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SUMMARY IN SWEDISH  

Nuförtiden har frågan om avloppsrening blivit mer komplicerad än förut. Betydande 
insatser har gjorts av myndigheter och företag för att lösa problem kring denna 
utmaning för att säkerställa uthållig framtid och för att påverka hela samhället för att 
öka insatser för uthållig miljövänlig vattenreningsteknik och energi produktion. 
Utveckling av ny teknologi för avloppsvattenrening och energiproduktion kan bidra 
till att lösa dessa problem. Genom att både kombinera frysningsteknologi och 
direktosmos kan tillämpning ske mot att separera en hög andel av vatten som is men 
även få en koncentrerad ström för produktutvinning och elektricitetsproduktion. 

Denna studie har utvecklats vid Hammarby Sjöstadsverk och all utrustning kommer 
därifrån. Experiment har genomförts under sex månader med syfte att undersöka 
effektivitet av frysningsprocesser och att praktiskt använda direktosmos för 
energiproduktion. 

Frysning är en naturlig process där enbart rent vatten i avloppsvatten kan överföras till 
iskristaller och olika föroreningar i avloppsvattnet koncentreras.  Denna studie 
beskriver denna process som endimensionell nedåtriktad frysningsprocess. Två 
prover, både som avloppsvatten och färgat material (KMnO4) erhölls från Hammarby 
Sjöstadsverk med god reningseffekt efter första och andra frysningsexperimenten. 
96% COD och 93% av konduktivitet avlägsnades från avloppsvatten och huvuddelen 
av färgat material avlägsnades från det färgade vattenprovet. 

Direktosmos är en spontan process som äger rum vid skillnader i osmotiskt tryck. Vid 
bedömning av denna process kom till slutsatser att (a) en betydande skillnad erhölls 
experimentellt mellan syntetiskt saltvatten och smältvatten från frysningsexperiment 
och (b) att smält isvatten är rent tillräckligt för att inte orsaka igensättning av 
direktosmos membran. Detta ger en förutsättning för att erhålla en framtida 
energiproduktionsenhet. 
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SUMMARY 

Nowadays, the issue of wastewater treatment has become more complicated than 
before. In the meantime, authorities and enterprises have come to realize that in order 
to solve this challenge and secure a sustainable future; they should mobilize all of 
society to increase support for sustainable environmental-friendly water treatment and 
energy production. Development of new wastewater treatment and energy production 
systems contribute to solving this problem. Combining both freezing technology and 
forward osmosis technology can be applied to most wastewater not only by separating 
a large amount of water in the form of ice and achieving concentrated wastewater but 
also using osmotic pressure to generate electricity. 

This study was developed in the Hammarby Sjöstadsverk laboratory and all of 
facilities were used from this place. The whole experiment has been going on for 
6 months with the aim to test the efficiency of freezing process and feasibility and 
practicality of the osmotic power technology. 

Freezing process is a natural phenomenon, only the pure water in the wastewater can 
convert to ice crystals and various pollutants in the wastewater will be removed. This 
study describes the whole process of unidirectional downward freezing process. Two 
samples, both wastewater and colored material water (KMnO4) come from 
Hammarby Sjöstadsverk wastewater treatment plant and showed good effect after the 
first and second freezing experiments. 96% COD and 93 % ions are removed from 
wastewater sample and most of colored material is removed from color material water 
sample.  

Forward osmosis is a spontaneous process which takes place if some places have 
osmotic pressure difference. After analyzing the forward osmosis process, it can be 
concluded that (a) there is high osmotic pressure difference between synthetic salt 
water and ice-melt water which comes from freezing experiment. (b) The ice-melt 
water is clean enough which will not damage the forward osmosis membrane. All of 
these techniques can be used as precondition for setting up hydropower station based 
on salinity gradient energy in the future. 
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ABSTRACT  

Municipal wastewater treatment has a long history of local handling with recovery of 
toilet wastes for use in agriculture and to some extent energy recovery from biogas by 
use of local handling. This may be seen as ―the first way‖ further developed by septic 
tanks and infiltration and recovery as in Ecological Sanitation and use of urine 
separation toilets. However, problems related to water borne diseases and odor 
problems successively gave rise to ―the second way‖ with central wastewater systems 
with large investments in water and sewer nets and increasingly better technologies for 
water treatment and wastewater treatment. This technology may treat municipal 
wastewater to a drinking water quality and recover part of energy and nutrients 
contents for eco-cycling. The problems noted and which are quite obvious are 
affordability in poor countries and the need for much energy supply and with negative 
effects of emission of greenhouse gases. 

Ways should be better evaluated to obtain both an effluent wastewater of drinking 
water quality and at the same time be self-sufficient with energy, obtain products with 
a commercial value and comply with methods to reduce the amounts of released 
greenhouse gases. It is suggested that an intermediate dehydration step should be used 
by dividing the main stream into two streams, one to which water has been transferred 
by methods as forward osmosis or freezing and one remaining concentrated stream 
that could be treated more efficiently. New technologies should be considered for 
electricity production as use of fuel cell technology and forward osmosis. Methods to 
diminish greenhouse gas emissions include avoidance of such redox potentials and 
process conditions that lead to greenhouse gas emissions and binding of carbon 
dioxide in algae and plants and in clatharates.  

Key words: Dehydration, Electricity, Energy, Forward Osmosis, Freezing, 
Wastewater reuse. 

1. INTRODUCTION 

Efficient wastewater treatment may to a higher extent use 
electrochemical methods combined with membrane technology to obtain 
(a) wastewater effluent of drinking water quality (or transferred as a 
diluted salt stream), (b) positive electricity balance, and (c) ―reasonable 
resources recovery‖. A treatment system may be divided into the 
following subsystems: 

• Production of chemicals by electro dialysis of salt or hydrogen 
peroxide from electrolysis of water 

• Division of main stream into one non-polluted stream and one 
concentrated stream by use of dehydration such as freezing 
technology 

• Treatment of sludge stream 

• Electricity production from salt gradient (Combining seawater and 
non-polluted stream with forward osmosis membrane) 

• Energy production and storage 

• Treatment of concentrated stream 

Many studies have indicated a need for change of wastewater treatment 
as Rijnaarts (2010) ―Nowadays, cities around world are only consuming 
energy, we can all make a positive difference such as recovery and re-use 
of materials, nutrients, and water and change how we think about our 
cities. The new type of city should not be an energy consumer but 
should strive to become energy neutral or even an energy producer.‖ and 
Agudelo et al. (2010) ―Wastewater treatment is not only treating the 
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disease in the water but also treating the symptoms. The pre-planning 
and pre-control of the resources and resource flows are important means 
to resolve every type of contaminations under mixed 
environments.‖ This paper presents a bright future of combining 
freezing technology and forward osmosis from several aspects such as 
the efficiency of freezing process and the possibility of using forward 
osmosis to generate electricity. It begins with an introduction of the 
basic principles of freezing including energy calculation and FO process. 
And then, the efficiency of freezing process as well as the FO membrane 
will be discussed. Strengths and limitations of the whole process will be 
reviewed and discussed also. At the end of the paper, the future of 
freezing and FO technology will be discussed. 

2. BACKGROUND  

2.1 Wastewater Treatment 

Wastewater includes a wide range of pollutants ranging from chemicals 
to suspended substance and the type of treatment technologies depend 
on the type of the pollutants (Jusoh, 2008). Not to mention the 
treatment technologies which will be applied to the wastewater, it is such 
an advantage if the wastewater volume could be reduced extensively 
which means that reducing the operation cost in terms of the utility 
(Holt, 1999). To concentrate the wastewater, there are three methods 
available: reverse osmosis, evaporation and freeze concentration. 
Different process has different specific energy such as evaporation 
consume the highest energy (2.26 kJ/g-water), then the freeze 
concentration (0.33 kJ/g-water), and reverse osmosis is the lowest 
because phase transition is not needed (Miyawaki et al. 2005). 
Evaporation is the simplest solution which is worth the energy 
consumed, but it is very dangerous when hazardous volatile organic 
compounds (VOCs) are involved (Rogers, 1999). Despite of the low 
energy consumed in reverse osmosis, it is not a favorable method of 
concentration because clogging can easily occur, and the high cost 
involved attaining the osmotic pressure required. 

In the meantime, with the arrival of the energy source crisis worldwide, 
governments in many countries have been promoting the energy saving 
techniques actively. Authorities have increased finance support for 
sustainable environmental friendly energy production. That has led to a 
large increase in the numbers of new renewable energy generation 
projects, ranging from wind power, to bio-energy, solar and ocean power 
to a number of new nuclear power plant projects. Osmotic power, by 
contrast, is a relatively unknown energy conversion technology even 
though osmosis, a spontaneous process which takes place in all kinds of 
living organisms, has been known for several hundred years. 
Technological development for the use of osmotic pressure in power 
generation goes back only 30-35 years when scientists proposed methods 
for osmotic energy conversion. 

2.2 Blue Energy 

Energy can be obtained from salt gradient when water with a low salt 
concentration is mixed with water with a high salt concentration. 
Forward osmosis can be used to recovery the energy which is needed in 
reverse osmosis in order to produce pure water. Most considerations are 
given to outlet of rivers into the ocean and as described by Ravilious 
(2009): ―When fresh water meets salt water, for instance where a river 
(Rhine) runs into the sea (North Sea), vast amounts of energy is released. 
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This new type of energy can be obtained by using forward osmosis. ‖ It 
is possible to use this energy without damaging the environment or 
disrupting the navigation capacity which described by Dutch engineer 
Joost Veerman (2009).  Veerman and his colleagues at the Dutch Centre 
for Sustainable Water Technology in Leeuwarden, firmly believe that 
they can obtain energy in the North Sea ś saltwater by channeling it 
instead of building a huge barrage or setting up the river bed with 
turbines. Estuary can be considered as a new kind of battery tank. With a 
large enough array of these batteries, osmotic power can release huge 
amount energy. Under ideal conditions, it could easily provide over a 
gigawatt of electricity which is enough to supply over six hundred 
thousand homes. 

Two methods are mainly used for obtaining electricity from Salt 
Gradient Power and are described by (Knight, 2010) as: 

- ―Reversed electro dialysis‖ or RED (―RED sea power‖). ―Salt and fresh 
water are pumped onto chambers in the stack which are sealed off from 
one another by the membranes. The positive sodium ions in the salt 
water pass through one membrane to the fresh water and in the 
meantime the negative chloride ions flow across a membrane in the 
other direction from the salt water. A potential difference between 
titanium electrodes can be generated by the entire process which coated 
in a precious metal placed at either end of the cell’’.   

- ―Pressure-retarded osmosis‖ or PRO. ―Meanwhile Norwegian energy 
company Statkraft is testing a different way to osmotic power, declared 
as pressure-retarded osmosis (PRO). This new process can be considered 
as somewhere in between forward osmosis (FO) and reverse osmosis 
(RO). That is because in this process, hydraulic pressure is applied in the 
reverse direction of the osmotic pressure gradient which is similar like 
RO and however the direction of net water flow does not change which 
is also similar like FO)’’ (Cath et al. 2006). The company built a 
prototype plant in southern Norway in 2009. A new kind of water-
permeable membrane is used to draw pure water on one side to 
concentrated salt solution on the other side. The entire process creates a 
huge current that drives a turbine to generate electricity. 

- ―Whatever the choice of system, it is theoretically possible to get huge 
amount of energy (2 terawatts) from estuaries where rivers and seas meet 
all of these energy can meet the whole world ś electricity needs. Even 
better, osmotic power plants would continuously and reliably supply a 
source of electricity‖ (Knight, 2010). 

Salinity Gradient Energy has been evaluated in two doctorate thesis 
works (Säppele, 2007 and Post, 2009). Cost for energy production is a 
little bit high (about 2.5 SEK/kWh) at present but is expected to come 
down to about 0.4 SEK/kWh by development of more efficient 
membranes etc (Willemse, 2007). 

2.3 Freezing as a dehydration method 

The freeze dehydration method is well known in analytical chemistry for 
concentrating organic compounds and then more and more scientists 
realized the importance of this technology. However, the most important 
works were carried out by Baker until 1967; he used the freezing 
technology as a pre-analytical method to concentrate trace organic 
compounds (alcohol, phenol and acid) in order to increase analytical 
device efficiency. He found that all compounds remained in the liquid 
phase, where single compounds or mixtures were involved. He also 
mentioned that it also had effects on inorganic compounds 
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(Lorain, 2001). All of these studies laid the foundations for future 
research. Freezing has long been recognized as an effective wastewater 
dehydration technology that is because wastewater can be treated by 
separating the ice part formed in it, ice crystals include no components 
of the wastewater except pure water, resulting in purged water being 
obtained (Halde, 1979). Previous studies have proven that different kinds 
of wastewater such as electroplating wastes, pulp-mill bleach streams and 
effluents from chemical plants may be treated by freezing process 
(Iammartino, 1975). Many kinds of wastewater can be separated into 
pure water and a concentrated waste by freezing. Freezing is less used 
for dehydration than evaporation in desalination but seems to have a 
large potential as stated by Rich et al. (2011) ―The process by freezing 
presents some advantages. Thus, the operation costs should be lower 
than those of reverse osmosis, which uses expensive membranes, 
sensitive to problem of fouling and requiring a through pre-treatment of 
the water. The process of desalination by freezing should also be less 
affected by scaling and corrosion than distillation, thanks to the low level 
of its operating temperature (lower than 0 degrees Celsius)‖. 

Rich et al. (2011) states concerning technical methods of freezing: 
―There are two kinds of freeze concentration processes, depending on 
whether cooling is operated by direct or indirect contact. In the first 
case, the refrigerant is brought in direct contact with the solution. The 
refrigerant can be the solution itself: heat is removed by flash 
vaporization of a water fraction under partial vacuum. This technique is 
called ―vacuum freezing vapor compression‖ (VFVC). The cooling can 
also be produced by the expansion of a compressed and a cold gas 
directly injected in the solution. This technique is called ―secondary 
refrigerant freeze‖ (SRF). In the indirect process cooling is conducted by 
recirculating the refrigerant through a heat exchanger. Batch processes 
are then based on the formation of an ice layer on the cold surface of the 
heat exchanger, while continuous processes are suspensions of ice 
crystals, formed by scraping the ice layer deposited on the exchanger 
surface or formed by nucleation of ice in solution‖. 

Like other wastewater treatment technologies, freezing needs energy 
also. Using the following table (U.S. dollars per cubic meter water 
removed), people can compare the cost of freezing with another 
dehydration methods, all of the data are given by Rahman et al. (2006) 
(data from 1999) 

Table 1 Handling cost for different kinds of wastewater. 
Wastewater categories Evaporation Freezing-melting 

Fruit juice concentration 5.40 2.00 

Sugar production 8.47 1.32 

Desalting seawater 

(Present cost for desalting by 
evaporation) 

1.85 

0.93 

0.84 

Caustic soda concentration 2.23 1.06 

Black liquor concentration 

(For paper-pulp processing) 
3.15 1.52 
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In the meantime, different ways can be used in order to get a better cost 
effective for freezing: 

• Recirculation back of produced ice to cool and partly freeze ice in a 
preceding stage. 

• Using the produced ice for cooling of buildings or other purposes 
will decrease the cost. For example, large scale freezing is used in 
snowmaking for sports recreation areas and in ice halls. All of these 
cheap ice or snow can be used for freezing wastewater. And now, a 
demonstration building is situated in Beijing with produced ice in its 
basement (Clark, 2010).  

• Use of more cost-effective freezing methods as natural freezing or 
freezing just of concentrated streams. 

It is difficult to reduce the treatment costs, but well worth it, that is 
because freezing technology has high efficiency and widely application. 
Lorain et al. (2001) have shown that separation efficiency is close to 
100% of soluble organics in wastewater treatment by freezing. Gao and 
Shao (2009) have found that unidirectional downward freezing (UDF) 
can effectively remove pharmaceutically active compounds in water (up 
to 99% in a two-stage UDF). The study was introductory and it was 
concluded: ―Although the practical application of freeze concentration 
(such as UDF) for removal of PhACs (pharmaceutical active 
compounds) from wastewater/water needs to be further examined, the 
technique seems promising, especially, if effluent reuse is considered. 
The obvious advantages of the process is that it is capable of generating 
high quality water without addition of chemicals, no formation of 
reaction byproducts, along with a high percent water recovery. The same 
technique may also be used in laboratory analysis for quantifying of 
PhACs in various liquid samples. The concentration of the PhACs in the 
unfrozen liquid was increased to 2 to 4 times of that in the feed water in 
the single UDF and about 10 times in the two-stage UDF‖.  

Freezing could also have a variety of uses. The produced ice is in general 
clean from pollution and, therefore, suitable for the production of 
potable water. Ice may also be transported and used for cooling 
purposes for instance to large buildings, shopping centers during 
summer time and ice halls in winter time. Freezing can also be used for 
conditioning of sludge (Randall et al., 1975; Hu et al., 2011).   

Swedish studies of freezing in wastewater treatment have mainly been 
concerned with freezing/thawing as a conditioning method for sludge. 
Studies have been performed both with artificial freezing (Halde, 1976; 
1979; Franceschini, 2010) and by natural freezing (Hellström, 1997, 
Hellström & Kvarnström, 1997, Hedström & Hanaeus, 1999, 
Kvarnström et al., 2000). Freezing technology for commercial use in 
Sweden for sludge handling is performed by the company FriGeo AB 
for instance hired to treat sludge in the Ragn-Sells AB treatment plant in 
Stockholm (Franceschini, 2010). 

2.4 Forward osmosis for dehydration of solutions  

Forward Osmosis (FO) is a remarkable new green technology that turns 
contaminated water, into clean and refreshing water which is also a 
remarkable new technology by removing difficult toxic waste and 
pollutants from industrial waste streams. 
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Osmosis is a physical phenomenon that has been exploited by human 
beings since the early days of mankind. Early cultures realized that salt 
could be used to desiccate foods for long-term preservation. Because of 
osmosis, most microorganisms such as bacteria, fungi, and some kinds 
of potentially pathogenic organisms become dehydrated and die or 
become temporarily inactivated in saline environments. Conventionally, 
osmosis is defined as the net movement of water molecules pass through 
a selectively permeable membrane driven by a difference in osmotic 
pressure on the two sides in order to equalize the osmotic pressure. A 
selectively permeable membrane means that it only allows passage of 
water, while rejecting the passage of solute molecules or ions (Cath et al. 
2006). 

The principle of forward osmosis process is that two liquids are 
separated by a forward osmosis membrane that only allows water to pass. 
That is because forward osmosis membranes can reject organics, 
minerals and other solids which are similar to reverse osmosis but resist 
typical fouling problems (Fig. 1).  

It is the process of two kinds of solutions seeking balance that creates 
the ―inside energy‖ in forward osmosis. As previously figure (Fig. 1) 
mentioned, a salt ―draw‖ solution is shown in the right column which 
has a higher osmotic potential than the dirty feed water is shown in the 
left column. That higher osmotic potential in the salt ―draw‖ solution is 
the internal driving force which can provide to drive the filtration 
process. The water in the left column moves through the membrane, is 
filtered in the process and dilutes the higher concentration salt water on 
the permeate side. 

Forward osmosis (FO) has been widely used in the various respect of 
production and life such as diminishing the water content and increasing 
the salt concentration of perishable food. Other applications related to 
water treatment include according to Cath et al. (2006): ―FO has been 
used to treat industrial wastewaters (at bench-scale), to concentrate 
landfill leachate (at pilot- and full scale). FO is also being evaluated for 
reusing wastewater for drinking water in life support systems (at 
demonstration scale), for desalting seawater, and for purifying water in 
emergency relief situations‖. ―The major advantages of using FO are that 

Fig. 1 Principle of Forward osmosis process (HTIwater, 2010). 
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it not only operates at low or no hydraulic pressures with high rejection 
of a wide range of contaminants, but also it may have a lower membrane 
fouling propensity than other pressure-driven membrane processes. 
Because the only pressure in the FO process is due to flow resistance in 
the membrane module (a few bars), the equipment used is very simple 
and membrane support is less a problem‖ (Kelada, 2011). 

Forward osmosis can be applied both in small and large scale. Small scale 
applications can be exemplified by use of urine or seawater as a water 
resource (of interest in space technology and in emergency situations). A 
possible way may be to use heavily salted water for drinking purpose and 
transfer water to a concentrated solution of an organic substance (as a 
concentrated sugar solution (Karode et al., 2000). The concentrated 
stream (the ―draw solution‖) must have a higher osmotic pressure than 
the solution which transfers water. The ―draw solution‖ may be 
concentrated again as for instance removal of water by air (evaporation) 
or by recovery methods as the use of ammonium hydrogen carbonate 
that in heating produces carbon dioxide and ammonia that are 
recirculated (McCutcheon et al., 2005). Liu et al (2011) have developed a 
―draw solution‖ with the help of super paramagnetic nanoparticles. The 
world ś first commercial full-scale ―forward osmosis‖ desalination plant 
has been built in Oman. 

In this example as shown in the above figure (Fig. 2), the process of 
Reverse Osmosis (RO) is compared with Forward Osmosis (FO). RO 
must use high energy in order to force a solvent through a 
semipermeable membrane from a high concentration solution to a low 
concentration. Because of high pressure, all solutes and pollutants on the 
left side are forced against the semipermeable membrane, but also 
because of this, the semipermeable membrane is easy to foul and have to 
use cleaner feed solutions with fewer solids. On the contrary, FO only 
needs a very low level of pressure and the natural osmotic pressure in the 
draw solution pulls water through the membrane, leaving large molecules 
or ions behind in the concentrated feed solution (HTIwater, 2010). 

 

 

Fig. 2 Horizontal comparison of Reverse Osmosis and Forward 

Osmosis (HTIwater, 2010). 
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All in all, the advantageous of Forward Osmosis are summarized: 

 Internal fouling limitations can be overcome in pressure driven 
membrane separations allowing proper filtration and concentration 
of difficult kinds of products and waste streams (HTIwater, 2010). 

 FO is more adaptable than RO for feed streams even if there is high 
level of suspended solids in the dirty or polluted water.  

 Osmotic pressure is created by osmosis when water passes through a 
semipermeable membrane into a more concentrated stream; 
selectively draws molecules can pass through the membrane which 
can also stop membrane fouling happening. 

 FO is a natural occurrence without any additional energy, and not 
artificially controlled, when harnessed for water filtration and liquid 
transfer (HTIwater, 2010). 

2.5 Combination of dehydration methods 

Many combinations are possible for water removal from a suspension. 
Some examples are given below:  

Snow may be produced by a snow machine. 

Snow may be treated with a salt or substances as urea for melting snow 
and obtain a solution down to for example -5 degrees Celsius. 

The cold solution is used for ice production and harvesting of ice and to 
concentrate components and condition sludge. 

The harvested ice is used for pre-cooling (by indirect method) of the 
suspension. 

After melting, the ice is suitable for water use. For use as drinking water 
additional safety steps should be installed as reverse osmosis (low 
pressure drop is needed as ice has a very low conductivity). 

The melted snow-salt solution may also be used to remove water from a 
suspension by direct osmosis and with possibilities to generate electricity. 

The combination of direct osmosis (electricity production) and ice 
production (electricity consumption) should be developed to get in the 
future a net electricity production. Use of sun energy for evaporation of 
water from a salt solution and natural freezing should, thereby, be 
considered. 

In 2005, at Sundsvall hospital requirements for cooling during May to 
September was estimated to about 1000 MWh. As snow/ice storage was 
used more than 20000 cubic meters of snow that otherwise would have 
been transported away. Part of snow was also produced by snow 
machines. The storage was formed as a basin with a depth of about 2 m 
and an area corresponding to a football ground, a volume of about 
14000 cubic meters. Estimated savings were calculated to diminish from 
350 MWh to 25 MWh. It was also estimated that after gaining 
experiences of Sundsvall hospital system, a 4 times larger snow storage 
system would cost around 7 MSEK (2000) (Sundberg, 2006). 

Other examples suggested in this master thesis work are: 

A liquid cooling solution is prepared from snow/ice and a salt as sodium 
chloride. The liquid cooling solution is used for indirect cooling of a 
wastewater stream to dehydrate the stream by ice formation. Salt is 
added to the formed ice to obtain a liquid solution for recirculation back 
for cooling. 
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Water may be removed from salt solution by for instance evaporation 
(heat may be supplied from central heating) or reverse osmosis. For a 
wastewater treatment system, freezing technology may be based on: 

 Collection of naturally frozen snow or ice 

 Collection of snow with deicing chemicals for avoiding slippery 
streets or handling of snow on roofs. 

 Use of salty water (brackish or sea water together with ice/snow and 
ice/deicing materials) for obtaining a temperature below zero 
degrees Celsius for indirect cooling of wastewater to produce and 
remove ice.  

If the intention is to use the removed ice as a potable water source it 
should have a higher concentration of salts than melted ice. One 
possibility is to use direct osmosis with transfer of water from melted ice 
to a salt solution so that safe water can be produced by diluting the salt 
solution by water supplied via the melted ice.  

It may also be suitable to sort influent water into one line for washing 
clothes (as no complex binder is needed for binding hardness), one 
adjusted line for drinking and cooking purposes and one line for toilet 
flushing. By use of heat pumps suitable temperature can be used for cold 
and hot water temperatures. 

Sorting may also be done of wastewater streams as one stream from 
toilet wastewater and from garbage disposer and another stream from 
gray water. 

Export of the produced ice (for water use or cooling purposes) or used 
together with salt to produce additional cooling water. 

Natural evaporation of salty solution or evaporation by using of wasted 
heat or solar panels. 

The procedure is, generally, possible to use for all polluted streams 
where it is advantageous to separate streams into one stream containing 
ice and one concentrated stream containing the pollutants (that now may 
more easily be converted into products). Examples include municipal 
wastewater treatment, polluted raw water used for potable water 
production, treatment of leachate, industrial water (as from food, textile, 
pharmaceutical, pulp and paper, and mining industry) and separate black 
water, urine, or manure treatment. 

To obtain a positive energy balance for the system energy must be 
supplied externally and natural ways include: 

 Energy from cold weather conditions to produce snow or ice 

 Energy from the sun to evaporate salty water into water and a salty 
solution with a higher salt concentration (or solid salt) 

 Salt may, thereby, be seen as a carrier of ―virtual energy‖ in analogy 
with ―virtual water‖ in foods 

 Especially for countries with cold winter and hot summer climate 
possibilities of storage should be considered as ice/snow storage 
collected in winter time and salt solutions/salt produced at summer 
time by use of evaporation.   

The combination of water freezing followed by forward osmosis is one 
possibility. It may also be of interest to combine pressure (from forward 
osmosis) with water of a low temperature. When the pressure is released 
to atmospheric pressure (sealed tank) slush is formed where ice floats to 
the top and water at 0 degrees Celsius goes to the bottom and is recycled 
to be cooled again (Clark, 2010).   
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Freezing may be followed by a sweating process (sweating is the 
production of a fluid consisting primarily of water as well as various 
dissolved solids) and may involve four steps: (1) crystallization of the ice 
by controlling the cooling rate, (2) draining off the concentrated residual 
solution, (3) purification of the ice by sweating to transfer pollutants in 
the ice to a liquid by partial melting, and (4) melting of ice to recover the 
purified water (Mandri et al. 2011). 

3. MATERIAL AND METHODS 

3.1 Materials 

3.1.1 Wastewater (Feed solution) 

The test wastewater sample (Fig. 3) was collected from a full scale 
municipal wastewater treatment plant (Hammarby Sjöstadsverk) which is 
a new-built area with low supply of industrial wastewater or storm water 
and therefore, a high COD concentration compared with ―typical‖ 
Swedish municipal wastewater. The characteristics of the wastewater are 
shown in appendix. It was an original normal municipal wastewater 
without any pretreatment. All of the samples were placed in plastic 
bottles at room temperature (18℃ ).  Chemical oxygen demand (COD) 
of wastewater sample is also shown in the appendix. 

Fig. 4 Mediterranean Sea Salt. 

Fig. 3 Wastewater sample 
400 mL from Hammarby  
Sjöstadsverk. 
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3.1.2 Synthetic salt water (Draw solution)  
The synthetic salt water can be made by mixing the pure water and the 
coarse Mediterranean Sea salt (Fig. 4) which has the same properties as 
of seawater (Fig. 5). The salt degree is 3.5%. It will be used as draw 
solutions. The synthetic salt water is stable with neutral pH, and non-
toxic. It will not degrade the membrane chemically (through reaction, 
dissolution, or adsorption) or physically (fouling) and have minimal 
effects on the environment or human health. The salt water is 
inexpensive, very soluble and provides a high osmotic pressure also 
(Miller & Evans, 2006). The conductivity of salt water was 51800 µS/cm. 
Other compositions of salt water sample are shown in the appendix 
(Table 8). 

3.1.3 Experiment Container 

The container was wrapped with a piece of self-seal foam (5 cm in 
thickness) except the top side (Fig. 6). Uninsulated experiment container 

Fig. 6 Self-seal foam pipe insulator and experiment container. 

Fig. 5 Proportion of salt to sea water and chemical composition of sea salt (Grobe, 
2008). 
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will absorb the cool air and frozen from each side, which is not a good 
method because it is difficult to get pure ice. The ice will wrap the 
pollutants before they settle to the bottom of the container. This method 
will make the freezing process works less efficiency. On the contrary, 
insulating experiment container will improve the quality and efficiency of 
freezing process. The total volume of container is 500 mL. The freezing 
equipment is refrigerator and the freezing temperature was controlled 
between -25℃  and -20℃ . Thus the temperatures of wastewater samples 
were controlled only from the top side of the container. This could make 
sure that the freezing begin from the surface of the wastewater 
(unidirectional downward freezing). The thickness of the ice was 
observed and measured each hour. 

3.1.4 Membrane for Forward Osmosis 

Generally, any dense, non-porous, selectively permeable material can be 
used as a membrane for FO (Fig. 7). Lots of membranes have been 
tested by early membrane researchers. Now, most of scientists use a 
special FO membrane which was developed by Hydration Technologies 
Inc. (HTI). This membrane (# 101013-NW-4) has been tested in a wide 
variety of applications by different research groups. Sodium chloride 
rejections will tend to be around 95% (95-97%). It is also used 
successfully in commercial applications of water purification for military, 
emergency relief, and recreation purpose. This proprietary membrane is 
thought to be made of cellulose triacetate (CTA). It can be seen that the 
thickness of the membrane is less than 50 μm and it is evident that the 
structure of the CTA FO membrane is quite different from standard RO 
membranes. However, FO membranes behave similarly to RO 
membranes in that dissolved gases are not rejected well. Their ions are 
rejected, but the (often small) fraction that exists as a dissolved gas is not 
rejected. Small polar, water-soluble organics, such as urea, methanol, and 
ethanol, are also not rejected well. The recommended pH range is 3 to 8. 
The membranes are typically annealed at 70°C, however, most 
membrane housings are only rated to 43°C. The desired characteristics 
of membranes for FO would be high density of the active layer for high 
solute rejection; a thin membrane with high water flux; hydrophobicity 
for enhanced flux and reduced membrane fouling; and high mechanical 
strength to sustain hydraulic pressure when used for PRO. 

Fig. 7 Forward osmosis 
membrane from Hydration 
Technology Innovations. 
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Fig. 8 U-tube set-up for FO experiments. 

3.1.5 Membrane device 

U-style tube is the ideal experiment device which can be made by 
combining different kinds of water pipes. The forward osmosis 
membrane will be put into the white card slot connector. Two switches 
will control the water flow of wastewater and salt water. The water levels 
both wastewater and salt water will be monitored by using the clear glass 
tube (Fig. 8). 

3.1.6 Measuring Tools 

In order to measure the weight of Mediterranean Sea salt and the 
parameters of different kinds of wastewater, several kinds of measuring 
tools are used.  

Weighting Equipment 

Mediterranean Sea salt was weighed by electronic scale (Fig. 9) before 
put it into the water. The name of electronic scale is LA-110, ACCULAB 
Corporation’s product (Germany). 

Fig. 9 Electricity scale from 
Acculab. 
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COD test equipment 

The COD test is used to indirectly measure the amount of organic 
compounds in original wastewater. It is a very important indicator which 
can show the efficiency of freezing process in wastewater treatment. 

In this study, COD of wastewater sample was preheated to 120°C by use 
of DR. LANGE LT 200 (Fig. 10) and measured by ION 500 (Fig. 11) 
after 2 hours cooling. The unit of COD is mg/L which means the mass 
oxygen consumed per liter of water. Different kinds of water samples 
will be put into several cuvettes (Fig. 12 & Fig. 13) and each small 
cuvette has 2 mL water sample.  

Fig. 10 Thermostat LT200 from 
LANGE. 

Fig. 11 Spectrophotometer XION 500 for COD from LANGE. 
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Fig. 13 Cuvettes (LCK 514) for high concentration of COD. 

Conductivity meter 

The conductivity is another key indicator which measures the solution’s 
ability to conduct electricity. This parameter is a general indicator of 
water quality which is highly temperature dependent. It can be used to 
monitor the freezing processes in this experiment that causes changes 
the concentration of ions and thus changes the conductivity. In this 
study, conductivity was measured by the conductivity meter (Cond 330i) 
from WTW (Fig. 14) at the same room temperature. The unit of 
conductivity in this study is μS/cm. In the meantime, pH value was 
measured by pH meter 330i which came from WTW. 

Fig. 12 Cuvettes (LCK 314) for medium concentration of COD. 
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3.2 Theory and Methodology 

3.2.1 Theory 

Water is apparently unique among substances in that is expands in 
volume as it approaches freezing. For most other substances the solid is 
denser than the liquid because the atoms become more closely packed in 
the crystal. The structure of the ice crystal has great regularity and 
symmetry. Because of this highly organized structure it cannot 
accommodate other atoms or molecules without very severe local strain 
practically every solute in the water is rejected by the advancing surface 
of a growing ice crystal. The ―hypertonic‖ solution at the surface slows 
down the freezing part of the liquid-solid molecular exchange, by 
decreasing the availability of water molecules. The presence of a solute 
has only a minor effect on melting. The result is a lowering of the 
temperature at which the freezing and melting processes balance a 
depression of the freezing point (Halde, 1979). 

Freezing technology is based on the fact that when ice is crystallized 
from an aqueous solution or suspension, the ice crystal is built up by 
pure water, leaving the impurities in the remaining liquid. With suitable 
means of forming the ice and of separating the ice from the mother 
liquor, freezing is adaptable to the production of very high concentration 
of waste. Melting the ice yields a water product of high quality. The 
wastewater, no matter what they come from, will contain considerable 
amounts of pure water. Meanwhile, if wastewater only includes soluble 
pollutants, ice crystals will only grow from the pure water which means 
that pollutants will be rejected into the liquid phase thus increasing the 
concentration of wastewater. 

3.2.2 Methodology 

The whole experiment is divided into two key parts, the first part is 
freezing process and the second part is forward osmosis experiment. In 
the freezing process, the original wastewater will be frozen one time. 
After melting, each part of water sample will be separately frozen again 
(Fig. 15). In the forward osmosis experiment, the final result which 
comes from freezing study will be used with synthetic salt water in order 
to analyze the feasibility and practicality of hydro power plant which plan 
to use forward osmosis technology. 

Fig. 14 Conductivity meter from WTW. 
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Freezing 

During this experiment, two different kinds of wastewater were used to 
perform freezing experiment. The first one is municipal wastewater 
without any pretreatment and the second one is simple colored material 
water which use potassium permanganate (KMnO4) as colored material. 
Both of them were frozen by using experiment container for about 
8 hours. The freezing temperature was around -20 ℃ . All parameters 
were measured. 

After about 8 hours, the ice was taken from the water samples and 
melted in room temperature. All parameters were measured again. The 
frozen states of water samples are shown in the appendix. 

Both of water samples were frozen once again for about 7 hours. New 
data were compared with the first freezing experiment result. The final 
states of water samples are shown in the appendix.  

Forward osmosis experiment set-up 

The laboratory set-up used in this experiment is schematically depicted 
in the figure (Fig. 16). The membrane was positioned in the membrane 
holder without any additional support. The active membrane area was 
3.46 cm2. The two compartments of the laboratory set-up contained 
respectively, the feed solution and the draw solution.  

After installment of the membrane, both compartments of the 
laboratory set-up were filled simultaneously to prevent hydraulic pressure 
differences over the membrane. The duration of forward osmosis 
experiment was 7 hours. In this study, ice-melt water, both first freezing 
and second freezing were used as feed solution and synthetic salt water 
was used as draw solution. The water level of salt water was measured 
continuously by camera software. The whole steps were recorded each 
5 minutes (Fig. 17). The experiment was conducted at constant 
temperature of 20±2℃ . The volume and conductivity of the saltwater 
was measured after finishing the forward osmosis experiment. All 
parameters are shown in the appendix. 

Fig. 15 The flow chart of freezing experiment. 
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4. RESULTS  

Dehydration of wastewater may be done in an efficient way by use of 
freezing and forward osmosis. Even then, it's worth remembering that 
freezing requires lots of energy to transfer liquid water into ice and, at 
the same time, it was also expected that influent amount of COD should 
be equal to amount of COD in streams after first and second freezing. 
However, quite large deviations were obtained, probably due to 
difficulties to do precise measurements, especially of frozen amounts of 
water. Even so, with suitable freezing technology the obtained ice may 
be very clean, free from most pollutants, and melted ice, thereby, it can 
be easily discharged or used. 

4.1 Effect of freezing process 

The effect of the freezing process was very obvious (Fig. 18). After the 
first freezing experiment, the conductivity of waste water increased from 

Fig. 16 Schematic depiction of U-tube set-up for FO experiment 
(Cornelissen, 2008). 

 

Fig. 17 Full-featured camera capture tool (Cyberlink YouCam). 
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Table 2 Characteristics of waste water and colored water. 

Water sample Municipal Wastewater Color Water 

Volume (mL)  400 400 

COD 546   

Concentration 

(g/L) 
   0.1 

pH 7.5 7.7 

Conductivity 

(µS/cm) 
820 300 

Time 

(Hour) 
8 8 

Table 3 Characteristics after first freezing of waste water. 

Water sample 
Concentrated 
Wastewater 

Ice-melt wastewater 

Volume(mL) 201 198 

COD 1086 122 

pH 7.4 7.1 

Conductivity 

(µS/cm) 
1490 140 

Table 4 Characteristics after second freezing of waste water. 
Water sample Concentrated Wastewater Ice-melt wastewater 

After 2nd 
freezing 

High 
Concentrated 
wastewater 

Ice-melt 
concentrated 

water 

Low 
Concentrated 
wastewater 

Ice-melt 
clean water 

Volume(mL)  101 96 88 108 

COD 1296 125 79.5 19.8 

pH 8.4 7.9 8.1 7.0 

Conductivity 

(µS/cm) 
2230 320 620 54.6 

Time 

(Hour) 
7 7 7 7 

820 µS/cm to 1490 µS/cm and the COD increased from 546 mg/L to 
1086 mg/L. After second freezing experiment, both conductivity and 
COD were still increasing. The conductivity was 2230 µS/cm and the 
COD was 1296 mg/L. About 2.4 to 2.7-fold increase in COD and 
conductivity after freezing process. All of these demonstrated that 
freezing technology was a very effective way of treating water.  As shown 
in picture (Fig. 18), the COD of concentrated wastewater after second 
freezing process did not enhance too much if compared with the first 
freezing. However, the conductivity of concentrated wastewater was still 
increasing rapidly.  
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Fig. 19 Efficiency of freezing process for ice-melt water. 

 
On the contrary, the ice-melt water, both conductivity and COD were 
decreasing, which means small amount of ions and organic pollution 
exist in the water. In other words, melted water becomes cleaner and 
cleaner (Fig. 19). After the first freezing experiment, the conductivity of 
the ice-melt water was 140 µS/cm and the COD was 122 mg/L. Both of 
the data dropped to 54.6 µS/cm and 19.8 mg/L, respectively, after the 
second freezing experiment. About 2.6 to 6.2-fold decrease in 
conductivity and COD was obtained. The removal rate of COD and ions 
can be calculated by using these two figures above (Fig.18 & Fig.19). The 
very low COD and conductivity were measured in freezing treatment 
illustrated that freezing process have a large influence on organic 
materials and ions in wastewater which means that freezing pretreatment 
is very effective in removing organic materials and ions as mentioned in 
the equations below (eq.1 & eq.2). 

 
 
 

Fig. 18 Efficiency of freezing process for concentrated wastewater. 
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After 1st freezing experiment: 
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After 2nd freezing experiment: 
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                             (eq.2)  

Meanwhile, the clean ice may be used (after some minor complementary 
treatment) as a source for potable water. The produced ice may also be 
used for cooling purposes in buildings and ice halls in order to substitute 
some of the centrally supplied cooling water. The costs for ice 
production at a treatment plant should be compared with possible value 
of ice for potable water production or as a cooling agent outside the 
treatment plant. 

4.2 Energy calculation for first freezing process 

Central wastewater treatment means that pollutants are much diluted as 
compared with for instance urine. Nowadays, concentrate the pollutants 
again at the treatment plants have mainly been done by use of reverse 
osmosis, which means that the need for a large energy supply and also 
clogging of the membrane. Compared with RO, freezing technology will 
have more potential and competitive in the marketplace in the future. 

In this study, refrigerator was used as refrigeration system and COP 
(coefficient of performance) is 2.2. The temperature of original 

wastewater was 14.2 ℃ and the temperature of refrigerator was 

around   -20 ℃. Base on the second law of thermodynamics, there were 
three steps for freezing wastewater: 

The first step: The temperature of original wastewater was still 

decreasing until 0 ℃. Energy Q1 was needed.  The relation is presented 
in equation below (eq.3). 

1

3

4

0.4 4.2 10 / ( ) (14.2 0 )

2.39 10 23.9

Q Mass SpecificHeatCapacity Temperature

kg J kg

J kJ

  

    

  





˚C ˚C ˚C                         (eq.3) 

The second step: 0.198 kg 0 ℃ wastewater convert to 0 ℃ ice. Energy 

Q2 needed.  Other part was still liquid state.  The relation is presented in 
equation below (eq.4). 

 5

2

4

Q 3.35 10 /  0.198 kg

 = 6.63 10 66.3

J kg

J kJ

  

  
                                               (eq.4) 
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The third step:  0 ℃ ice converted to - 20 ℃ ice. Energy Q3 needed. The 

relation is presented in equation below (eq.5). 

3

3

4

Q 0.198 kg 2.06 10 J / (kg C)  20 C

0.82 10 J = 8.2 kJ

   

  

˚ ˚
                               (eq.5) 

Energy Q should be needed throughout the whole freezing process. The 
relation is presented in equation below (eq.6). 

1 2 3

4 4 4

4

Q Q Q Q

 2.39 10 6.63 10 0.82 10

9.84 10 98.4

J J J

J kJ

  

     

   

                                       (eq.6) 

 Water enters at 14.2 ℃ and then ice at - 20 ℃ is produced at a rate 
of 8 kg/hr 

 Energy to form ice at - 20 ℃ from water of 14.2 ℃ is 435.86 kJ/kg 

Freezing the whole daily wastewater, energy Qout should be used and Win 
is the power of refrigerator each day. The total energy was calculated by 
equation below (eq.7). 

   out
Q 8 kg / hr 435.86 kJ / kg = 3486.88 kJ / hr   

 

in

3

W =3486.88 kJ/hr/2.2 1585 kJ/hr

0.44 kW ~ 10.56 kWh / day 55 /kWh m



  
                            (eq.7) 

Comments: 

8 kg/hr = 192 L water/day (about daily water consumption per capita in 
households in Sweden). 

Daily energy use = 1585 (kJ/hr)*24hr = 38040 kJ 

For a cost of 1 kWh of 1 SEK, the cost for the consumer would be 
10.56 SEK/day (corresponding to 46.5 SEK/m3). 

For traditional wastewater treatment plant, total energy consumption, 
expressed as kwh/m3 of waste water treated, ranges from 0.61-
0.98 kwh/m3. Energy used for construction of the treatment plant and 
the sewage system represented 35-55% of the total energy consumed. 
The remainder used for plant operation was predominately (65-75%) 
electrical energy (Smith, NASA). The energy needed for freezing is thus 
much higher than the energy needed in wastewater treatment. 

4.3 Forward osmosis experiment 

Forward osmosis as dehydration method relies on the osmotic pressure 
between solutions with low concentration of substances giving rise to 
osmotic pressure compared with a stream with substances giving a large 
osmotic pressure. Water passes through a membrane and clogging of the 
membrane may involve problems. The difference of osmotic pressure 
between the streams may be used for electricity production. The 
conductivity of salt water was measured after the experiment (Table 5). 

After FO experiment, the conductivity of synthetic salt water decreased 
from 52600 µS/cm to 46000 µS/cm and 43300 µS/cm by using the first 
and second ice-melt water. It means that some part of pure water pass 
through the forward osmosis membrane and get into the draw solution 
part (Fig. 20 & Fig. 21).  
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Table 5 Characteristics of draw solution after FO experiment. 

Feed  

solution 

Before  

Experiment 
Volume 

(mL) 

After  

Experiment  

Volume 

(mL) 

Conductivity 

(µS/cm) 

Time 

(Hour) 

First  

ice-melt  

water 

111 120 46000 4 

Second 

 ice-melt  

water 

111 122 43300 4 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 20 Initial state of 1st and 2nd freezing wastewater. 

Fig. 21 Final state of 1st and 2nd freezing water after 4 hours. 
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The salt water level was continuously rising over next 4 hours, but the 
speed continued to slow at the same time. That is because during the 
experiment, the actual osmotic driving force was decreasing as a result of 
dilution of the draw solution. The flow rate can be calculated by the 
following formula (eq.8): 

f

V
U

S T
                                                                                        (eq.8) 

Where 

Uf =average velocity of water flow traversed through the FO membrane 

[L/(h·m2)] 

V   =    volume of water which traversed the FO membrane [mL] 

S    =    the area of FO membrane [cm2] 

T   =    testing time [hr] 

After forward osmosis experiment, the volume of water which traversed 
the FO membrane was calculated and the area of FO membrane was 
3.46 cm2. Testing time was 4 hours. The water flow for both of ice-melt 
(1st freezing and 2nd freezing) water can be calculated by using formulas 
below (eq.9 & eq.10). 
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                                        (eq.9) 
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                                      (eq.10) 

The combination of freezing and forward osmosis may have many 
advantages. In this study, freezing was used as a first step to produce a 
reasonably clean ice. After melting the water with low salt concentration 
can be used for further treatment by forward osmosis to produce a safe 
source for potable water or to be used for electricity production.  

A typical simplified FO process is shown in figure below (Fig. 22). After 
the freezing process, the ice-melt water is pumped into a huge container 
which has FO membrane. In the container, ice-melt water migrates 
through the membrane and into the seawater. The flow of diluted and 

Fig. 22 Simplified process layout for a typical osmotic power plant 
(Aaberg, 2003). 
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seawater is then split in two streams where one is depressurized by a 
hydropower turbine to generate power, and the other passes through a 
pressure exchanger in order to pressurize the influent seawater. The key 
factor is pressure exchanger and membrane. If both of them are 
efficient, a FO power plant will generate about 1 MW from each cubic 
meter per second of freshwater that passed through the membrane 
(Aaberg, 2003). Ice-melt water is not only as clean as freshwater but also 
cheaper than freshwater, which means that ice-melt water has vast 
potential for future development compared with freshwater. 

5. DISCUSSION AND CONCLUSIONS  

After analyzing the COD and conductivity of wastewater samples, it can 
be concluded that after the first freezing, 78% COD and 83% ions may 
be substituted by conductivity from wastewater. 96% reduction of COD 
and 93% reduction of ions were observed from the second freezing 
process. The COD and conductivity of concentrated wastewater was 
increased to 2.4 to 2.7 times. The results of this study showed that the 
unidirectional downward freezing process was capable to remove organic 
materials and ions of wastewater. 

From forward osmosis experiment, it was found that ice-melt water 
which comes from original wastewater did not damage the membrane 
after using it more than 16 hours. On the contrary, with the decreasing 
use of glycerine on the forward osmosis surface, the efficiency of 
membrane was rising. 

On the one hand, the pure water can penetrate the membrane if the feed 
water is as clean as second freezing ice-melt water. That is because there 
are few particles in the clean water which will not clog the surface of 
forward osmosis membrane. On the other side, increasing the osmotic 
pressure between feed and draw solution will also promote the efficiency 
of FO experiment. However, more use of freezing process means more 
energy consumption, based on the final result of forward osmosis 
experiment; it is easy to find that the energy consumption of second 
freezing ice-melt water is not directly proportional to its infiltrate 
efficiency. It can be illustrated that it is not always practical or possible if 
people use second freezing ice-melt water for generating electricity but 
any step in other direction such as improving osmosis membrane 
technology will help to alleviate the situation. 

Energy from a salt gradient may have a large world effect on electricity 
production considering fresh water from rivers meeting the ocean with a 
high salt concentration. Wastewater may in this respect have some 
possibilities for making a wastewater treatment plant to a minor 
electricity contributor (self-sufficient for electricity) together with other 
electricity production possibilities (fuel cells etc.) 

Methods for intermediate concentration (as by freezing and forward 
osmosis) may be helpful in cost-effective wastewater handling with 
production of a pollutant stream that is more concentrated (for easier 
handling and resources recovery) and a clean water by freezing (ice that 
after melting and additional disinfection may be suitable for reuse) or 
water transfer to a salty stream that after energy recovery can be supplied 
to a salty recipient. 

All in all, based on the final results which measured from freezing and 
FO experiments, it is easy to get a conclusion that combining both 
freezing and forward osmosis technology is practical and feasible, not 
radical. Small volume but highly concentrated of wastewater will be 
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pumped into wastewater treatment plant and it is possible to improve 
the efficiency of WWTP. This new combination technology is a way to 
enhance the competitiveness of the relevant enterprises, increased 
efficiency and cost reduction. It will also decrease the emission of 
harmful gases and produce more energy. So it is an opportunity for 
human being to deal with two large-scale environmental and economic 
problems at once. 

6. LIMITATIONS OF THE STUDY 

Until now, freezing and forward osmosis experiments were performed 
successfully in several countries especially in USA, Canada, Norway and 
Germany. That is because freeze wastewater treatment has several 
advantages: (1) wastewater, including toxic compounds which is difficult 
to be treated biologically can be treated; (2) the ice crystals produced, can 
be used for cold heat storage; and (3) a smaller facility is required than 
that for biological wastewater treatment plant (Shirai, 1999). However, 
freeze wastewater treatment does not currently prevail in the world. This 
is because high energy consumption compared with traditional 
wastewater treatment. However, this issue can be solved if more external 
energy can be found which has been mentioned in the background part. 

Both freezing and forward osmosis experiment provides good 
opportunities to comprehend the wonderful phenomena of nature. 
Freezing concentration seems to be very efficient in wastewater 
treatment even though it was difficult to achieve pure water removal 
from wastewater as well as predicted by the theory (Lorain, 2001). 
However, this limit is acceptable for wastewater treatment. Ice produced 
during freezing is not used as a source for potable water it might instead 
be transported to buildings for cooling purposes. It also can be used in 
landscape in the future if the removal rate of COD and ions will 
continue to rise. 

At last but not least, the measurement errors exist in each step of both 
experiments. The total volume continued to decrease because of 
evaporation when melting the ice. Evaporation also had influence on 
COD and conductivity. That is because during the evaporation period, 
the microorganism in the wastewater decomposed organic matter which 
means that more ions were generated. The suspended solids and large-
size solid particles in the wastewater also distorted the results of COD. 

7. RECOMMENDATION AND FUTURE RESEARCH  

7.1 Recommendation 

High cost for freezing will slow down by developing of the freezing 
technology. The more external energy comes into freezing process, the 
lower cost for enterprises and government. In the meantime, freeze 
wastewater treatment system can combine both wastewater treatment 
and ice cold heat storage or exchanger at the same time within one 
facility which will also reduce the operating costs. 

Improving the quality of ice crystals and COP of refrigeration system are 
also methods to increase freezing technology efficiency. High-purity ice 
crystals will save wastewater treatment time and after corresponding 
treatment ice-melt water will have more use such as irrigation, cooling 
water even for production of potable water.  

In order to improve the FO membrane performance, the thickness and 
structure of the porous substructure of the FO membrane much has to 
be optimized by development. The ideal FO membrane should have 
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high water permeability, high rejection of solutes, high chemical stability, 
and high mechanical strength (Cath et al. 2006). Continued search on 
draw solution which can induce high osmotic pressure is also an 
important step for improving the efficiency of FO process. Utilization of 
energy for cooling from the snow and ice (sports recreation and roads) 
will increase total efficiency, making the project more financially 
attractive. 

7.2 Future research 

It seems obvious that large effects on climate may happen in a short time 
(within a century) with for instance all ice melting from Greenland. 
Although wastewater treatment will have only a minor part, much more 
attention should be focused on (a) choice of environmentally friendly 
process technologies that will lead to low production of greenhouse 
gases. (b) Use of low energy consumption processes and equipment, the 
development of improved semi-permeable membranes is critical for 
advancing the field of forward osmosis (Cath et al. 2006). (c) Use of 
energy production methods and storage of energy. All of these findings 
will be effective and useful in developing energy neutral or even an 
energy producer city on a world scale.  
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APPENDIX A:  SUPPLEMENTARY INFORMATION  

Table 1 appendix Examples of osmotic pressure for aqueous 
solutions (Salter, 2006). 

Compound Osmotic pressure (kPa) 

Sea water, 3.5 % 2.800 

Fructose, 15% 2.800 

Human blood (normal person) 900 

Muddy brackish water (1,600 TDS) 140 

 

Table 2 appendix Typical salt concentrations for different waters 
(Långvik, 2011). 

Type of water                                         Salt concentration, % 

Potable water                                                < 0.175 

Lakes and rivers (normally)                           < 0.2 

Baltic Proper (average)                                    0.8 

Kattegat 2.0 

  Skagerrak 3.0 

  Sea Water                                                         3.5 

 

Table 3 appendix Composition of seawater (Anthoni, 2000). 
Element Relative concentration (by mass) 

[%] 

Chloride (Cl
-
) 55.03 

Sodium (Na
+
) 30.59 

Sulfate (SO4
2-
) 7.68 

Magnesium (Mg
2+

) 3.68 

Calcium (Ca
2+

) 1.18 

Potassium (K
+
) 1.11 

Bicarbonate (HCO3
-
) 0.41 

Bromide (Br
-
) 0.19 

Borate (BO3
3-
) 0.08 

Strontium (Sr2
+
) 0.04 

Miscellaneous 
constituents 

0.01 

 
 
 
 
 



Jian Sun        TRITA LWR Degree Project 13:02

 

 32 

Before First Freezing (Fig. 1 appendix) 

Sample: Wastewater (Table 4 appendix) 

Table 4 appendix Basic information and critical data of original 
wastewater. 

pH value 
COD 

(mg/L) 

Conductivity 

(µS/cm) 

Volume 

(mL) 

7.5 546 820 400 

 
  

Fig 1 appendix Wastewater 
sample 400 mL from 
Hammarby Sjöstadsverk. 
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After the first freezing (Fig 3 appendix):  

 

 

 

 

 

 

 

 

 

 

Fig 3 appendix Final products of waste and colored water after 1st  

freezing. 

Fig 2 appendix The state of waste 

water before 1st unidirectional 
downward freezing. 
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Sample: After 1st freezing experiment (Fig 4 appendix) 

 

Table 5 appendix Critical data of wastewater after 1st freezing. 
   Ice-melt water Wastewater 

pH value 7.1 7.4 

Conductivity 

(µS/cm) 
140 1490 

Volume 

(mL) 
198 201 

COD 

(mg/L) 
122 1086 

 
  

Fig 4 appendix Final products of wastewater (After 1st freezing experiment). 
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Second freezing experiment for wastewater (Fig 5 appendix) 

Freezing time:  7 hours for water sample (Ice part) 

Table 6 appendix Critical data of ice-melt wastewater after 2nd 
freezing. 

 Ice-melt water Wastewater 

pH value 7.2 8.3 

Conductivity 

(µS/cm) 
54.6 620 

Volume 

(mL) 
108 88 

COD 

(mg/L) 
19.8 79.5 

 
  

Fig 5 appendix Concentrated wastewater and ice-melt water (come from ice part). 
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Freezing time: 7 hours (Concentrated wastewater part) (Fig 6 appendix) 

Table 7 appendix Critical data of concentrated wastewater after 2nd

 freezing. 
 Ice-melt water Wastewater 

pH value 8.1 8.4 

Conductivity 

(µS/cm) 
320 2230 

Volume 

(mL) 
96 101 

COD 

(mg/L) 
125 1296 

 
  

Fig 6 appendix Concentrated 

waste water and ice-melt 
water (come from concentrated 
wastewater part). 



Self-Sufficient Wastewater Reuse with Intermediate Dehydration and with Consideration of Product Recovery 

 

37 

  

Fig 8 appendix Laboratory collection of wastewater (After 2nd freezing experiment). 

Fig 7 appendix Final products of wastewater (After 2nd freezing experiment). 


