to be varied freely (Table 1).  
 
Table 1. The operational parameters of BS-MD system 
Operational parameter  Range  
Flow rate in BS cooling circuit 	  2.2, 3.8, 5.5 l/min  
Flow rate in MD hot circuit 	 	  0 - 9 l/min 
Flow rate in MD cooling circuit 	 	  0 - 20 l/min 
 
The hot water tank in the MD unit has an integrated electric heater which enables direct control of the 
hot water tank temperature if needed. However, the base station is used as heat source in most of the 
tests.  
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Table 2 shows the operational parameters that can be monitored using the different sensors in the 
equipment. More details on the sensors and other components can be found in the appendix. In addi-
tion to the parameters below, the component temperatures in the base station were monitored with 
BTS Site Manager-software 2014 by Nokia Solutions & Networks. Thus, it was ensured that the com-
ponent temperatures found table conditions when liquid-cooled and that they stayed below the maxi-
mum limit of 85°C. In Figure 7, the RF loads, that mute the base station radio signals, can be seen 
behind the BS unit. Having the RF loads installed, the base station can be run as a “dummy version” at 
constant maximum capacity, in each test. Thus also, the power consumption of the base station stays 
constant at approximately 3 kW.      
 
Table 2. The measured parameters of BS-MD system 
Parameter Abbreviation Unit 
BS inlet temperature T in (BS) °C 
BS outlet temperature T out (BS) °C 
MD hot tank temperature T hot (MD) °C 
MD hot circuit delta T T delta hot (MD) °C 
MD cold tank temperature T cold (MD) °C 
MD cold circuit delta T T delta cold (MD) °C 
 
The system testing was divided into three main parts:  
 

1. Finding system balance between BS heat supply and MD system  
2. Testing system performance varying ∆T between the hot and cold stream 
3. Testing performance in desalination 

 
The first part of the testing, was to test the MD unit’s operation when driven with the BS waste heat. 
The aim was to find the optimal operating conditions in the MD when using only the BS as heat 
source. Further, the flow rate in the BS was varied between the values found in Table 1 to see if the BS 
flow rate affects the MD process. Tap-water was used as feedwater in first and second part of the MD 
testing. 
 
The second part of the testing was dedicated to test the performance of the system varying the tem-
perature in the feedwater in the MD unit. This was done using the electric heater found in the MD 
equipment, instead of the BS as heat source, to facilitate the operation of the system.  
 
In the third part of the tests, saltwater was used as feedwater to test how the salt affects the perfor-
mance of the system. Salt made for aquariums was added to the tapwater and the salinity in the solu-
tion was approximately 0.32%. The same testing points, i.e., temperature differences, as in the second 
part, were used. The electric heater was used for heating of the feedwater.  
 
To ensure the proper operation of the system, notably the AGMD module, the quality of the distilled 
water was controlled by measuring its conductivity during each test. The Pure Water Tester by Hanna 
Instruments (HI98308) was used for the conductivity measurements. The production rate was meas-
ured by observing the level of water distillate in the collectors every hour. A regular timer was used to 
keep track of the time. If the conditions changed during the measurement, it was either interrupted or 
mean values were taken of the temperatures.  

5.4 Issues during the experiments 
 
It was observed that the temperatures, in both the hot water tank as well as the cold-water tank, were 
difficult to stabilize, which posed challenges when looking for stable conditions. This is probably be-
cause the compressor, cooling down the MD cooling stream, is under-dimensioned in comparison to 
the heat source (BS) and the heat transfer between the hot and cold stream. Thus, it is not possible to 
run long tests since the temperatures are constantly changing. Especially testing performance with 
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larger temperature differences (30°C < ΔT < 50°C) posed challenges since the temperatures were 
changing faster than when having lower temperature differences over the membrane. The test-runs 
being short (< 1h) when measuring large temperature differences was compensated by running several 
tests under same temperature conditions and calculating the average of their results.    
 
Also, differences in temperature sensors and components in each stream caused inconsistencies when 
looking on the heat balance over the system. It was found that the system reached longest durations of 
stable conditions (constant temperatures > 3h) when the heat rate in the hot stream of the MD was 
slightly larger than the heat supply of the BS, which does not make sense in theory. However, this 
illogicality is probably due to varying error margins in the sensors that monitor the parameters. This 
can lead to errors when calculating and comparing the heat flows based on data from different types of 
sensors. The cold tank temperature seemed to stabilize at 25°C when running the first part of the tests, 
which is why the cold tank temperature was held at 25°C also during the rest of the measurements. 
 
The valves installed in both hot and cold stream of the MD unit, used to adjust the flow rate also 
caused some difficulties in the measurements. The manual adjustment was not as exact as initially as-
sumed, which caused problems when testing different flow rates in the MD unit. Thus, because of 
limited time, the flow rates were fixed in both hot and cold stream as soon as somewhat stable condi-
tions were found.  
 
Because of the inflexibility of the system, notably matching the cooling capacity to the heat supply, 
actual steady-state conditions were probably not reached. Thus, it was not possible to calculate and 
compare the thermal energy need of the MD hot flow for different permeate production rates (Equa-
tion 7), even though all the necessary parameters were possible to monitor in the equipment.  

5.5 Experimental results  

5.5.1 Results on BS-MD system balance 
 
The first part of the experiments was dedicated for testing of the heat transfer between the base station 
and the MD unit, thus finding stable conditions (at least in short-term). Despite the challenges in ap-
plying theory into practice when using the MD unit with BS waste heat, somewhat stable conditions 
were found (> 3h) for each BS flow rate. Results are presented in Table 3.  
 
Table 3. Steady state operation points of BS-MD heat transfer varying BS flow rate (I, II, III) 
      I II III 

Base station 

	  l/min 2.2 3.8 5.5 
Pump power  W 2 7 18 
T in (BS) °C 56 57 57 
T out (BS) °C 65 63 61 
T delta (BS) °C 9 6 4 
QBS W 1509 1596 1579 
Tmax inside BS °C 85 81 77 

MD hot 

T hot (MD) °C 58 58 58 
T delta hot (MD) °C 6.4 6.4 6.5 

	 	  l/min 3.7 3.7 3.7 
QMD hot W 1657.6 1657.6 1683.5 

MD cold T cold (MD) °C 25 25 25 

Production 
Delta T °C 33 33 33 
Distillate flow l/m2h 4.95 5.12 5.11 
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Specific thermal 
energy need  

kWh/m3 1676 1620 1646 

 
As can be seen from the table, for each flow rate in BS cooling stream, the system seemed to stabilize 
at similar conditions. For each BS flow rate, the BS heated the hot water tank in the MD unit up to 
approximately 58°C, i.e., the temperature at which the hot tank seemed to stabilize. The larger the flow 
rate in the BS cooling stream, the smaller the temperature difference between the inlet and outlet tem-
peratures of the cooling water in and out of the base station. Further, smaller cooling flow rate in the 
base station led to higher component temperatures. When using the lowest cooling flow rate of 2.2 
l/min, the components were close to the maximum of 85°C. Logically, the heat flow in the BS stream 
stayed around 1.5 and 1.6 kW, no matter the cooling flow rate, since the BS was operating at the same 
capacity in each test (consuming 3 kW of power).     
 
Further, through trial and error, the flow rate in the MD unit’s hot stream was opted to be around 3.7 
l/min. This led to a ∆T in the MD hot stream of approximately 6.5°C which corresponds to a heat 
transfer of approximately 1.7 kW. As mentioned before, it is slightly larger than the heat flow of the BS 
cooling stream, between 1.5 kW and 1.6 kW, which was required for the system to reach longest dura-
tions of stable temperatures. When the heat transfer in the MD hot stream was set to be that of the BS 
cooling capacity, the temperatures in the BS cooling stream kept rising.   
 
As can be seen from Table 3, each of the points of balance were found with temperatures 58°C and 
25°C for the hot and cold water correspondingly. Thus, the ∆T of 33°C was found to be somewhat the 
optimum setting for this configuration. This temperature difference was measured in several runs and 
resulted in 1 l/h of distillate production or a distillate flux of 5l/m2h for the membrane used, and is 
stated to be the minimum what this kind of configuration is able to produce.  
 
The specific thermal energy needs are calculated according to Equation 7 and give the thermal energy 
need to maintain the hot water at a specific temperature in order to produce the given amount of per-
meate. The value varies between each test because of the small variations in distillate measurement and 
because of the oscillating temperature difference in the hot stream. However, since the values were 
quite stable in these specific tests, running over 3h at similar conditions, it can be stated that this sys-
tem design and running at these temperatures require around 1650 kWh of thermal energy for each 
cubic meter of distillate produced.   

5.5.2 Results on BS-MD system performance 
 
The second and third part of the system testing involved measuring the MD unit performance varying 
the temperature difference over the membrane (feedwater and cooling water temperature difference). 
The electric heater was used to vary the feedwater temperature. All other operating conditions were 
kept constant and equal to the results from part 1; 
 

- Flow rate in hot MD stream 3.7 l/min 
- Flow rate in cold MD stream 17.5 l/min 
- Temperature of cooling water at 25°C 

 
The distillate flux as a function of feed-coolant temperature difference was first tested with regular tap 
water as feedwater. Later, aquarium salt was added to the feed in order to test the desalination perfor-
mance with the same testing points. The salinity in the saltwater was approximately 0.32%. The results 
from the measurements, using both tap- and saltwater, are illustrated in Figure 11.    
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Figure 11. Distillate flux as a function of feed-coolant temperature difference 
  
As previously explained, the larger the temperature difference, the shorter were the test run periods. 
However, these values are attained by taking the average of at least 5 test runs or a test running at least 
2h in stable temperature conditions.   
 
As can be seen from Figure 11, the distillate flux increases when the temperature difference, i.e., vapor 
difference, is increased. Keeping the cooling water at 25°C and varying the hot water temperature be-
tween 45, 55, 65 and 75°C, the different measurement points were achieved. As seen from Figure 11, 
changing the feedwater to saltwater decreases slightly the performance, however, the flux dependency 
on temperature difference follows a similar trend line.  
 

 
Figure 12. The saltwater used as feedwater and the produced water distillate from tests 
 
As previously mentioned, the quality of the distillate produced was monitored by measuring its con-
ductivity. When distilling water from tap water, the conductivities decreased from around 170 µS/cm 
in the tap water, to between 0.3-1.0 µS/cm in the product water. In the seawater desalination simula-
tion, the third part of the tests, the conductivity decreased from the conductivity of saltwater of above 
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2000 µS/cm to values ranging from 1.3 and 2.2 µS/cm. As seen in Figure 12, the change was also visu-
al when distilling water from saltwater, there is a clear difference between the saltwater and distilled 
water in terms of clarity. The saltwater was colored from the copper coil heat exchangers’ reaction to 
the salinity in the feedwater tank.     
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6 Application of the water distilling base station con-
cept 

 
The concept introduced and researched in this thesis, is in an early stage of development, even though 
the two technologies combined are both close to commercialization. Thus, the system requires both 
optimization from a technical perspective, as well as, development of the concept from a global point-
of-view where the integration of the system to its surroundings is reviewed.  
 
This chapter discusses the potential of integrating MD technology to base station sites and different 
ideas and potential use cases are presented. First, the requirements for the site (resources and sur-
roundings), as well as its constraints, are discussed. Thus, a framework for the future development 
and implementation of the concept is discussed. After this, the possibilities for the improvement of 
the system performance are introduced.  
 

6.1 Concept and site requirements 
 
The idea of the BS-MD concept is to provide mobile service and using waste energy from that applica-
tion to produce distilled water as a secondary product. The motivation behind the choice of water 
purification as secondary application, is the treatment of locally polluted water and making it applicable 
for its end-use. Thus, the installation of this system should improve the basic living standards of a local 
community or improve the operation of a local service (e.g. health clinic).   
 
The system combining a base station site to a membrane distillation unit has several system inputs and 
outputs. The concept design including its system inputs and end-products are illustrated in Figure 13.  
 

 
Figure 13. The BS - MD concept design 
 
Overall, the system needs a power connection for both the base station as well as for the MD unit to 
run their pumps. Further, the MD process requires external cooling as well as feedwater for its opera-
tion. Considering the requirements of the system as well as its capacity to provide connectivity and 
distilled water, the following points can be used as guidelines when looking for a suitable site for the 
system.   
 
The system should only be applied to sites where the additional water supply can be essential for the environment 
and its habitants and activities. Because the water production from the BS-MD system is small-scale, one 
of the key assumptions is that the site is remote and has very limited access clean water. However, there 
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should still be a local source of contaminated water that can be used as feedwater in the MD unit. This feedwater 
can be, for instance, contaminated groundwater, brackish water or seawater. Thus, are also isolated 
coastal areas where there would be a need to desalinate seawater, a potential site description for this 
concept.  
 
Further, there should still be need of the water locally as well as it should be a reasonable location for a base 
station. That is, there is a local community or service (e.g., medical application) where 2G, 3G or 4G 
coverage is not yet available but where it would be needed.  
 
The base station requires power connection for its computing and cooling system. Thus, base stations are 
always either connected to the local electricity grid or running independently on its own power supply 
or back-up (a generator or local mini-grid powered with RES). Also, the MD unit requires power con-
nection to run the pumps in both the hot and cold stream. However, this electricity need can be as-
sumed to be insignificant compared to the total power consumption of the BS-MD site. 
 
Finally, the cooling of the MD unit needs to be considered. Despite that the waste heat from the base 
station is transferred to the MD process, there is still heat that needs to be dissipated from the MD 
unit through the cooling stream. In the lab demo of the thesis, this was accomplished with the com-
pressor providing external cooling to the cold stream of the MD. However, on the onsite application, 
the heat should be dissipated to the environment to make the water distillation energy-efficient and a 
sensible alternative compared to other water purification systems and configurations. This can be ac-
complished by dissipating the heat from the cooling water to, for instance, the ground or a river, lake 
or sea located nearby.      
 

6.2 Possible integration with solar collectors 
 
Considering the limited production of distilled water, taken the amount of waste heat from the BS, it 
might be interesting to ramp up the performance by adding solar collectors to the system. Solar collec-
tors absorb solar radiation and transforms that energy into thermal energy. The thermal energy is trans-
ferred to a medium that flows through the collectors (usually water, air or oil) that can, in turn, 
transport the thermal energy to its end-use application (Kalogirou, 2005). Using solar collectors to 
increase the heat amount available for the MD system, the MD unit can be scaled up, thus can also the 
water production be increased.    
 
Solar-powered MD technology (SPMD) is actively researched and tested, and is considered as techni-
cally feasible, especially for dry and rural areas and when using brackish water as feedwater (Ding et al., 
2005). Many pilot plants running only on solar power have been tested on various sites. The solar col-
lector area is scaled according to the water demand which in turn is converted into the heat amount 
needed. The collector’s performance vary according to the solar radiation on each site. Because of the 
daily variations in solar radiation, one of the key factors in optimization of SPMD systems, is to devel-
op energy-efficient heat recovery systems. (El-Bourawi et al., 2006) 
  
For instance, Kumar et al., have studied the performance of SPMD systems both by simulation and 
onsite pilot plants. Figure 14, shows their system using solar collectors to heat both domestic hot water 
(DHW) and to produce distilled water by providing heat to a MD module. The thermal energy from 
the solar collectors is transferred to a thermal storage tank. The heat from the storage tank is then 
distributed to the two separate systems; the DHW distribution line as well as the MD heating. This 
particular configuration is designed for a single-family application to produce 15-20 l/day drinking 
water along with DHW of about 300 l/day.  
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Figure 14. SPMD system producing both DHW and distilled water (Kumar et al., 2012) 
 
A pilot plant has been installed in the United Arab Emirates and the dynamic behavior of the MD 
module in this system is demonstrated in Figure 15. The system configuration has been tested using a 
membrane area of 0.195 m2 (approximately the same as the lab unit tested in this work) and has maxi-
mum production of 2.2 l/h. As can be seen from Figure 15, the production of distilled water varies 
during the day since the temperature of the hot water from the solar collectors increases during the day 
along with the increasing solar radiation. The maximum distillate production is reached with ∆T of 
30°C and flow rates of 6 l/min and 3 l/min in the hot and cold stream correspondingly.      
 

 
Figure 15. Dynamic behavior of the MD module during one day (Kumar and Martin, 2014) 
 
The work by Kumar et al., was optimized in regard to the thermal energy storage configuration with 
the aim to produce 20 l/day of purified water and 250 l/day of DHW, in a latter article. The maximum 
distilled water production was reached at 43 l/day and DHW at a rate of 80 l/min. This production 
was achieved with the DSTSI configuration where the hot water from the solar collectors is directly 
transported through the MD unit (and not via the storage tank). The solar collector area was 96 m2 and 
storage was 1000 l. (Uday Kumar et al., 2016) 
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Since the performance of an SPMD system is highly dependent on the solar irradiation of the particu-
lar site, it is not possible to estimate a global MD production per solar collector area. However, a cor-
relation between the unit productivity and the total solar radiation can be found. For instance, Fath et 
al., studied this correlation and gathered data on daily radiation with the daily production of a small-
scale stand-alone SPMD system located in Alexandria, Egypt. For instance, a cloudy day in October 
produced 4.11 l/m2d (23.6 l/day) with a total radiation of 5.15 kWh/m2d, while a sunny day in August 
resulted in 11.1 l/m2d with a total radiation of 7.25 kWh/m2d. This kind of data gathered during a 6-
month period in 2005 resulted in the following correlation (Fath et al., 2008) 

 
 1.666 ∙ 	 	 1.67 (8) 
 
where Pdist is the daily production [l/m2 per day] and daily radiation is expressed in [kWh/m2d]. The 
system SPMD system installed in Alexandria, (see Figure 16) is designed with a so-called spiral-wound 
MD module. However, Equation 8 can still be used to find indicative distillate production per mem-
brane area for certain radiation levels, despite the various MD configurations. (Fath et al., 2008) 
 

 
Figure 16. Photo of the compact SPMD system installed in Alexandria (Fath et al., 2008) 
 
What is also interesting with the installation presented by Fath et al. (2008), is its low-maintenance 
needs. For instance, since the water volume in the hot circuit is constantly decreasing when part of it is 
distilled through the membrane, an additional storage tank is integrated in the system. It refills water to 
the feedwater storage tank each time the water level drops to half of the tank height and fills water to 
90% of the storage tank capacity, when actuator switch turns off the refilling pump.     

6.3 Feedwater and product water end-use possibilities 
 
Feedwater quality requirements 
 
MD is known to be a robust water distilling technology resistant to various kinds of feedwater types. 
Further, common to all distillation processes, the product water is of high quality. Thanks to the com-
bination of phase-change and membrane, all minerals, bacteria and viruses can be separated from the 
water - in theory, the technology rejects 100% of all non-volatile solutes from the feedwater. Subrama-
ni and Jacangelo (2015) report in their article comparing different desalination technologies that the 
desalination performance is not affected by the salinity of the feedwater. However, the results attained 
in this work indicated a small change in distillate flux when comparing tap water and seawater as feed-
water. Although, keep in mind, that the quality of the distillate produced from seawater remained very 
high. (Memsys, 2017) 
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TDS (total dissolved solids) is used to describe the ratio of all dissolved matter, organic as well as inor-
ganic, in water. According to Subramani and Jacangelo (2015), a TDS ratio of 300 000 mg/l of water 
can be treated, while Memsys, a German company developing commercial MD systems, reports that 
raw water with a mineral content up to 50 000 mg/l TDS can be purified to a level of 1 – 2 mg/l TDS 
by a single step MD system. Scarab Development AB gives a restriction of a particle size up to 1000 
nm that can be treated without pretreatment (Dolfe and Xzero Ab, 2017). Given these requirements, 
the membranes are endurant to high feed concentrations as well as particle sizes up to a certain point, 
after which pretreatment of the water is necessary.  
 
Despite the endurance of the technology, the membranes do have feedwater substances that they can-
not treat. These are chemicals that are harmful for PTFE and include, for instance, surfactants that 
reduce the surface tension of water and strong organic solvents that can cause wetting of the mem-
brane. Memsys gives the following list of chemicals to avoid in the feedwater in MD units (Memsys, 
2017):  
 

- Free chlorine, bromine 
- Benzol, chlorobenzene 
- Chromium-tri-oxide, cyclohexanon 
- Dekahydronaphtalin 
- Diisopropylether 
- Amylacetate, butylacetate 
- Concentrated nitric acid 
- Tetrachlorethane, xylol 
- Ethylene oxide, propylene oxide 
- Brimtriflourid, chlortrifloride 

 
Typical feedwater types used in the MD lab units and pilot plants so far include brackish water, sea-
water as well as waste water from various types of industry such as the semiconductor industry and 
pharmaceutical residues. (Dolfe and Xzero Ab, 2017) 
 
Feedwater pretreatment  
 
Thanks to the robust properties of membrane distillation, there is limited need of pre-treatment of the 
feedwater, especially when compared to other water purifying technologies. Suspended solids and par-
ticles larger than 1000 nm can easily be filtered from the feedwater before adding it to the MD unit. 
Usually 20 µm filtering is sufficient. Also, oils and surfactants should be removed from the water be-
fore the MD process and the pH can be adjusted if necessary. (Memsys, 2017) 
 
Otherwise, the pretreatment technologies usually used in desalination systems include microfiltration, 
ultrafiltration and nanofiltration. These additional system processes can represent a large ratio of the 
total costs for the desalination plant. (ASIRC, 2005) 
 

Post treatment of feedwater 
 
Depending on the end-use of the product water, post-treatment processes need to be considered. 
Since the product water from MD is of high-purity, it lacks the mineral content and has low alkalinity, 
which makes it a highly corrosive. Thus, the water needs to be stabilized before being used in another 
system. However, if the product was to be used as it is, as highly purified water (HPW), the post treat-
ment would potentially involve for instance further sterilization.  
 
If the water is produced for drinking purposes, the water needs to be re-mineralized for it to be pota-
ble water. Rosborg (Rosborg, 2015) suggests a so called “mineral balance” that should be achieved in 
the water in order to avoid the possible health effects of drinking demineralized water. The contents of 
the mineral balance are given in Table 4. The balance contains for instance the required metals and 
carbonates and the recommended ranges. It should also be considered that some substances act antag-
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onistically with toxic elements and should therefore not be removed from drinking water. (Rosborg, 
2015) 
 
Table 4. Suggested desirable ranges of some macro-mineral nutrients in drinking water (Rosborg, 
2015) 

Parameter Range Unit 
Calcium 20-80 mg/l 
Magnesium 10-50 mg/l 
Bicarbonate 100-300 mg/l 
Sulfate 20-250 mg/l 
Fluoride 0.8-1.2 mg/l 
TDS 10-500 mg/l 

 
Also, WHO recommends 500 ppm as the adequate amount of TDS in drinking water. Banat et al., 
suggest that the demineralized water can simply be blended with raw water to achieve the adequate 
mineral balance of potable water. (Banat and Jwaied, 2008) 
 

6.4 Environmental Impact of BS-MD system 
 
There are many motivating factors behind the development of the BS-MD system. One key point is 
the reutilization of waste heat from the base station, thus an energy-efficient system where energy is 
reutilized in a secondary application. The BS waste heat can be seen as an opportunity to reduce global 
GHG emissions since a waste product is reutilized. Thus, the system can have a positive environmental 
impact. Further, the process of purifying locally contaminated water or desalinating brackish- or sea-
water, could have a great significance for a local community or activity located near the BS-MD station.   
 
Carbon handprint is a recently introduced sustainability assessment tool that instead of the carbon 
footprint that measures the reduction of negative impacts, focuses on "a net positive action and benefi-
cial environmental and social impacts”. Common calculation principles and guidelines are underway to en-
sure a fair use of the tool and to prevent greenwashing. Nokia is partnering with a group of other in-
ternational companies, led by VTT, to help develop the carbon handprint methodology. The goal is to 
develop a “transparent, robust and scientific based tool to assess and communicate carbon handprint, which can be used 
in marketing and branding”. Based on the first handprint estimations of the BS-MD concept, the potential 
of the system is substantial. The project will be finalized in August 2018. (VTT, 2016)  
 
Membrane distillation is an energy-intensive technology when compared to, e.g., reverse osmosis. 
However, since MD can easily be driven with both waste heat and/or renewable energy sources (solar 
thermal or geothermal), the technology becomes competitive since the fuel costs are equal to zero. 
Mohan et al., (Mohan et al., 2016), assessed the environmental impact of their polygeneration system 
(using solar collectors to drive an MD unit, an absorption chiller as well as to produce DHW) by 
calculating the CO2 emissions avoided (CO2 Avoided) by running this system with solar power instead of 
another energy source:   
 
 	 	 ∙ 	   (9) 
 
where CO2 coefficient is a measure for the CO2 emissions for the alternative energy production of the 
baseline [g CO2/kWh] and Es is the energy consumed in the system (kWh/year). The CO2 Coefficient for 
electricity production from fossil in United Arab Emirates of 600 g of CO2 per kWh was used. Using 
this methodology and the same coefficient as Mohan et al., (Mohan et al., 2016), the carbon emissions 
savings can be up to 8.4 metric tons/year of CO2, having the MD unit run with 1.6 kW of waste heat 
instead of electricity produced with fossil fuels, as in the lab demo, all year round. Corresponding coef-
ficients for Africa, Asia (excluding China) and Middle East of CO2 emissions from fossil fuel combus-
tion (g CO2/kWh) in 2014 are estimated by IEA – 615, 685 and 678 g CO2/kWh, respectively (IEA, 
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2016). These indicative measurements can be used to estimate GHG emission reductions when system 
locations are further specified.   
 

6.5 Economic review 
 
Similar to other systems running on renewable energy, the MD technology is a capital-intensive system. 
Once the initial capital costs are covered, the system can run on minimal operation and maintenance 
costs (Blanco Gálvez et al., 2009). However, since MD technology is still only at bench- or demonstra-
tion scale and not in commercial production, the costs are difficult to estimate and to properly com-
pare with more mature desalination technologies (Subramani and Jacangelo, 2015). Further, the exact 
location, size, end-use etc., should be specified in order to make proper estimations of the system 
costs.   
 
Nonetheless, some indicative system component values are given in Table 5 to give an order of magni-
tude of what can be expected. The costs are gathered from several articles that involve MD systems of 
similar size to the one evaluated in this thesis. This data can be used as a starting point for estimating 
the system costs. Once the technology is found in commercial production, the system cost estimations 
can be much more accurate and probably smaller than the ones gathered below. The costs have been 
converted from U.S. dollars [$] to Euros [€] with the currency of $1 being worth 0.8459 €. 
 
Table 5. Cost of individual components in MD system (Mohan et al., 2016) (Uday Kumar et al., 
2016) (Khan et al., 2014) (Khan, 2017)  
Component Abbreviation Value 
Membrane Distillation 
unit 

CI, AGMD 5920 €/unit (Mohan et al., 2016) (Uday Kumar et al., 
2016) 
3300 €/unit (Khan, 2017) (Khan et al., 2014)  

Membrane Replacement CR, AGMD 15% of CI, AGMD (Mohan et al., 2016) (Uday Kumar et al., 
2016) 
530 € (Khan, 2017) (Khan et al., 2014)  

Thermal Storage tank CHST 3490 €/m3 (Mohan et al., 2016) (Uday Kumar et al., 2016) 
Pumps Cpump 320 € for 2 sets, 5 year lifetime (Khan et al., 2014) 
Hydraulics / Piping and 
valves 

Cpiping 480 € (Khan et al., 2014) 

Installation cost Cinst 5% of total component cost (Mohan et al., 2016) (Uday 
Kumar et al., 2016) 

Solar collectors  CSC 250 €/m2 (Mohan et al., 2016) (Uday Kumar et al., 2016) 
 

Water bottling costs Cbottling 310 € (Khan et al., 2014) 
 
Further, several articles estimate the lifetime of the MD system to be 20 years (Mohan et al., 2016) 
(Uday Kumar et al., 2016) (Banat and Jwaied, 2008). A plant availability of 96% was given by Mohan et 
al. (Mohan et al., 2016).  
 
As seen from Table 5, the MD unit has been estimated by authors to be between 3300 € and 5920 €. 
Further Khan et al. gave the total for the MD system components to 5500 €, given the MD cost of 
3300 € (Khan et al., 2014). Therefore, it might be concluded that the MD unit cost is approximately 
3300 € and increases to roughly 6000 € when the system components within the MD process are in-
cluded and the system is of similar size and design. Additional costs can be added to the 6000 €, ac-
cording to the system design around the MD process. In other words, roughly 3300 € can be used as 
the estimated costs for a small-size AGMD module, the rest of the system costs depend on the site, 
end-use etc.   
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Walton et al., (Walton et al., 2004), did a comparison between the costs for reverse osmosis (RO) and 
the estimated costs for MD when fully developed. They found that MD is competitive with RO when 
low cost heat energy is available and/or when the feedwater is too difficult to treat with RO. In those 
cases, the capital and operational expenses for MD are below the ones of RO technology. The capital 
costs for both MD and RO were assumed to be 0.317 €/m3 and the comparison was done varying the 
thermal energy costs. Thus, they conclude that MD is competitive and applicable in the following are-
as:  
 

- Further treatment of RO concentrate 
- Isolated areas when using solar energy 
- Waste heat applications 
- Applications running with geothermal heat 
- Mobile military applications  

 
This is thanks to the simple configuration of MD (absence of high pressure flows results in less leaking 
and pump failure; also, little pretreatment is required), use of very low-grade heat is possible and MD 
can treat highly concentrated brines. (Walton et al., 2004) 
 
Banat et al., have compared the costs of two compact SPMD systems with a capacity of approximately 
100 l/day and 500 l/day, correspondingly. They found a cost for the potable water produced to be 
approximately 13 €/m3 and 15 €/m3 for the two systems when taking into consideration all capital and 
operational expenses during their lifetime. Note that this system uses spiral-wound liquid-gap MD 
modules. The authors conclude that the reason behind the relatively high costs is the initial capital 
costs. In order to decrease the price for the water produced, the reliability of the system should be 
improved (membrane and plant performance), hence the system lifetime can be increased. Also, the 
capital costs are significant, which makes all possible savings worth taking into consideration. (Banat 
and Jwaied, 2008) 
 
Chang et al., present the economic analysis of the MEDESOL project, applying an AGMD module 
manufactured by Scarab AB to a solar collector system. Similarly, to Banat et al., the system is estimat-
ed to produce water for the cost of 13.26 €/m3 from brackish water and for 26.51 €/m3 from seawater. 
Counter to these results, the authors investigated the effect of optimizing the system design in regard 
to the total system costs, instead of the system production, that is usually done. They found that the 
water production costs can be reduced to a third of the costs data usually reported in literature, when 
applying a pseudo-steady-state-approach for equipment sizing as well as a dynamic optimization to 
better simulate the fluctuating production of an SPMD system. The systems applied the same AGMD 
properties as reported by Scarab AB. The lowest production costs found were 5.01 €/m3 for 500 
kg/day system and 4.36 €/m3 for a 1000 kg/day-system. The solar collector and heat exchanger areas 
were then sized according to these results. (Chang et al., 2014)   
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7 Discussion 
 
Concept development  
 
The implementation of the system combining a liquid-cooled base station with a membrane distillation 
unit has both technical, economic as well as environmental perspectives that need to be taken into 
account. So far, the first proof of concept has been demonstrated, having had a Nokia base station 
running together with a bench-scale MD unit provided by Xzero. The demo showed that the waste 
heat from the base station alone is enough to produce at least 1 l/h of distilled water. This distillate 
flux was accomplished by heating the hot water in the MD unit to 58 ºC and by having a cooling water 
at 25 ºC. More than half of the electricity consumed by the base station was recovered by the MD unit 
as thermal energy. These key results indicate a large potential to create a polygeneration system provid-
ing connectivity along with fresh water production that is driven by waste heat. Thus, the concept has 
potential to reduce overall energy demand as well as GHG emissions, since waste energy is reutilized in 
a second process. Further, waste heat recovery can also decrease the costs for pure water production.  
 
The BS-MD concept is combining two rapidly growing sectors. First of all, the mobile networks are 
constantly spreading out since there is a growing demand for connectivity, both in terms of capacity as 
well as new areas being included in the networks. Especially developing countries have a growing de-
mand for internet access, which implies a significant amount of base stations to be installed. Secondly, 
the treatment of contaminated water to produce fresh water, e.g., desalination, is also a rapidly growing 
market. Fresh water sources are diminishing while the global population is growing. Therefore, the 
need to produce potable water from seawater for instance, is a necessary tool for sustainable develop-
ment. MD technology is under rapid R&D and a growing supply of commercial small-scale units as 
well as industrial-scale installations can be expected.     
 
Large-scale centralized water purification and desalination is already implemented in many areas. For 
instance, the UAE are heavily dependent on desalination plants. What are then the possibilities for 
decentralized water production? Many researchers and companies have recognized the potential of 
solar driven MD units to be applied to remote and arid areas and the same would apply to the BS-MD 
stations. Since the water production in these installations is quite limited, also when adding solar collec-
tors to the heat production, the suitable sites are places where there is a lack of conventional water 
resources as well as water distribution networks, in other words, remote locations in developing coun-
tries. And so, the installation can improve the basic living standards of the local community. If the 
water production from the MD does not make a difference for the local people or a local service, an-
other application for the BS waste heat should be considered. (Mezher et al., 2011) (Koschikowski, 
2011)      
 
The pure water produced has several end-use applications thanks to its high quality. The first quite 
evident end-use, would be to use the water for drinking purposes. In addition to this, the water is suit-
able for irrigation, cooking, livestock etc. Since the product water meets the criteria of HPW, it can be 
used for HPW end-use applications. These involve water use in medical and pharmaceutical applica-
tions (e.g., water for injection) and the semiconductor industry. Water for injection (WFI) is included 
in WHO’s list of Essential Medicines, which makes it an important substance in clinics and hospitals 
(WHO, 2015). These are all potential options for the end-use of the distilled water and should be kept 
in mind when looking for possible sites for the BS-MD installation. 
 
In addition to the system outputs of connectivity and pure water, the BS-MD can also have other so-
cial value in the area. First of all, the station could provide jobs for locals to maintain the system during 
its operation. Both the BS and the MD unit need maintenance to a certain extent and these tasks could 
be handled by a local janitor. Secondly, the installation could be used as a learning hub for children. A 
local school could use the installation to teach children about ICT, electronics, thermal management, 
chemistry etc. However, when looking for potential sites and users of the produced water, it is im-
portant to find an application that benefits the community in whole and does not favor certain indi-
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viduals in order to attain local acceptance. That is why, it is more likely to implement the concept in 
links with a local service such as a clinic or a school, rather than, e.g., provide potable water to a family 
taking care of the station.  
 
Technical perspective  
 
Because of the technical and time restrictions of the lab demo installed during this thesis, proper pro-
cess optimization could not be performed. Some practical recommendations for future works include: 
 

- running long-term tests 
- testing with a stable and adjustable cooling source/heat sink for the MD unit 
- installing temperature sensors that can give temperatures in the inlet and outlet of the hot 

MD stream (in the thesis lab demo, only the temperature difference between the two could be 
considered since the sensors were inside sockets in the stream) 

- installing valves with which it is easy to adjust and fix flow rates in both hot and cold streams  
- isolating the MD system’s hot tank and stream to avoid heat losses 
- proper comparison between heat supply from BS and the heat flow in the hot MD stream in 

order to specify the efficiency of the heat exchange between the two streams  
 
The recommendations above are based on the issues met during the experiments and can be taken into 
account when planning a MD unit to be driven with the BS waste heat. Since the concept has now 
been proven to work and a distillate production of 1 l/h has been given as a basis, the next research 
and concept implementation step would be to build an MD unit especially designed for the liquid-
cooled base station and to install and test them onsite.  
 
What should be considered in future system development is that the BS was run constantly at maxi-
mum capacity in this initial proof of concept. Thus, in future when using base stations that are operat-
ing live in the telecom networks, the heat production will probably fluctuate according to the network 
load. The magnitude of this fluctuation will also vary according to the location and load of the base 
station, which makes it an occurrence that is best to test onsite. However, this fluctuation can be com-
pared to the variation in daily solar radiation. Thus, optimization studies for SPMD systems can be 
used as initial reference for system design.   
 
Further, as presented by Chang et al. (Chang et al., 2014), system optimization when having cost min-
imization as the object, does not necessarily lead to maximization of the distillate production. Thus, 
when designing the onsite system, a balance between costs and distillate production needs to be found. 
Also, it is important to define the end-use of the water both in regards of the costs as well as the tech-
nical requirements. Depending on the application, the system will need different post-treatment pro-
cesses for the water. The end-use of the water might also set requirements on the feedwater that can 
be used in the distillation process.  
 
Regardless if the system is optimized to minimize costs or maximize performance, it can be assumed 
that the costs for MD modules will decrease. Since, the technology is growing fast and many compa-
nies are developing their pre-commercial modules, the prices will go down once the technology is in 
full commercial production. Since the BS-MD is planned to run on renewable energy, it will be a capi-
tal-intensive system, the O&M costs having lower significance. One of the most efficient ways to re-
duce the costs for the water produced is to improve the reliability of the system and thus the system 
lifetime. By increasing the lifetime and operation of the system, more water can be produced with same 
capital costs invested.    
 
Also, what is clear is that in order to maximize the distillate production, the temperature difference 
over the membrane needs to be as large as possible. The partial pressure difference over the membrane 
is the driving force behind the distillation through the membrane which means that the hotter the hot 
stream and the colder the cold stream, the better. Since the partial pressure difference increases expo-
nentially with temperature, it is more advantageous to increase the hot water temperature than decrease 
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the cold-water temperature. Thus, the methodology when choosing between sites is to find the one 
with the highest temperature difference between the cooling water available and the temperature to 
which the base station can heat the MD hot stream. Then, ramping up the hot water temperature or 
increasing the thermal power with additional solar collectors, can be considered.  
 
Further, when considering improvement of the MD system performance, thermal efficiency is the key. 
Thus, all heat losses in the base station, the hot MD hot tank, the MD hot stream, the MD module as 
well as the heat exchange in between, need to be minimized in order to take advantage of all the ther-
mal energy provided by the base station.    
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8 Conclusions 
 
First of all, the main result from this master’s thesis is the confirmation of the functioning of the con-
cept, i.e., the installation of the first proof of concept of the BS-MD system as well as its operation. 
Secondly, the key finding from the experiments conducted was the distillate production rate. By trans-
ferring the waste heat from the Nokia’s liquid-cooled base station to the MD process, it was possible 
to maintain the hot tank of the MD unit at 58°C, which resulted in a distillate flux of approximately 1 
l/h, having cooling water at 25°C. This result can serve as a baseline when developing this concept 
further. Also, the base station power consumption versus its waste heat output was noted, 1.6 kW, 
over half of the base station power consumption was captured in the MD process.    
 
The system performance dependence on the thermal gradient over the membrane was confirmed by 
testing several temperature differences. Also, desalination was tested and found to result in high quality 
distillate. The same interdependence between temperature difference and system performance was 
observed as when using tap water as feed in. Thus, the process was confirmed to operate according to 
theory and the results were consistent with previously published measurement data.   
 
All in all, what can be concluded from the concept’s future framework, developed in this thesis, is that 
the concept of reutilizing waste heat from the base station to drive a water distillation unit would be a 
custom-made system for a site fulfilling a handful of initial requirements - a site where: 
 

- the amount of fresh water available is limited and does not cover demand 
- seawater, brackish water or contaminated ground water is available 
- BS-MD system can create economy or improve basic standards of living in local community 
- cooling for MD unit is possible 

 
Polygeneration systems such as these provide opportunity to reduce global energy demand, decrease 
global GHG emissions and improve the standards of living of the local communities by providing 
simultaneously connectivity and fresh water. By reutilizing waste energy, system costs can be reduced 
as well. The concept also has potential to have a significant carbon handprint, since the social benefits 
of the system outputs are a significant motivating factor behind the idea.  
 
The next step of implementing the BS-MD concept is to plan, build and test a pilot plant onsite where 
the BS is operating normally in the network. The MD unit would have a clear end-use application (e.g., 
drinking water, medical application etc.) and the system would be designed accordingly. Different op-
tions for ramping up the thermal power, supplied to the MD unit, should be explored. Also, the busi-
ness case around the project needs to be carefully defined and the social politics considered. Special 
attention should also be payed to the system reliability in order to minimize the costs for each liter of 
fresh water produced.    
 
In conclusion, it can be noted this system could be an instrument that contributes to the socioeconom-
ic development of an area, both by providing connectivity as well as fresh water to a local community, 
in an energy-efficient way. 
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Appendix 1. List of lab demo components 
 
 
Sensor 
 

Manufacturer Model 
Power Consump-
tion 

Error margin 

BS pump Grundfos Alpha2 18W - 
BS flow meter 
and temp sensor 

IFM SM6004 20-30 VDC 
and 120 mA at 
24V 

± (2% MW + 
0.5% MEW) 
± 2.5°C 

MD flow meters 
in hot and cold 
stream 

GPA Flowsys-
tem AB 

Flow X3 flow 
meter f300 

5–24 VDC  
and < 20 mA 

 

MD temp sensor 
hot water tank  

Scandymet Pt-100 Sensor 
flexible 

  

MD temp sensor 
hot stream in & 
out 

Elco NTC 6·50mm 
(PT 100, 3-wire) 

 ±0.3°C 

MD temp sensor 
cold water tank 

Jumo 90/00392513 (PT 
100, 3-wire) 
 

 Tolerance-class 
B 

MD pump 1 (hot 
stream)  

Iwaki MD-3ORM-
220N 

60/80W - 

MD pump 2 
(cold stream) 

Iwaki MD-7ORM 150/180W - 

MD pump 3 
(cold tank mixer) 

Floline FL-34 24 VDC and 2.0A - 

 
 
 
 

 
 
 
 
 
 

 


