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Jirout, D., 2015: A GIS analysis of electricity production using pressure retarded osmosis in the Nordic 
countries. Master thesis in Sustainable Development at Uppsala University, No. 264, 51 pp, 30 ECTS/hp 

Abstract – Scientific Summary 

Osmotic power is an unexploited source of renewable energy that is based on mixing two types of water with a 
different salinity gradient. Osmotic power production (if life-cycle analysis of all necessary components is 
ignored) does not emit greenhouse gases to the atmosphere as opposed to fossil fuels employed in electricity 
production today, thus osmotic power does not systemically contribute to global warming and climate change. 
This thesis investigates the annual electricity production potential in the Nordic countries using pressure 
retarded osmosis (PRO) as a method of producing electricity. PRO is a controlled process of mixing two types 
of water – the feed and the draw – in a water tank equipped with a semi-permeable membrane that separates the 
solutions and allows for transfer of water in one direction only – feed to draw. Due to osmosis, the draw solution 
(seawater) draws the feed (river water) through the membrane. This overpressures the draw which is used as the 
force to propel a turbine. The greater the difference in salinity of the two waters, the greater the power output 
per volume of mixed waters. The magnitude of osmotic power production is limited by the river discharge. This 
thesis focuses on a scenario where fresh water discharged by a river is mixed as the feed with seawater available 
at a given estuary as the draw. 
In the Nordic countries, PRO power generation opportunities were analysed using a geographic information 
system (GIS) with parameters like seawater salinity, annual average water discharge as the feed, regional impact 
of climate change on precipitation, and contemporary hydropower and river basin management. With respect to 
thermo-dynamics, power generation using PRO proves most sensible in Norway and on the west coast of 
Jutland (Danish mainland) where the sites for hypothetical osmotic power-plants were suggested as estuaries. 
Estuaries were categorized by the level of nature protection, hydropower management and river basin 
management in the area (if any). 
For each estuary where seawater has salinity 30 psu or greater, the annual power production potential was 
quantified at the applied pressure of 9 bars. As a technological point of reference, I assume an ideal osmosis 
process (which presumes no salt accumulation inside of the membrane) in a system with 81% efficiency. The 
membrane technology applied in all cases is a thin-film hollow composite membrane with a water permeability 
of A = 9.22 . 10-12 . m3 . m-2 . s-1 . Pa-1. 
The annual work potential in Norway and on the west coast of Jutland outside of environmentally protected 
areas is 88.87 TWh and 0.13 TWh, respectively. There are another 12.94 TWh and 0.82 TWh within nature 
protected zones of Norway and Jutland, respectively, which gives around 102.76 TWh altogether. The total 
membrane area necessary to utilize the annual average water discharge of all investigated rivers is 1190 km2. 
Due to climate change between 2021 and 2050, there will be relatively more precipitation in the region, 
therefore the potential for osmotic power production in the region is going to grow as more feed will be 
available. Out of the total annual potential identified in Norway (101.81 TWh), 13% is situated in areas with an 
active river basin management and 62% lies in areas with some form hydropower management up the stream. 
 
Keywords: osmotic power, pressure retarded osmosis, sustainable development, carbon neutral renewable 

energy, GIS, NORDEL 
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Abstract – Popular scientific summary  
Osmosis has been recognized as a source of renewable energy. The main idea of osmotic power production is to 
control mixing of two types of water with varying salinity. As opposed to fossil fuel electricity production, the 
osmotic power (if life-cycle analysis of all necessary components is ignored) has no systemic impact on global 
warming as no greenhouse gases are emitted to the atmosphere during the production, thus it holds the potential 
to avoid the further escalation of global warming due to electricity production.  
This thesis investigates the opportunities for osmotic power production in the Nordic countries in a scenario 
where fresh water supplied by a river is mixed with seawater available at the coast using the method called 
pressure retarded osmosis (PRO). In this scenario, fresh water is mixed with seawater in a water tank that is 
separated by a semi-permeable membrane which keeps the waters from mixing naturally and regulates that 
freshwater is transferred to seawater and not otherwise. Due to osmosis and properties of the membrane, the 
seawater draws fresh water through the membrane which creates an overpressure on the seawater part of the 
tank. The overpressure is used as the force to propel a turbine. The greater the difference in salinity of the two 
waters, the more power-intense yields can be achieved. The greater the river flow, the greater the capacity of an 
osmotic power-plant can be designed. 
In the Nordic countries, PRO power generation opportunities were analysed using a geographic information 
system (GIS) with parameters like seawater salinity and annual average river discharge. Sites for hypothetical 
osmotic power-plants were suggested as estuaries (river mouths) which were categorized by the level of nature 
protection, presence of hydropower management up the stream, and river basin management in the estuary (if 
any). Finally, regional impact of climate change on precipitation has been analysed in GIS. 
Power generation using PRO is most sensible in Norway and on the west coast of Jutland (Danish mainland) as 
the sea has the highest salt content out of the seas surrounding the Nordic countries. For each river that has its 
estuary at one of these coasts, the annual power production potential was quantified. Results show how much 
power could be produced from the annual average water discharge of the river and the area of the semi-
permeable membrane necessary to utilize the flow. The membrane area gives away a clue of how large a facility 
would have to be built to produce such power quantities. 
The total annual PRO power production potential in Norway and on the west coast of Jutland is 102 TWh and 
1 TWh, respectively. Together this represents around 27% of today’s electricity production in the Nordic 
countries. Due to climate change between 2021 and 2050, more precipitation is expected in the region at the end 
of the period than at the beginning; therefore the potential for osmotic power production in the region is going to 
grow with climate change as more fresh water will be available than it is today. The total membrane area 
necessary to utilize the annual average water flow of all investigated estuaries is 1190 km2. Out of the 101.81 
TWh identified in Norway, 13% is situated in areas with an active river basin management, and 62% lies in 
areas with some form hydropower management up the stream. 
 
Keywords: osmotic power, pressure retarded osmosis, sustainable development, carbon neutral renewable 

energy, GIS, NORDEL 
 
David Jirout, Department of Earth Sciences, Uppsala University, Villavägen 16, SE- 752 36 Uppsala, Sweden  
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Preface 
“Man has always striven to understand the world around him. To this goal he was helped by stories that made 
sense of his reality” (Sedláček, 2013, p. 3). According to Sedláček, poets were the very first interpreters of 
reality in the times of ancient Rome. Their stories and myths, apart from carrying an artistic value, served an 
educative purpose and established and helped understand how the world works. With the uprising of Greek 
contemplation, philosophers have become the heralds of reality, and today it is the scientists who have the 
leading narrative and whose word we trust when it comes to grasping how the world around us works. 
However, media and individuals streaming and blogging their opinions over the Internet are taking over the 
scientist in some respect. Science has chosen journals and reports to communicate objective facts and 
conclusions. Journals are a proven form of communication in the world of academia. They are not read by the 
public as the access is often restricted and advanced texts might be too hard to absorb anyway, whereas 
multimedia can cross over in a very short time and entertaining way. An amateur poor in knowledge, yet skilled 
with presentation and media production, might get more attention and influence than a qualified research group 
publishing a paper in a journal. Perhaps commoners are shifting from the narrative of natural science to the 
narrative of media producers. 
In her sci-fi novel, Kadlečková (2013) exaggerates the future reality being narrated by a social class called the 

mediants who consist of journalists, bloggers, or streamers with a legal mandate that forces respondents to tell 
an unvarnished version of the truth. As the law regulates misinformation on Earth of distant future, the public 
accepts the world’s narrative from the mediants and the trust in the narrative remains unquestioned. However, it 
is each and everyone’s responsibility to think critically about what we hear, read or categorize as a truth or a 
fact. 
We are facing many transformative forces that have not been recorded in human history – globalization, the 
Internet, crossing the environmental boundaries of the planet. There is too much going on to cope with it all and 
it happens so fast. Even though the globe becomes more and more connected, with the amount of information 
doubling every year, students graduate with old knowledge and an individual understands the world less and 
less. We are only apt to understand the realities we live in, but we often don’t. How can we then come to a 
mutual agreement on a globally acceptable behaviour within the limits of the planetary boundaries when we 
understand each other less and less whilst facts seem to lose importance and popular figures gain on 
importance? Discussion, compassionate understanding, and working towards a consensus are going to be 
humanity’s everlasting challenges, yet in the case of decreasing emissions to help mitigate climate change, we 
have failed dramatically. 
This thesis is dedicated to those thinking critically, scientists working hard to present objective facts, decision 
makers bold enough to go against the stream with facts in their hands, and mostly to common folk willing to 
adapt their lifestyles now for the common good of all to come. 
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Nomenclature 
π osmotic pressure (Pa) 
πf, πd osmotic pressure of the feed, of the draw (Pa) 
P hydrostatic pressure, aka applied pressure (Pa) 
S structural parameter of a membrane (m) 
A water permeability of a membrane (m3 . m-2 . s-1 . Pa-1) 
B salt permeability of a membrane (m3 . m-2 . s-1) 
J volumetric water flux (m3 . m-2 . s-1) 
i Vant Hoff’s factor  
α degree of dissociation  
v stoichiometric coefficient of dissociation  
R universal gas constant (m3 . Pa . K-1 . mol-1) 
T temperature (°K) 
c molar concentration (g  . mol-1) 
ρ density (m3 . kg-1) 
h height (m) 
g standard gravity constant (m . s-2) 
Wm power density in PRO (W . m-2) 
M the area of the membrane (m2) 
Q volumetric water flow (m3 . s-1)  
η system efficiency 
WP power output/work (W) 
SA absolute salinity (g . kg-1) 
SP Practical Salinity Scale PSS-78 (psu) 
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Abbreviations 

ASEAN: Association of Southeast Asian Nations 
CDDA: country designated nature protected areas 
CSV: comma separated value 
GIS: geographic information system 
ICP: internal concentration polarization 
IPCC: Intergovernmental Panel on Climate Change 
IUCN: International Union for Conservation of Nature 
NaCl: sodium chloride 
NORDEL: the synchronnous electricity grid of Norway, Sweden, Finland, and Eastern Denmark 
PRO: pressure retarded osmosis 
PSE: primary source of energy 
psu: practical salinity unit 
R&D: research and development 
SMHI: Sveriges Meteorologiska och Hydrologiska Institut [Swedish Meteorological and Hydrological Institute] 
THC: thin-film hollow composite 
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WMS: Web Map Service 
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1. Introduction 

Electricity has become a very popular medium of energy distribution throughout the 20th century. Today, we 
live in an electric world powered by combustion of predominantly fossil fuels which makes electricity 
production a contributing factor to global warming and climate change (Table 1). Energy has always been 
crucial for human survival. It seems only ironic that overconsumption of this abundant energy source is forcing 
climate change which poses a threat to Holocene-like life as we know it. 
Osmotic power is an unexploited source of renewable energy. Production of osmotic power, if life-cycle 
analysis of all necessary components is ignored, has no systemic impact on global warming and climate change 
as there are no greenhouse gases (GHGs) emitted to the atmosphere during electricity production. From this 
perspective, the process of osmotic power production is carbon neutral which is why osmotic power could be a 
part of a solution establishing a climate-friendly energy system. Further on, osmotic power production can be 
turned on and off at will with a swift response. This represents a possibility for osmotic power to become a 
regulator of peaks in the electricity grid caused by power production of other renewables, predominantly by 
wind and solar power, hence osmotic power is likely to gain on importance with renewables’ share in the energy 
mix growing. 
In this thesis, I investigate the possibilities of osmotic power production in the Nordic countries. I ask how much 
osmotic power could be produced with today’s technology annually and where in the Nordic countries would it 
be the most sensible to do it with respect to energy yields, nature protection, hydropower management, and 
frameworks protecting aquatic ecosystems and fresh water use (river basin management). 
In the introduction chapter, I depict how contemporary electricity production looks like in the world, the EU and 
in the Nordic countries. I outline a few challenges that withhold a society from acting rationally when it comes 
to energy use, and bring up the importance of the source we use for energy production. 

1.1. Contemporary energy landscape 

1.1.1. World 

The world is mostly powered by fossil fuels. Globally, 67% of the total primary sources of energy (TPSE) 
dedicated to electricity production come from fossil fuels (Table 1). The estimate of world’s electricity 
generating capacity in 2011 is 5.752 TW (Central Intelligence Agency, 2015). The cumulative installed capacity 
of installed renewables as a TPSE has risen from 0.842 TW in 2000 to 1.456 TW in 2011 to 1.828 TW in 2014 
and it is very likely that they will continue to become ever larger part of the energy mix (International 
Renewable Energy Agency, 2015).  
Table 1 – World Electricity Production by TPSE (The World Bank, 2012) as referred by (MECOMETER, 2012)  

Electricity production from coal sources (% of total) 41.2 

Electricity production from hydroelectric sources (% of total) 15.6 
Electricity production from nuclear sources (% of total) 11.7 
Electricity production from oil sources (% of total) 3.9 

Electricity production from renewable sources, excluding hydroelectric sources (% of total) 4.2 
Electricity production from natural gas sources (% of total) 21.9 

In 2013, global fossil-fuel subsidies totalled $550 billion which quadruples subsidies to renewables. 
Consequently this holds back investment in efficiency and renewables. For example in the Midle East, oil 
products are used for electricity generation whilst the main renewable energy technologies would be completive 
with oil-fired power plants, if oil subsidies are removed. (IEA, 2014b) 
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1.1.2. European Union 

In the European Union, 23% of net-produced electricity came from renewables whereas 49% came from 
combustible fuels1 in 2013 (Eurostat, 2015a), however the final energy consumption of the EU in the 
transportation sector was 14 593 PJ out of which 94% has come from petroleum products, 4% came out of 
renewables and 2% was supplied by electrical energy (Eurostat, 2015b). 
In 2009, the Europe Union introduced a plan to reverse the fossil fuel employment and promote renewable 
source of energy in energy production. European Union climate and energy package targets “set three key 
objectives for 2020: 

 A 20% reduction in EU greenhouse gas emissions from 1990 levels; 
 Raising the share of EU energy consumption produced from renewable resources to 20%; 
 A 20% improvement in the EU's energy efficiency” (European Commission, 2015). 

To meet the targets, there is a need to decrease the energy consumption, enlarge the ratio of renewables in the 
energy mix, improve the efficiency of installations capable of producing energy from renewable sources, and 
research and development of previously unemployed renewables. This these deals with the last of the mentioned 
needs for meeting the targets. 

1.1.3. NORDEL energy landscape 

NORDEL is a cooperation of electricity grid 
operators in Demark, Finland, Norway, and 
Sweden that form a synchronous system 
(ENTSO-e, 2006). 
The system is namely run by these grid 
operators: 

 “Energinet.dk (Energinet.dk) corporate 
registration no. 28 98 06 71, 

 Fingrid Oyj (Fingrid) corporate 
registration no. 1072894-3, 

 Statnett SF (Statnett) corporate 
registration no. 962 986 633, 

 Affärsverket svenska kraftnät (Svenska 
Kraftnät) corporate registration no. 
202100-4284” (ENTSO-e, 2006, p. 1). 

There are a few DC links connecting Western 
Denmark to Norway and Sweden. “The 
synchronous system and the subsystem of 
Western Denmark jointly constitute the 
interconnected Nordic power system” (ENTSO-
e, 2006, p. 1), known also as NORDEL. 
Even though Iceland is sometimes categorized as a member of Nordic power system, it is not a subject of this 
research because (1) it is an isolated power system, (2) Iceland’s electricity production is 98% renewable and 
carbon neutral. (IEA, 2012b) 
Fossil fuels have been used in the Nordic countries for production of electricity in the past. Due to varying 
availability of energy sources in each country and development of energy policy, fossil fuels are employed at a 
different scale today. At the moment, we see a relatively major employment of fossil fuels in Denmark and 
Finland (Figure 2 and 3). Additionally, Finland is a major electricity importer. There is a relatively minor 
employment of fossil fuels in Sweden and benign employment in Norway.  
As the demand for energy varies around the year, exports and imports change from hour to hour, and seasonal 
changes supply different volumes of renewable energy, spot situation might not be a representative measure of 
the overall situation, therefore it is important to look at energy production and consumption in the year-long 
perspective (see Figure 4). 
 

                                                           
1 Conventional fossil fuels and biofuels combined 

Figure 1 – Regional synchronous systems of electricity grid 

operators (Wikimedia Commons, 2015). 
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Figure 3 – Spot electricity production by source of energy 

in NORDEL countries, 2015-03-14 10:35 

(Statnett, 2015). The letters O, W, and T stand 

for Other, Wind, and Thermal, respectively. 

 
Figure 4 – Annual production, consumption, and flows of electricity in SE, DK, NO, and FI for the calendar year 

2013, 2012, 2013, and 2013, respectively. Data was provided by (Statistisk sentralbyrå, 2015), (IEA, 2015), 

(Statistiska centralbyrån, 2014), and (Official Statistics of Finland (OSF), 2014) for the countries, 

respectively. 
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1.2. The source of energy matters 

Apart from heat, energy remains hidden to human senses. We do not think of it as of a product as we cannot see 
it, smell it or put our hands on it, thus energy remains abstract. This is why the issue of energy is so elusive, yet 
every product we have ever produced, may it be food, a glass plate or a digital record, carries virtual energy 
necessary to produce that product. Energy is a catalyst for any activity a human does, everything we produce, 
and everything we consume, therefore it matters where from do we take our energy and what implications its 
use represent. 
Let us take food as an iconic example of how much virtual energy does it contain. Food production through 
industrial agriculture is an energy intensive process and the final food product carries much more virtual energy 
than the physical.2 Wijkman & Rockström (2012) argue that the amount of virtual energy that food carries is so 
large that “food is mostly oil” as oil is the particular primary source of energy (PSE) employed in industrial 
agriculture today. It takes 5 calories in global average to put 1 calorie of food on the table. “Today it takes 1.6 
tonnes of oil annually to feed each American” which is almost double the global average. “American agriculture 
therefore lays claim to an estimated 17 per cent of all commercial energy in the United States. This energy 
breaks down to 31 per cent for fertilizers, 19 per cent for field machines and 16 percent for transportation and 
distribution.” (Wijkman & Rockström, 2012, p. 63)  
As energy is hidden behind everything and anything we do, we ought to ask where our energy comes from. Are 
we responsible energy users and do we make it up for the environmental damage done through our own energy 
use? 

1.2.1. Lack of social responsibility to the environment 

To my knowledge, national states do not have any environmental tax for energy use/production/trade that would 
directly allocate means for repairing the damages done to the environment by energy use. Instead, it has been a 
general practice in many states to build the energy sector in such a way that energy would be cheap to attract 
industry and be more competitive as a country. 
Neither the consumer nor the producer is held responsible for the damages done by energy production and the 
activities necessary for that, energy transfer, trade, or consumption. Fore mostly energy consumers/users fail to 
recognize their own responsibility to the environment in regards to their own energy use and their responsibility 
(expressed as an obligation connected to energy use) goes as far as paying the periodical bill for electricity. Why 
no one is held responsible and we experience extensive mining and biodiversity loss instead? 
In a society where there is a division of labour, individual responsibility can vanish (adiaphorization). “People 
can take responsibility only in so far as the temporal relationship between an action and its consequences allows 
for them to be held responsible.” (Welzer, 2012, p. 17) Welzer then continues that social modernization is 
coupled with fading responsibility as if there was a price for development or rebuilding an institution of 
question. Responsibility is transformed into competence, and thus into incompetence also. (Welzer, 2012) 
In real life, this means that we tend to outsource our personal responsibility to competent institutions (if they 
exist) that ought to make resolutions for our own mistakes. If an institution does not exist, one can either bear 
the responsibility, or abuse and exploit the contemporary setup intentionally or unaware. Natural resources like 
fossil fuels are being intentionally exploited and intentionally by the demand of energy users. 

1.2.2. Hedonistic desire for more 

From the beginning of one’s life, an individual has little desires. Natively, there are instinctive needs connected 
to one’s survival that drive one’s actions, yet desires are learnt through observing and interacting with the 
society. “We need to be shown what to desire (in this respect, advertisements are very crucial for our society)” 
(The Pervert's Guide to Cinema, 2006) as referred by Sedláček (2013, p. 218). 
Sedláček (2013) argues that humanity has made a major mistake believing at some point that the more we will 
have, the less we will need or want but “needs grow with what we have. We will never be satiated. In other 
words, [in a hedonistic society] growth in supply will never catch up to growth in new demand.” (Sedláček, 
2013, p. 219) Our own desires trick us in the sense that “desire’s raison d’être is not to realize its goal, to find 
full satisfaction, but to reproduce itself as desire” (Sedláček, 2013, p. 220). Further on, the newly created desire 
is augmented in its quantity or quality because we do not strive to consume on the same level as we did before. 
  

                                                           
2 Apart from energy, food also contains various nutrients, minerals and minerals that are vital for us but are not 
discusses in the paragraph. 
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Concluding this chapter 

As the demand is of ever-growing nature in a hedonistic society and virtual energy is hidden behind any activity 
or product, the demand for energy will also be ever-growing. It is the pursuit of energy efficiency that keeps the 
quantity of energy consumed from booming.3 
If our economy does not systemically incorporate the implications of our energy systems onto to the 
environment, it is crucial that the economy reorganizes itself so it would be powered up by such an energy 
system which can be employed without harming the biosphere by human activities and production. Osmotic 
power could offer a great deal as it can supply renewable energy without escalating the global warming, climate 
change, ocean acidification, an extensive mining for fuel extraction, or other problems we are facing due the 
design of our energy systems. 

1.3. Problem statement and research question 

Electricity production with a carbon positive impact is devastating for the environment and the climate, is not 
economically superior, and yet it is socially accepted. There is always some energy hidden behind any action a 
human does, aka virtual energy, and the moment most of global energy comes from fossil fuel energy systems 
which are carbon positive. Hedonistic societies do not couple responsibility with energy use due to 
adiaphorization. Contrarily, they demand more energy, even though energy use harms the environment.  
If humanity is to remain in a rather safe climate which is considered by IPCC to be maximum 2.6°C higher than 
the global temperature average present on the planet prior the industrial revolution (IPCC AR5, scenario 
RCP2.6), fossil fuels are rendered as an insensible source of power due to the fact that fossil fuel use 
compromises this “safety boundary” (IPCC, Woring Group 3, 2014). In this sense, search and implementation 
for carbon neutral energy systems is a crucial goal for our society. 
Even though the European Union climate and energy package targets were met from the part of electricity 
production, the share of renewables in the transportation sector lacks behind petroleum products a lot.4 
Researching opportunities for osmotic power production could be a means to meeting the EU 2020 targets as 
electricity could give an extra energy boost to the transportation sector, if electric engines take a larger share of 
the market in the future. 
There is a need to increase the installed capacity of renewables in the global energy mix, particularly those that 
have carbon neutral impact on the environment. However, electricity generation using renewables presents a 
technical challenge as the volumes of produced electricity change over and causes peak load in the grid for 
which there has to be an additional source of power turned on and off to regulate the grid. Osmotic power holds 
the promise to supply energy without systemically harming the environment and has the attribute of a peak 
regulator at the same time, so let us ask some research questions considering osmotic power: 
Where in the Nordic countries is electricity production via pressure retarded osmosis most sensible with respect 

to energy availability (expressed by thermodynamic properties of the site) and established nature protected 

areas? 

1) How much work can be gained annually from mixing fresh water with seawater in most sensible areas 

in the Nordic countries? 

2) How is climate change going to impact osmotic power production in the region in the next climate 

period? 

3) Where could existing hydropower and river basin management constraint potential osmotic power 

production? 

  

                                                           
3 However, in many parts of the world like for example ASEAN, China, or India, energy demand has been 
growing extensively during the last decade (IEA, 2014a). 
4 23% of electricity produced in the EU came from renewable sources of energy in 2013 (Eurostat, 2015a). In 
2013, the final energy consumption of the EU in the transportation sector was 14 593 PJ out of which 94% has 
come from petroleum products, 4% came out of renewables and 2% was supplied by electrical energy (Eurostat, 
2015b). 
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1.4. Research aims 

What am I to do? 

I aim to analyse the thermodynamic realities of osmotic power production in ocean-like and low salinity 
seawater. I am to focus on the scenario of mixing fresh (river) water with seawater where PRO will be employed 
as a method of electricity generation. I aim to compare potential power yields in order to highlight the most 
energy dense areas. In order to do that, I must identify surface salinity values of seawaters along the coastlines at 
the Barents Sea, the North Sea, Skagerrak, Kattegat, the Baltic Sea, the Gulf of Finland, and the Gulf of Bothnia 
which constitute together a coastline long 47 664 km.5,6  
Further on, I aim to identify locations for potential osmotic power-plants in areas with the highest energy yields 
and classify them according to the level of environmental protection in the area and to identify how much power 
could be produced using PRO in each site annually.  
Finally, I aim to assess the general impact of climate change on osmotic power production and outline the level 
of influence in the form of hydropower and reservoir management man has over rivers in the areas with highest 
energy yields, and what share of thermodynamic potential lies in areas with an active fresh water conservation 
framework/directive. 
How to do it? 

I will gather open geographic data of rivers, seas, political boarders, land topography, the impact of climate 
change on precipitation, hydropower management, river basin management, and other necessary data. The 
factual information about the geographic objects of interest and their spatiotemporal dimensions will serve as 
the base to perform an analysis of the region using a geographic information system (GIS) called ArcMap and to 
produce results in the form of new geographic data and maps.  
I will process the results into tables and figures to calculate of how much power can be produced in the most 
sensible areas in the Nordic countries annually using a spreadsheet software and have a support for my 
argumentation. 
Relevance of my result to answering the research question 
Processed geographic data will carry exact coordinates of sites for potential osmotic power-plants, the annual 
power production potential of the site, the level of environmental protection on the site, and hydropower and 
river basin management present on the site (if any). Macro scale results of climate change impact on 
precipitation in the region will help me to assess whether climate change represents a threat or an opportunity 
for osmotic power, thus I will have answered all my research questions. 
  

                                                           
5 NO – mainland coastline: 10 576.2 km, island coastline of mainland lands: 25 305.7 km (Statistics Norway, 
2007) 
6 DK – 7314 km, FIN – 1250 km, SE 3218 km (Central Intelligence Agency, 2015) 
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2. Theory of power production using pressure retarded osmosis 

In this chapter, I depict how osmotic power is produced using a method called pressure retarded osmosis (PRO) 
and outline key technology used for that.7 I list crucial equations that describe the thermodynamics of osmotic 
power production which I base my further work on. Further on, I set this research in the context of previous 
R&D, physical conditions in Scandinavia, and the contemporary performance of osmotic power – 
thermodynamic, economic, and environmental – in relation to other sources of renewable energy.  

2.1. Pressure retarded osmosis 

Pressure retarded osmosis is a human-created phenomenon that is considered a renewable source of energy with 
carbon neutral implications on the environment during power production. The key idea behind PRO is mixing 
two kinds of water with different salinity gradients in a controlled environment, in a lab or an osmotic power-
plant, where we gain positive yields of power. In the academic literature, PRO can be also referred to as salinity-
gradient power (Helfer, et al., 2014). 
There are many kinds of saline waters on Earth – fresh water with benign salinity, brackish water, seas and 
oceans, brines or hypersaline waters of lakes without an outflow. PRO can be performed in any scenario where 
waters with different salinity gradients meet (Helfer, et al., 2014). 
This thesis focuses on PRO where fresh water from a river meets seawater. In nature, this occurs in rivers-
mouths, aka estuaries which become inheritably the most sensible locations where to site a commercial osmotic 
power plant as both types of water are close by. 
In the Nordic countries, PRO is considered to be a source of renewable energy due to two preconditions: 

1) the access to seawater is virtually unlimited, 
2) and fresh water is available throughout the year as rivers discharge water to seas, thus can be 

performed continuously all year long. 
As opposed to other renewable sources of energy like wind and solar energy where power production depends 
on contemporary wind strength and solar irradiation, respectively, osmotic power could be turned on off at will 
and thus hold a prospect as a regulator of peaks in the electricity grid similarly to hydropower. However, once 
we start to consider a context of application, in this case the Nordic countries, there are abrupt seasonal changes 
in river water discharge. Therefore, osmotic power classifies as a seasonally fluctuating source of renewable 
energy with production peaks and slumps stretched around the year. 
Osmotic power can serve as a stabilizing source of energy mitigating the fluctuations in the grid due its 
predictable and regulative properties as opposed to wind and solar power. The power production can be 
predicted in advance with relatively high precision due to the fact that: 

1) an estuary is located at the very bottom of the river basin. Water flow can be measured in the water 
corridor up the stream and information could be shared immediately with digital technology model the 
flow in the corridor before the measured volume arrives to the estuary, 

2) precipitation can be predicted a few days in advance with a certain chance for success, 
3) precipitation statistics are at hand in the Nordic countries since 1930’s (if not earlier) which allows for 

construction of seasonal precipitation models (Norges vassdrags- og energidirektorat (NVE), 2015), 
4) if there is a reservoir or a dam up the stream, the river flow is regulated directly to a certain extent by 

man directly. Regulation intensions can be shared in advance and during an ad-hoc adaptation due to an 
unforeseen weather event, the adaptation measures can be shared on the go using digital technologies. 

2.1.1. History 

Osmosis as a phenomenon was described first by Jean-Antoine Nollet in the 18th century, yet it was Pattle 
(1954) who postulated that the phenomenon could be used for power production (Naghiloo, et al., 2015). “The 
membrane technology was developed in 1960 and was used mainly in laboratories and specialized industrial 
applications” (Abetz, et al., 2006) as referred by Naghiloo et al. (2015, p. 51). Finally, Sidney Loeb invented 
PRO at the Ben-Gurion University of the Negev, Israel in 1973 and developed cellulose acetate membrane for 
commercial use (Loeb, 1975; Helfer et al., 2014; Naghiloo et al., 2015).  
Osmotic power research got a serious boost when Statkraft, Norwegian state-own energy company, built a R&D 
osmotic power plant in Tofte that launched in 2009. Osmotic power was proven a working concept and various 
membrane technologies were tested in Tofte (Skilhagen, 2010) until Statkraft shelved the osmotic power 
program in December 2013 (Patel, 2014). 

                                                           
7 There is another method of osmotic power production called reversed electrodialysis (RED), however this 
thesis is devoted to PRO only.  
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2.1.2. Thermodynamics 

In an osmotic power-plant, 
there is a multitude of water 
tanks that are separated in half 
with a semi-permeable 
membrane. On one side of the 
membrane, there is fresh water 
pumped from a river, the feed, 
and on the other is saline water 
pumped in from the nearby sea, 
the draw. The membrane keeps 
the waters from blending 
naturally and controls water 
mixing in one direction only – 
feed to draw – whilst the draw 
is being rejected by the 
membrane. The water tanks are 
designed to bleed the brackish 
solution at a given applied 
pressure P to run through a turbine which will allow for a steady and continuous production of electricity. 
Each water solution affects the membrane from both sides with two forces – (1) hydrostatic pressure P, and (2) 
osmotic pressure π. The transfer of water molecules through the membrane is motivated by the difference of 
osmotic pressures between the two waters. If the difference of osmotic pressure is greater than the difference of 
hydrostatic pressures of the waters like described in Eq. (1), the draw solution sucks in the feed through the 
membrane and the water flux (J) will continue until Δπ = ΔP. 

𝛥𝜋 >  𝛥𝑃     (1) 
When 𝛥𝜋 = 𝛥𝑃, osmotic flux is zero, however when 𝛥𝜋 < 𝛥𝑃, we witness the reverse osmotic flux and 
desalination of the draw occurs (see Figure 6). PRO is energy releasing/producing phenomenon while 
desalination is energy consuming. 
We can calculate the osmotic pressure π using the Vant Hoff’s equation for osmotic pressure π = iRTc and the 
hydrostatic pressure P using the simplified equation for hydrostatic pressure P = ρhg. Eq. (1) is then worked out 
as 

𝑖𝑅(𝑇𝑑𝑐𝑑 − 𝑇𝑓𝑐𝑓) > 𝑔(𝜚𝑑ℎ𝑑 − 𝜚𝑓ℎ𝑓)     (2) 

where, i is the number of osmotically active particles in the solution, aka the Vant Hoff’s factor i = 1 + α (v - 1), 
where α being the degree of dissociation, and v the stoichiometric coefficient of dissociation (i is a 
dimensionless constant); R is the universal gas constant R = 8.3144621 (m3 . Pa . K-1 . mol-1); T is the 
temperature of the solution (°K); and c is the molar concentration of the solution calculated as c = m . V

-1
.
 
M

-1
, 

where m is the mass of the solution (kg), V represents the volume of the solution (m3), and M is the molar mass 
of dissolved substance in daltons (Da = g . mol-1). The result of c comes out in milimolar in which case Δπ 

comes out in thousands of Pascals (kPa).  
ρ is the density of the solution (m3 . kg-1), h is the height of the water column (m), and g is the standard gravity 
constant 9.81 (m . s-2). The result of ΔP comes out in Pascals (Pa).  
The optimal ratio between the differences of the two pressures in PRO is when 

∆𝜋 = 2Δ𝑃    (3) 
In such a scenario, two opposing forces are in the ratio 1:2 and the water flux J through the membrane has the 
best power density (see Figure 6b). 

Figure 5 – Schematics of PRO power generation (Naghiloo, et al., 2015, p. 53). 

Power production occurs when 𝜟𝝅 >  𝜟𝑷. 
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A crucial parameter of any membrane is the water permeability of the membrane A (m3 m-2 s-1 Pa-1). It is a 
parameter stating the ability of the membrane to let through a net volume of feed solution at a given applied 
pressure in a certain time. This gives the necessary precondition to calculate power density Wm of the 
membrane. 
When the membrane interacts with both solutions, “salt accumulates at the interface of the membrane layers, 
reducing the effective osmotic pressure differential – that is, the driving force of the water flux – and 
consequently, the membrane power output” (Helfer, et al., 2014, p. 343). This phenomena is known as internal 
concentration polarization (ICP). In an ideal osmosis process, where ICP does not occur, the power density of 
the membrane is calculated as 

𝑊𝑚 = 𝐽 ∗ Δ𝑃 = 𝐴(∆𝜋 − Δ𝑃) ∗ Δ𝑃    (4). 
Eq. (4) is a simplified description of reality in which ICP decreases the actual work markedly. The result comes 
out in Watts per square meter (W . m-2) and it reflects how much energy can an area of the membrane produce 
given a certain volume of feed mixed with a given draw solution in certain time. 
“Note that for a river water and sea water combination, where the osmotic and hydrostatic pressures of the 
incoming river water are approximately zero,” (Helfer, et al., 2014, p. 344) Eq. (4) can be further simplified to 

𝑊𝑚 = 𝐴(𝜋𝑑 − 𝑃𝑑) ∗ 𝑃𝑑     (5). 
The annual power yields depend on the amount of feed available throughout the year – in this scenario – on the 
volume of fresh water flowing through an estuary. Knowing the river flow Q (m3 . s-1) for a given river, we can 
calculate the total area M of the membrane that will be necessary to utilize Q as 

𝑀 =  
𝑄

𝑃 ∗ 𝐴
     (6). 

The actual work output WP for an ideal osmosis process from the feed flow Q at a given system efficiency η 
(dimensionless) comes out in Watts and is then calculated as  

𝑊𝑃 = 𝜂 ∗ 𝑀 ∗ 𝑊𝑚     (7). 

  

Figure 6 – Water flux direction J and power density Wm as a function of hydrostatic pressure P (Chou, et al., 2012). 
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2.1.3. Membrane technology 

The semi-permeable membrane 
separating the feed from the draw 
is the most crucial component in a 
PRO system. Since PRO was 
discovered in 1970’s, there have 
been several materials applied in 
PRO power production. “Cellulose 
acetate FO membranes have an 
average permeability of around 1.0 
L m-2 h-1 bar-1. Conventional thin-
film composite RO membranes 
have an average permeability of 
about 1.50 L m-2 h-1 bar-1. Modified 
or treated thin-film composite 
membranes (which alter the 
structure and morphology of the 
membrane) can reach 7.7 L m-2 h-1 

bar-1, leading to an increase in 
water flux J, and consequently in 
membrane performance for power 
generation” (Helfer, et al., 2014, p. 
344). 
There are three parameters 
governing the performance of the 
membrane – the structural 
parameter S, the salt permeability 
B, and the water permeability A. 
From Figure 7, we can see that it 
theoretically possible to achieve 
power densities as high as 12.5 W . 
m-2 in river water-seawater 
scenario, provided a membrane that has 100 µm wide pores, permeates NaCl with 2.87 L . m-2 . h-1, and can 
withstand the applied pressure of 6 bars. 

2.1.4. Thin-film hollow composite membrane 

Membrane technology performing better than the conventional thin-film composite RO membrane is based on 
thin-film hollow composite (THC) as presented in the paper by Chou, et al., 2012. The article describes the 
experiments with a THC membrane performed at the room temperature where all the water samples had 25°C. 
Chou, et al., 2012, p. 31 show results for imitated mixing of fresh water (10mM NaCl) with seawater (0.5M 
NaCl) where the water flux J was 32 L . m-2 . h-1 at the applied pressure P of 5 bars demonstrating a power 
density of 5.7 W . m-2. “The newly developed PRO membrane can withstand hydrostatic pressures as high as 9 
bar.” The structural parameter S = 460 µm, the salt permeability B = 3.86 . 10-8 m3 . m-2 . s-1, and the water 
permeability of the membrane A = 9.22 . 10-12 . m3 . m-2 . s-1 . Pa-1 (Chou, et al., 2012, p. 32).  

Figure 7 – Maximum power density (Wm) as a function of the membrane 

parameters A, B and S for a fresh water-seawater scenario. “The 

dotted horizontal line represents a structural parameter S of 300 

µm. The diagonal violet line represents the optimal active layer 

properties to achieve peak power density for the specific 

structural parameter. The mass transfer coefficient in the draw 

solution side boundary layer was set as k = 38.5 µm s-1” (Helfer, 

et al., 2014, p. 347). 
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2.2. The Statkraft case 

Norwegian state-owned power company Statkraft was the first to build an osmotic power-plant in Tofte in 2009 
Through research and development of the plant, Statkraft has proved osmotic power a working concept in a 
larger scale and achieved net power yields. (Skilhagen, 2010; Helfer et al., 2014) 
One of the outcomes of experimenting with power-plant design showed that, if the power-plant would be 
submerged just a few meters beneath the sea level, “it is possible to reduce the number of pumps to the 
minimum and [bring] the efficiency [up] to 81%” (Skilhagen, et al., 2008, p. 479). The case concluded that 
technology mastering the process with Wm = 5 W . m-2 would be need for commercial application. “This power 
density has been demonstrated to be the break-even point for osmotic power to be profitable after an nth-of-a-
kind plant has been built” (Helfer, et al., 2014, p. 343).8 To achieve the Wm of 5 W . m-2, Skilhagen (2010) 
presumes a scenario with applied economics of scale on the production of membrane technology which would 
consequently drive R&D and result in cheaper and more power-dense membranes. At the moment, the 
economics of scale are not being applied on PRO membranes as no osmotic power-plants are being constructed. 
There is misinformation in the academic literature9 that Statkraft is about to construct a commercial osmotic 
power-plant. The tested membrane technologies proved to be uneconomic for the given energy yields. Norway 
is not experiencing an energy crisis that would force the country to generate power by any means necessary. 
Power production is governed by economic reasoning and as osmotic power seems a commercially insensible 
enterprise in the Nordic energy landscape at the moment, Statkraft is hesitant to build osmotic power-plants at 
the moment. Commercial PRO power production awaits both much cheaper and more power-dense membranes 
and when these arrive, PRO might become a competitive source of renewable energy. 

2.3. Economic performance of PRO 

At the moment, osmotic power has a very bad economic performance in comparison to wind or solar power. 
The reason for that is expensive membrane technology at low power production yields and short life expectancy. 
The settings of the costs and revenues of PRO power production as demonstrated by the Statkraft case would 
not reach the break-even point and would have to be heavily subsidized by the society. 
The installation costs for 1 kW of osmotic power with the power density of tested 1W m-2 could vary from 
$50.000 kW-1 to $400.000 kW-1. With a membrane power density of 5 W . m-2, the price could vary from 
$10.000 kW-1 to $100.000 kW-1. In comparison to wind and solar power, “the International Renewable Energy 
Agency reports installation costs of onshore wind farms varying from $1700 to $2450 kW-1 
whereas…installation costs for solar power in the order of $6800-$7700 kW-1.” (Helfer, et al., 2014, p. 350)  

2.4. Environmental impact of a PRO power-plant 

Environmental impacts of PRO were revealed after the Statkraft case. “Three main potential impacts of the 
discharge of brackish water from osmotic power plant using river and sea water as incoming solution” were 
identified (Ibid, p. 350).  

1) The power-plant built in Tofte lies in the Oslofjord in a place where the surface seawater salinity 
hovers around 17 psu (Corpenicus, 2014). In order to gain higher yields of energy, seawater was 
pumped up from the depths of 35m as higher salinity gradients are present in greater depths, however 
“as is well known, nutrient concentration is usually greater in deep waters compared with shallow 
waters” (Ibid, p. 350). Discharging brackish water to the surface water could cause local eutrophication 
in the surface strata. 

2) Seawater temperature in greater depths is more stable hovering around 4°C throughout the year. Should 
we take colder seawater as the draw, the discharge to the surface strata of brackish water made out of 
this draw could lead to local changes in aquatic ecosystems as it would decrease the temperature of the 
surface strate proportionally to the volume of the discharge. 

3) Occasional chemical cleaning of the membranes from accumulated salts might “hold a potential danger 
of local toxic effects if concentrations exceed acceptable limits. On the positive side in the Statkraft 
plant, biological investigations have shown no impacts of the discharge water on the local benthic 
communities in the last 3 years” (Ibid, p. 350).  

  

                                                           
8 Adapted from Skilhagen (2010) 
9 a) Statkraft (2012) as referred by Helfer et al. (2014, p. 349): “Statkraft will also construct a pilot facility in 

Sunndalsøra, Norway, in the coming years with an installed power capacity of 2 MW”. 
b) Naghiloo et al. (2015, p. 51) adapted from Nijmeijer & Metz (2010) and wrote “Statkraft aims to develop a 

full-scale osmotic power plant for commercial operation by 2015.” 
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The problem with eutrophication could be solved by “positioning the outlet plume below the euphotic zone”, 
however the brackish water would have a different temperature and smaller density. As the less dense brackish 
water would rise up to the surface, it would mix the strata of the sea on its way to the surface. This would be an 
anthropogenic effect that would not occur naturally. The deep strata where the hypothetical plume would bleed 
the brackish water might slightly warm up and dilute the strata locally which could impact the local biosphere. 
In relation to other sources of renewable energy like solar, hydro, biomass combustion, and wind power, the 
overall environmental impact of a PRO power-plant is rather minimal, however land use is an obvious impact 
on the environment, particularly for large capacity power-plants. 

2.5. Scandinavian climate and osmotic power 

Temperature of the draw and the feed plays a role as π is greater at higher seawater temperatures (Vant Hoff’s 
equation). The surface temperature of the seas around the Nordic countries varies a lot throughout the year. Due 
to benign salinity and freezing temperatures in winter, parts of the Gulf of Bothnia freeze forming a 0.5 m thick 
ice sheet. Seas around Norway and on the west coast of Denmark do have ocean-like salinity, e.g. between 32 - 
36 psu as we go further from the coast.  (Corpenicus, 2014)  
From Table 2, we recognize that the seawater temperature at selected cities in Scandinavia varies between 1°C 
and 19°C and the annual average temperature of coastal seawater is around 10°C. 
Table 2 – Seawater temperatures in selected cities in Scandinavia – Oslo (World sea temperature, 2015a), Tromsø 

(World sea temperature, 2015b), Stockholm (World sea temperature, 2015c), Malmö (World sea 

temperature, 2015d), and Gothenburg (World sea temperature, 2015e). 

 Oslo Tromsø Stockholm Malmö Gothenburg 

minimum 

(monthly average) 
3°C (March) 4.1°C (March) 1°C (February) 2.4°C 

(February) 
2.5°C 
(March) 

maximum 

(monthly average) 

17.9°C 
(August) 

11.3°C 
(August) 

18.8°C 
(August) 17.6°C (August) 18.5°C 

(August) 
yearly average 10°C 7.31°C 8.52°C 9.64°C 10.1°C 

2.6. Osmotic power research in low salinity gradient seas 

The salinity of seawater in fjords and archipelagos is much lower than of the ocean as the surrounding landmass 
mitigates the strength of outer ocean/sea currents and incoming fresh water is not dispersed uniformly in the sea. 
The same principle affects the entire Baltic Sea as one could think of it as of a massive inland fjord between 
Scandinavia and Central and Eastern Europe. The further from the Atlantic Ocean the more salinity drops.  
From the Vant Hoff’s equation, it is obvious that the osmotic pressure grows with salinity, and consequently, the 
power output too. As the salinity of the Baltic Sea gradually declines from west to east, the Baltic Sea has been 
inheritably marked as an area where power yields would be considerably lower. Research has rather set focus on 
seas with ocean-like salinity that varies between 32 to 36psu.10 In particular, the power density Wm of a 
membrane with a low-salinity solution as the draw – such as the Baltic Sea – is not described in the academic 
literature, to my knowledge. 

  

                                                           
10 Chou et al. (2012) use as a draw an ocean-like NaCl solution with 0.5M (molar) NaCl ≈ 29.2psu NaCl. 
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3. Methodology 

This work is separated into several steps, one following after the other. These steps represent crucial parameters 
that have to be performed in order answer the research questions. 

(1) From Vant Hoff’s equation of osmotic pressure π, we know that π is extremely sensitive to the salinity 
of the draw. We witness gradually declining salinity levels from Kattegat to the Gulf of Finland and the 
Gulf of Bothnia. In this sense, there exists a presumption there is a threshold behind which PRO is not 
sensible in our economic system anymore as the power yields would be too low, therefore it is 
necessary to calculate a general thermodynamic relationship between power density and gradually 
declining salinity levels like we witness in the seas surrounding the Nordic countries. 

(2) When power yields are known for all salinity levels possible in the region, I shall establish a sensibility 

border that will separate the most energy-dense seawaters from the rest. The highest identified power 
density Wm will serve as the base for deciding the sensibility border. The sensibility boarder rule will 
go as follows: if the relative drop from the base will be greater than 30%, seawaters with these power 
densities will be exempted from further research whereas the rest will be considered as sensible 
seawaters that I shall investigate further. 

(3) I will analyse geographic data of salinity of the seas of issue and compare the results with the 
sensibility line to identify which seawaters are sensible and which are not. Afterwards, I will create a 
new dataset of geographic data that will carry the coordinates of sites that will be viable for osmotic 
power production and situated at sensible seawaters. These sites will then be compared to an existing 
dataset of nature protected areas and classified based on a binary rule – does this site lie within the 
borders of an environmentally protected zone or does it not? Parameters of environmental protection (if 
any) as well as the volume of fresh water flowing to the sea will be assigned to each estuary.  

(4) Quantification of power production shall be performed for each suggested site lying at sensible 
seawaters. 
I shall assume a (power-plant) system equipped with the THC membrane that (Chou, et al., 2012) large 
enough to utilize the climate mean water discharge of the river for power production at each site. The 
efficiency of the system shall be 81% uniformly for all hypothetical systems as this efficiency can be 
achieved in a PRO system according to Skilhagen et al. (2008). 

(5) The Nordic countries have a large share of hydropower in their energy mix (Statnett, 2015). This 
means that the actual flow of many rivers is regulated by existing dams and reservoirs. Further on, 
various legal frameworks govern how much fresh water can be drawn from the river (to provide for the 
osmotic feed). As the supply of river water can be understood as fuel in this scenario of PRO, I shall 
create a basic overview of hydropower and river basin management in the region to gain an overview 
about the influence of man over water flow and constraints of water frameworks. 

(6) Climate change brings, among other impacts, changes in precipitation which would directly influence 
osmotic power production. I shall, therefore, examine how precipitation is going to change in the 
region with respect to climate change and determine whether climate change represents a threat or an 
opportunity for osmotic power in the Nordic countries. 

For the step (1), (2) and (4), spreadsheet software shall be used for application of formulas governing 
thermodynamics of PRO. Steps (3), (5), and (6) shall be performed using a GIS analysis of relevant geographic 
data of the region. Geographic data shall be utilized with ArcMap 10.2, a GIS software equipped with 
geoprocessing tools and data interoperability module from the Advanced ArcGIS Info licence. 
Finally, I shall analyse water flows that were monitored in the past and extrapolate general discharge patterns of 
several rivers from averages of daily discharge over the whole climate period. Having these patterns will allow 
me to discuss potential implementation challenges that osmotic power-plants could have in the future.   
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3.1. Osmotic pressure π 

3.1.1. Chemical composition of seas 

There are many different ions dissolved in the seawater. Anthoni, 2006, has assembled an overview of ocean 
salt concentration for most common salt ions. From Table 3, we can see that ions of sodium chloride are 
represented the most in the seas around the world. 
Table 3 – The chemical composition of seawater (Anthoni, 2006) 

chemical ion 
valenc
e 

concentratio
n 

part of 
salinity 

part of 
salinity 

molecular 
weight 

mmol/kg 

  
(ppm, mg/kg) (%) 

 
g/mol 

 
Chloride Cl -1 19345 55,030 0,550 35,453 546,000 

Sodium Na 1 10752 30,590 0,306 22,990 468,000 

Sulfate SO4 -2 2701 7,680 0,077 96,062 28,100 

Magnesium Mg 2 1295 3,680 0,037 24,305 53,300 

Calcium Ca 2 416 1,180 0,012 40,078 10,400 

Potassium K 1 390 1,110 0,011 39,098 9,970 

Bicarbonate 
HCO3 

-1 145 0,410 0,004 61,016 2,340 

Bromide Br -1 66 0,190 0,002 79,904 0,830 

Borate BO3 -3 27 0,080 0,001 58,808 0,460 

Strontium Sr 2 13 0,040 0,000 87,620 0,091 

Fluoride F -1 1 0,003 0,000 18,998 0,068 

For simplification of this 
research, 
I assume a draw contains 
dissolved ions of NaCl only. 
For NaCl, α = 1 and v = 2, 
therefore Vant Hoff’s factor i = 

2 (Helfer, et al., 2014).  
As the river water salinity is 
marginal, hovering around 
10mM (Chou, et al., 2012), the 
impact of this low salinity on Δπ 

is benign as the Vant Hoff’s 
equation suggests. Therefore, I 
shall assume feed salinity with 0 

psu, as if the feed was distilled 
water, which will cause πf = 0, 
therefore Δπ = πd. 
Van’t Hoffs eqation for π uses 
molarity to express salt 
concentration of a solution, yet the available datasets11 use the dimensionless psu (practical salinity unit of the 
PSS-78 standard) to express the salinity of the sea. Millero (2010) advocates not to work with the term 
“practical salinity”. Instead, it is advocated to use the relative share of salt particles in the whole or Absolute 
Salinity SA (g of dissolved salt . kg-1 of seawater) of the recently established TEOS-10 standard. 
The salinity value of the same seawater sample between the PSS-78 and TEOS-10 standard varies only very 
slightly (IOC, SCOR and IAPSO, 2010),12 therefore I will work with psu in order to keep consistency with 
available data. Figure 8 describes the linear relationship between NaCL salinity (PSS78) and molarity of NaCl. 

                                                           
11 presented later in chapter 3.5. 
12 A seawater sample with a chlorinity of 19.37 ppt corresponds to a Knudsen salinity of 35.00 ppt, a PSS-78 
practical salinity of about 35.0, and a TEOS-10 absolute salinity of about 35.2 g/kg (IOC, SCOR and IAPSO, 
2010). 
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Figure 8 – Modelled relationship of salinity of NaCl according to the PSS-78 

standard (1 psu ≈ 1 kg of dissolved salt in 1000 kg of seawater) and 

molar concentration of NaCl (mol . m-3). 
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3.1.2. Temperature 

From Table 2, we know that seawater temperature varies across the year and that the average annual surface 
temperature of many seawaters hovers around 10°C, yet the change in temperature of river water and seawater 
does not vary so much in relation to the absolute zero (0° K = -273.15 °C) over the year which is the base 
temperature for the Van’t Hoffs equation of π, therefore I shall omit the seasonal changes in the temperature of 
the solutions and assume that the temperature of the draw is 10°C constantly around the year in order to simplify 
the research. Note that the temperature of the feed is irrelevant as I already assume zero feed salinity which is 
going to results in zero osmotic pressure of the feed. 

3.2. Hydrostatic pressure P 

As the density ρ of the draw goes up in more saline gradients, Pd shall change both with respect to the density 
and the height of the water column h. In a spreadsheet, I shall assign salinity levels rising from 3 psu to 36 psu  
with a 0.5 psu step to the top row.13 In ocean-like salinity seawater, πd equals Pd at pressure 24–26 bars with 
respect to the salinity of seawater (Skilhagen, 2010).14 As P is highly sensitive to h, the leading column in the 
spreadsheet shall contain h values with a step of 0.5 m, yet not greater than 265 m as this h corresponds to about 
26 bars in a 3 psu seawater; 256 m high column of 36 psu seawater generates hydrostatic pressure of about 26 
bars. In the cells framed by the top row and the leading column, there shall be values representing Pd dependent 
on the salinity and h. I shall model a data series with optimal applied pressures for all salinity levels between 3 
psu and 36 psu. The optimality would be defined by highest power density which occurs when Eq. (3) holds 
true. 

3.3. Power density of the membrane Wm 

As a technological point of reference, I shall consider a hypothetical (power-plant) system based on Statkraft’s 
sub-sea design with 81% efficiency (Skilhagen, et al., 2008) and a THC membrane technology that was tested 
experimentally in a river-seawater scenario that has a better performance than membranes used by Statkraft 
(Chou, et al., 2012). With this THC membrane that has A = 9.22 . 10-12 . m3 . m-2 . s-1 . Pa-1, Chou et al. (2012) 
achieved the osmotic flow J of 32 L . m-2 . h-1 at the applied pressure P of 5 bars corresponding to power density 
Wm = 5.7 W . m-2. I shall take over this A to calculate Wm for salinity gradients of issue at the optimal applied 
pressure for the given salinity gradient. This will provide sufficient amount of values to model a general 
relationship between power density of the membrane (Wm) and the salinity of the draw. 
P of 9 bars is the upper limit the THC membrane can withstand (Chou, et al., 2012). I shall calculate the height 
h of the water column at which 9 bars occur in the draw for salinity gradients of issue.15 Then I will able to 
calculate the power density at 9 bars for salinity gradients of issue. I shall do the same for P = 5 bars for all 
salinity gradients of issue. Results for power density at 9 bars are going to be compared with power densities at 
5 bars which will give us a clue about the sensitivity of the results on the applied pressure P. Finally, I shall 
model a data series with optimal power density Wm for the given salinity with respect to Eq. (3). This theoretical 
data series shall reveal the nature of the dependency of power density Wm on the salinity of the draw. 

3.4. The sensibility boarder 

When the dependency of power density Wm on salinity of the draw is known, I shall consider the best possible 
result as 100% of what is possibly achievable with this membrane technology. Presumingly, the best result shall 
occur at the highest salinity level which is 36 psu in this case. Any power density that would be below 70% of 
the best possible power density at 36 psu shall be considered as insensible. 

3.5. Data gathering for GIS analysis 

In order to perform necessary geoprocessing in GIS, I shall work with publicly accessible datasets, ArcGIS 
Server services and WMS services on the background in order to navigate and get additional perspective on the 
examined area. The list of datasets and online services is listed in Table 4. The GIS project shall be performed 

                                                           
13 In archipelagos of the Baltic Sea, it is often the case that the surface seawater salinity approaches 0, however 
it is clear from the Vant Hoff’s equation that the achieved work will be 0 where there is virtually no difference 
between salinities of the feed and the draw. 
14 From Eq. (2), we know that the optimal P for such a πd is between 12–13 bars with respect to salinity of 
seawater. 
15 Note that the height h for which P = 9 bars shall vary with respect to the density of the draw solution. 
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using the ETRS 1989 LAEA coordinate system16 due to the fact that some datasets are already stored in this 
coordinate system. This coordinate system is relevant as it is optimized for European macro scale.  
Table 4 – Used datasets of geographic data, online services, and other datasets 

Layer Credits to Type Coordinate System 

SMHI E-Hype 2.0 – long-term averages of 

fresh water discharge (1980-2009) 

(Donnelly, et al., 2015a)  as 

referred by (Donnelly, et al., 

2015b) 

CSV -- 

Norwegian Landscape Basemaps (Geodata AS, 2015) WMS ETRS 1989 UTM Zone 

33N 

Open Street Map (ESRI, 2015) ArcGIS 

service 

WGS 1984 

(Major European) Rivers; Administrative 

areas; 

GMTED2010 [digital elevation model];  

(HELCOM, 2015); (HELCOM, 

2015); (Danielsson & Gesch, 

2010; HELCOM, 2015) 

vector; 

raster; 

vector 

ETRS 1989 LAEA 

CDDA (v. 12),
17

 

Natura 2000 (end 2013 rev1) 

(European Environmental 

Agency, 2014a); (European 

Environmental Agency, 

2014b); (European 

Environmental Agency, 2015) 

polygon; 

polygon; 

ArcGIS 

service 

WGS 1984 

Administrative areas by country (DIVA - GIS, 2012) vector GCS WGS 1984 

Baltic Sea seawater salinity, 

Atlantic seawater salinity 

(Corpenicus, 2014); 

(ICES, 2015) 

raster; 

CSV 

GCS WGS 1984 

DTM 50 [digital elevation model] (Kartverket, 2002) grid WGS 1984 UTM Zone 33 

Annual Precipitation changes 2021-2050, 

Summer Precipitation changes 2021-2050, 

Winter Precipitation changes 2021-2050
18

 

 

(European Envrionment 

Agency, 2009) 

 

ArcGIS 

service 

GCS WGS 1984 

Hovedelv (2015.03.02) 

[major rivers] 

(Norges vassdrags- og 

energidirektorat (NVE), 2015) 

vector ETRS 1989 UTM Zone 

33N 

Nedbørfelt til hav (2015.02.20) 

[catchment areas]
19

 

(Norges vassdrags- og 

energidirektorat (NVE), 2015) 

polygon ETRS 1989 UTM Zone 

33N 

Delfelt vannkraft (2015.03.20) 

[hydropower areas] 

(Norges vassdrags- og 

energidirektorat (NVE), 2015) 

polygon ETRS 1989 UTM Zone 

33N 

Verneplan for vassdrag (2015.02.20) 

[water draw protection zones] 

(Norges vassdrags- og 

energidirektorat (NVE), 2015) 

polygon ETRS 1989 UTM Zone 

33N 

3.6. Seawaters of interest 

Ocean currents create annual swells in the Baltic Sea every autumn. In Kattegat the annual swells can 
temporarily influence salinity (Corpenicus, 2014). The data from the Copernicus project contain daily surface 
salinity values for the entire Baltic Sea, thus it will be use to analyse swells’ impact on Kattegat. 
The Copernicus server packs the files to the .NC format. I shall select 3 dates in the autumn of 2014 with a 
roughly monthly step in order to observe the impact of the annual swells. I shall extract each .NC file as an 
NetCDF Raster layer and symbolize the values as a stretch of colours from dark blue (low salinity) to red (high 
salinity). 

3.6.1. Interpolation – kriging 

Fjords and archipelagos tend to hold fresh water in the surface strata, therefore these formation deserve special 
attention. It is necessary to examine salinities in the Danish fjords in sensible areas, if they truly withhold 
sensible seawater or not. The Corpenicus dataset covers the Baltic region only and it does not provide 

                                                           
16 WKID: 3035 Authority: EPSG 
17 CDDA – nationally designated nature protected zones 
18 all 3 datasets are part of the ENSEMBLES project 
19 NVE datasets carry the information about water discharge calculated as the climate period average of annual 
average 
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information on what lies beyond 10° East, therefore I shall make use of the ICES dataset that contains various 
samples of salinity across the Western European seas in order to figure out salinity in Danish fjords on the west 
coast of Jutland. 
The first samples in the ICES datasets were taken in 1891 and they have been updated with new samples using 
“different instruments such as CTD, bottle, towed, pump, buoys/moorings” (ICES, 2015). It is a mix of approx. 
1 million measurements that vary in the extraction technique, time of the year, and the depth of the extraction (0 
– 10 m), therefore this dataset as a whole does not offer a snapshot of a situation like the data from the 
Corpenicus project and one can only rely on them for orientation purposes. Filtering out samples based on the 
date is discouraged due to the risk of having a lack of data for that specific date or time of the year to cover an 
area. 
Based on the ICES datasets that come as CSV files, new datasets of geographic data shall be created. The 
salinity values shall be carried by XY points referring to the location where the original sample was taken. 
Afterwards, ordinary spherical kriging with fixed value radius and max. value 37 shall be applied for each 
dataset to produce raster data of salinity in the sector.20 The multitude of raster results shall be aggregated into 
one raster using the function Mosaic to new raster with parameters: 

 number of bands: 1  
 cell type: 16b signed integer  
 mosaic operator: LAST  
 mosaic colour map mode: MATCH  
 output: surface_salinity.tif. 

ArcMap 10.2 has a problem with importing two CSVs from the ICES dataset in sectors located eastwards from 
10° E due to an error of unknown origin. The two sectors with missing data relate to the area around the 
Oslofjord and in the Barents Sea, both of which are very important sectors. 
For the errors with data import and the nature of ICES dataset having a multitude of measurements taken in 
different times and ways, I shall omit the results from kriging and create a hypothesis that the salinity values are 
sensible for PRO power production in the areas where kriging shall be performed or where salinity data fail to 
import, e.g. along the west of Denmark and Norwegian coasts. 
The rationale for the hypothesis is the fact that Norwegian bathymetry is known for very steep sea slopes that go 
very deep. I shall therefore treat seawaters along the Norwegian coastline using the hypothesis instead of 
processed data and classify them as sensible for PRO power production, however the case of Denmark is 
specially evaluated in the next chapter because Danish bathymetry is not known for fast slopes and greater 
depths are, thus, expected further away from the coast. 

3.6.2. Danish fjords 

I shall do an additional literature review to find out the surface salinity in the enclosed Danish fjords on the west 
coast. The reasons are 

1) Denmark is a flat country with easy sea bed slopes in comparison to Norway, 
2) many Danish rivers have their river mouths in enclosed fjords which, as discussed above, tend to hold 

fresh water, therefore there exists a suspicion that fjord seawater might not be as saline as seawater at 
shores exposed to the ocean. 

Surface salinities of enclosed fjords on the west coast of Jutland are described in Table 5. 
Table 5 – Salinity of Danish fjord water on the west coast of Jutland (Andersen, et al., 2012) 

Name Type Depth (m) Salinity (psu) 

Ringkøbing Fjord fjord  9-11 

Nissum Fjord fjord  15-20 

Hjarbæk Fjord fjord  7-10 

Limfjorden fjord  30 

Lovns Bredning
21

 narrow 0-6 25 

                                                           
20 Ocean water does not have higher salinity than 37psu, thus the radius got max. value 37. 
21 (Rambøll Danmark A/S, 2011) 
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3.7. Synthesizing estuaries 

Rivers have usually one endpoint where the fresh water is discharged to the sea. We call these endpoints 
estuaries. In reality, an estuary is actually an area with unique parameters like the shape, nearest bathymetry and 
shores in the vicinity. From both datasets with rivers,22 we know neither the position nor the size or shape of the 
area. The datasets withhold vector data of rivers, however vector data reveals trajectory of the river. When the 
trajectory is known, it is possible to derive at least two points on the vector – the beginning and the end. 
I shall synthetize the location of each estuary as an endpoint of each vector. In order to distinguish esturaries 
from river junctions and river springs, I shall assign altitude to each point from topographic data knowing that 
an estuary lies on the coast in the altitude of around 0 m above the sea. 

3.7.1. The HELCOM dataset 

Synthesis of estuaries from the HELCOM dataset is described step by step (row after row) in Table 6. This 
procedure creates endpoints at both ends of each vector, hence inland river junctions shall also be included in 
the dataset. The HELCOM dataset is not so rich on the amount of vectors in the region of issue in relation to the 
NVE dataset which contains even minor rivers, therefore clearing out the undesired points is not a demanding 
issue here. For clearing out the estuaries, Open Street Map and the Elevation (GMTED2010) dataset shall serve 
as a control mechanism. 
Table 6 – The method of estuary synthesis from the HELCOM river dataset. Function describes the name of the 

ArcMap geoprocessing tool, Input features describe the dataset on which geoprocessing shall be 

performed, Function parameters specify the criteria passed to the geoprocessing tool, Output layer is the 

dataset where new attributes shall be saved, and Type of output contains the type of geographic data. 

Function Input features Function parameters Output layer Type of output 

Feature Vertices to Points Rivers (HELCOM) both ends rivers_DNK_bothends point 

Extract Multi Values to 
Points 

rivers_DNK_ 
bothends 

input raster: Elevation (HELCOM) rivers_DNK_bothends 
[updated] 

point 

[Editor] rivers_DNK_ 
bothends 

Manually select and delete instances 
(points) at insensible seawaters and in 
Danish fjords, except for those where 
the salinity is above the sensibility 
boarder 

estuaries_DNK point 

3.7.2. The NVE Hoveelv dataset  

The whole task of synthesizing Norwegian estuaries would be much easier had all the vectors in the Hoveelv 
dataset have the same orientation, for example, the beginning of each vector would be at the sea or the other 
way around – at the spring (or junction with another river). Unfortunately, the vector orientation seems chaotic 
in this dataset and another, much more complex approach must be applied. Synthesis of estuaries from river 
vectors in the NVE dataset is described step by step in Table 7. 
This procedure creates endpoints at both ends of each vector, hence inland river junctions and river springs shall 
also be included in the resulting dataset. As estuaries lie are at the coast, I can cut out the mainland points from 
the dataset by using the Clip (Analysis) function. In order to clear the mainland points, I shall first create a 
baseline that will be an inland parallel to the coastline at the distance of 4 km. The distance between each point 
and the baseline will be measured and if the point lies beyond the baseline (inland), it will be erased from the 
dataset. 
This might raise a question – why 4 km – why not directly on the coast? When comparing the contents of 
Hoveelv dataset (river trajectories) with the Nedbørfelt til hav dataset (polygons of river basins), it comes out 
that in some cases the actual estuaries are not located on the boarder with the river basin. In other words, the two 
datasets are not in tune in some cases even though they come from the same source  – NVE. Some rivers go 
over the boarder ending up a bit further in the sea and some rivers end up hundreds of meters before reaching 
the boarder between the river basin and the sea. The biggest observed error, a rare exception with a large 
deviation from other observed out-of-sync cases, between the river endpoint and the boarder of the river basin 
was slightly over 4 km, the case of river Tana. I will set the buffer distance to 4 km as one should not set the 
distance too far because many more points that are not estuaries but river junctions will also be caught by this 
buffer distance.23  

                                                           
22 Hoveelve from NVE, and (major European) Rivers from HELCOM 
23 It is possible but extremely unlikely that some cases of rivers have been left out.  
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Table 7 – Method of estuary synthesis from the NVE river dataset – Hoveelv. Function describes the name of the 

ArcMap geoprocessing tool, Input features describe the dataset on which geoprocessing shall be performed, 

Function parameters specify the criteria passed to the geoprocessing tool, Output layer is the dataset where 

new attributes shall be saved, and Type of output contains the type of geographic data. 

Function/Step Input feautres Function parameters Output layer Type of 
output 

Feature 
Vertices to 
Points 

Hoveelv both ends estuaries_NOR_bothends point 

Dissolve Nedbørfelt til hav [default] nedborfelt_dissolved polygon 

Polygon to 
Line 

nedborfelt_dissolved [default] nedborfelt_line line 

Clip (Analysis) estuaries_NOR_bothends clip features: nedborfelt_line  

XY tolerance: 4 km 

estuaries_NOR_clipped 
[updated] 

point 

Spatial Join estuaries_NOR_bothends join features: Nedbørfelt til hav 

Join operation: JOIN_ONE_TO_ONE  

Field Map of Join Features: tilsig 
[water discharge of the river basin in 
millions of m3/year]  

search radius: 4 km  

match option: CLOSEST 

estuaries_NOR_ 
bothends 
[updated] 

point 

Extract Multi 
Values to 
Points 

estuaries_NOR_clipped input rasters: elevation (HELCOM) estuaries_NOR_clipped 
[updated] 

point 

Mosaic to 
New Raster 

51 x DTM 50 grid files 
with digital elevation 
model of the coast of 
Norway 

number of bands: 1  

cell type: 16b signed integer  

Mosaic Operator: LAST  

Mosaic Colour Map Mode: MATCH 

coastalDEM50 raster 
with 
pyramids 

Extract Multi 
Values to 
Points 

estuaries_NOR_clipped Input rasters: coastalDEM50 estuaries_NOR_clipped 
[updated] 

point 

[Editor] estuaries_NOR_clipped Select by attribute using SQL: 
SELECT FROM estuaries_NOR_clipped 
WHERE “coastalDEM50” > 100 

Delete selected instances 

estuaries_NOR_clipped 
[updated] 

point 

Frequency 
(Analysis) 

estuaries_NOR_clipped Frequency field: VNR_NFELT [code of the 
river] 

frequency_nedborfelt_ 
estuaries_NOR 

table 

[Editor] estuaries_NOR_clipped Select by attribute using SQL: 
SELECT * FROM estuaries_NOR_clipped 
WHERE "VNR_NFELT" = '[duplicated 
river code as revealed by the Frequency 
analysis]'  

In each case where there are duplicates, 
delete the point with the highest 
elevation. Comparing elevation values 
from 2 datasets (HELCOM and DTM 50).  

estuaries_NOR point 

Afterwards, the Spatial Join function shall assign each point the value of water discharge flowing through the 
river basin to the sea. The value shall be taken from the nearest river basin, but not further away than 4 km. 
As I shall trap many river junctions (which are not estuaries) in the newly created work-in-progress dataset 
estuaries_NOR_bothends which I will have to filter out. To know which points to clear and which to keep, the 
altitude of each point shall be used as a control mechanism. Each point including the redundant ones, shall be 
assigned an altitude from two different datasets – Elevation (GMTED2010) provided by HELCOM, and DTM 

50 provided by Kartverket. 
Digital elevation models always carry some error. In the case of HELCOM, the cell of the raster represents an 
area of approx. 417x417 m (HELCOM, 2015). In Norway, where topography can be extremely complex, this 
resolution is not enough, therefore the digital elevation model from Kartverket was also used. DTM 50 is a grid 
where one unit represents 50x50 m with a standard deviation ± 4-6 m (Kartverket, 2002).  
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In order to clean the dataset from river junctions and other undesired points, I will have to identify the duplicates 
before eliminating them. In the Hoveelv dataset, each river/basin has its unique code (saved in the field: 
VNR_NFELT). There can be only one estuary per river, therefore there cannot be two or more points having the 
same VNR_NFELT value. To discover duplicates, Frequency (Analysis) of the field VNR_NFELT within the 
contemporary estuaries_NOR_bothends dataset shall be performed. 
Two different elevation datasets shall be used to compare the altitude of Norwegian points and to improve the 
chance of error elimination. I shall compare the altitudes of redundant points that shall be present on a river and 
if both elevation datasets show that the altitude of one point is lesser than of the other point, I shall identify the 
point as an estuary and delete the other on the river. In cases where elevation of the redundant points will be 
unclear, I shall use the Norwegian Landscape Map, a WMS24 on the background to see whether the point is 
situated at the sea or inland and decide myself whether to delete the point or not. 

3.7.3. Categorization of estuaries based on the environmental 
protection 

I shall select by location and export separately as new data frames all polygons in CDDA and Natura 2000 
datasets that overlay the estuaries in Denmark and Norway.25Afterwards, I shall Intersect estuaries with nature 
protected zones. This will assign the attributes of the nature protected zone onto the estuary that lies within the 
protected area. Table 8 describes this procedure in ArcMap. 
Table 8 – The method used for estuary categorization based on the presence of environmental protection. Function 

describes the name or the step of the ArcMap geoprocessing tool, Input features/Target the dataset on which 

geoprocessing shall be performed, Function parameters specify criteria passed to the geoprocessing tool, 

Output/Export data frame is where the result shall be saved, and Type of output contains the type of 

geographic data to be exported. 

Function/Step Input features/Target Function parameters Output/Export data frame Type of output 

Select by location Natura2000 source: estuaries_DNK 
spatial selection method: 
intersect 

Natura2000_DNK_myCases polygon 

Select by location CDDA v. 12 source: estuaries_DNK 
spatial selection method: 
intersect 

CDDA_DNK_myCases polygon 

Intersect estuaries_DNK; 
Natura2000_DNK_myCases 

[default] estuaries_DNK_Natura2000 point 

Intersect estuaries_DNK; 
CDDA_DNK_myCases 

[default] estuaries_DNK_CDDA point 

Select by location CDDA v. 12 source: estuaries_NOR 
spatial selection method: 
intersect 

CDDA_NOR_myCases polygon 

Intersect estuaries_NOR; 
Natura2000_NOR_myCases 

[default] estuaries_NOR_CDDA point 

3.7.4. Symbology of estuaries 

In maps, symbols for estuaries shall reflect the volume of water discharged through it and the presence 
environmental protection. As there are many levels of nature protection (IUCN categories, Natura 2000), it 
would be difficult to come up with a symbology representing all levels of nature protection, therefore the maps 
shall reveal only a general presence of nature protection. The symbol + shall represent an estuary outside of 
nature protected areas and X shall represent an estuary within any nature protected zone. Additionally, Natura 
2000 areas shall have its own dedicated symbology to distinguish them from the CDDA areas. 
There shall be five classes for different volumes of water discharged to the sea. The classes shall be 
implemented with the Jenks (natural breaks) algorithm and rounded up or down to a whole number to make 
them readable and understandable for a human. 

                                                           
24 Web Map Service 
25 This step is not really necessary as the Intersect function would create a new dataset of estuaries with 
attributes from the CDDA/Natura 2000 protected area covering that estuary, however both CDDA and Natura 
2000 datasets are large as they contain all nature protected zones in the European Union. I wanted to work faster 
with data I really need. 
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3.8. Quantification of power production 

3.8.1. HELCOM and SMHI datasets 

Vector data of rivers from HELCOM does not give a clue about the water flow. For this purpose, the E-Hype 
2.0 project of SMHI can supply the volumes of water discharged to the sea. 26 For each estuary, I shall download 
the water discharge data from the webpage of the project (Donnelly, et al., 2015b). The E-Hype 2.0 project 
contains data of daily average fresh water discharge for all the days between 1980 and 2009 in m3 . s-1. I shall 
calculate the average discharge from all the days between 1980 and 2009 and assign that value to all the 
estuaries derived from the HELCOM dataset of rivers. Such a set of data will allow me to perform necessary 
calculations according to Eq. (6) and Eq. (7). 

3.8.2. NVE datasets 

The NVE datasets carry the climate mean fresh water discharge between years 1961 and 1990 in millions of m3 
per year. I shall have to convert the values from millions of m3 per year to m3 . s-1 and assign these values the 
rivers they belong to. Such a set of data will allow me to perform necessary calculations according to Eq. (6) 
and Eq. (7). 
When the manipulation with estuaries is finished, I shall open .DBF files of all estuary datasets as spreadsheets 
in MS Excel. The spreadsheets will contain the GPS coordinates, river codes, climate average fresh water 
discharge, and parameters of environmentally protected zones (if any), and other information that was passed on 
via Intersecting the datasets. In Excel, I shall consolidate all the results and produce tables and figures for 
chapters 4. and 5. 

3.9. Climate change and osmotic power in NORDEL 

One after the other, I shall display the three Climate Adaptation datasets provided by EEA – Winter 

Precipitation Changes 2021-2050, Summer Precipitation Changes 2021-2050, and Annual Precipitation 

Changes 2021-2050  – on the screen of the computer and take screenshots of the content. I shall export the 
screenshots as greyscale images and perform following procedure on each of the three datasets separately. 
As the screen does not carry geospatial data, I shall open the image in ArcMap in order to perform 
georeferencing. 
I shall identify at least 6 unique points on the screenshot image. The 6 (or more) points shall be spread around 
image in order to mitigate the errors and it shall put the image in the right place, perspective and orientation. I 
shall then export the image as TIFF raster file that shall be geographic data in nature as it will point to a certain 
space in a certain time. I shall assign the native coordinate system of the project to the raster, ETRS 1989 
LAEA. 
With raster files ready, I shall prepare symbology and the legend for each TIFF separately. I will open again the 
original dataset using EEA’s ArcGIS service and use the identify tool that shall query the EEA server what is the 
value of the pixel I will have clicked. As the displayed image shall have a limited pallet of colours, I shall click 
on a unique colour every time until I will have identified all the colour representations. I will write down the 
values of individual colour representations and create a new symbology for the TIFF using these representations 
as classes. 

3.10. Hydropower and river basin management 

3.10.1. Hydropower management from the NVE dataset 

I shall prepare a dataset with rivers that have any hydropower management on them.  I shall also merge all 
hydropower-managed river basins into one big area by dissolving the boundaries around them. Table 9 describes 
the GIS method used for a brief analysis of Delfelt vannkraft by NVE (hydropower-managed areas). 

                                                           
26 Just before publishing this paper, SMHI has released E-Hype 3.0 that replaced E-Hype 2.0 that was used. 
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Table 9 – The method used for assessment of hydropower management. Function describes the name or the step of 

the ArcMap geoprocessing tool, Input features/Target the dataset on which geoprocessing shall be 

performed, Function parameters specify criteria passed to the geoprocessing tool, Output/Export data frame 

is where the result shall be saved, and Type of output contains the type of geographic data to be exported. 

Function/Step Input features/Target Function parameters Output/Export data frame Type of output 

Select by location Hoveelv source: Delfelt vannkraft 
[hydropower areas] 

spatial selection method: 
intersect 

hoveelv_hydropower 

[rivers with hydropower management] 

vector 

Dissolve  Delfelt vannkraft [default] vannkraft_dissolved 

[Hydropower managed areas] 

polygon 

3.10.2. River basin management from the NVE dataset 

I am not interested in inland river basin management areas due to fact that hypothetical osmotic power-plants 
would be located at the coast in this scenario, therefore I shall cut out all Verneplan areas that are situated more 
than 4 km from the coast. Table 10 describes the GIS method used for a brief analysis of river basins from the 
Verneplan for vassdrag dataset by NVE (conservation of fresh water use). 
Table 10 – The method used for assessment of river basin management in Norway. Function describes the name or 

the step of the ArcMap geoprocessing tool, Input features/Target the dataset on which geoprocessing shall 

be performed, Function parameters specify criteria passed to the geoprocessing tool, Output/Export data 

frame is where the result shall be saved, and Type of output contains the type of geographic data to be 

exported. 

Function/Step Input features/Target Function parameters Output/Export data frame Type of output 

Clip (Analysis) Verneplan for vassdrag clip features: nedborfelt_line 

XY tolerance: 4 km  

coastal_verneplan polygon 

3.10.3. Representation of river management 

I shall export one map from newly created datasets – vannkraft_dissolved, and coastal_verneplan – where I 
shall depict a general presence of both hydropower management and river basin management at the coast using 
various colours for areas and their boarders. 

3.11. Summary of taken assumptions and hypotheses 

Either due to lack of data or to simplify the research, I have established several assumptions and hypotheses: 
(1) the only salt ions that are dissolved in the seawaters of issue are of NaCl, 
(2) the salinity of the feed (river water) is zero in all cases at all times, 

(3) the temperatures of the feed and the draw solutions are constant 10°C at all times, 
(4) water permeability of the membrane A = 9.22 . 10-12 . m3 . m-2 . s-1 . Pa-1 and remains the same for any 

applied pressure, 
(5) an ideal osmotic process occurs in all (power-plant) systems (no salt accumulation inside of the membrane 

occurs, aka internal concentration polarization), 
(6) the efficiency of each (power-plant) system is 81% and the power production capacity of the system is 

dimensioned for utilizing the climate mean average water discharge of the river at which it would be 
situated, 

(7) the kriging results of surface salinity values in Norwegian fjords are neglected due to the fact that 
Norwegian bathymetry is known for very steep and deep sea slopes. Denser and more saline water is 
expected in greater depths which can be used as the draw instead of the surface seawater. 
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3.12. On the chosen method 

3.12.1. Strengths 

Applying computer science and GIS in particular allows mass data processing, presumes precise results 
considering thermodynamics and identification of estuaries, and mitigates the probability of human error given 
the assumption the parameters and functions are entered correctly. Further on, the Nordic countries have crucial 
data for conducting this research available publicly. This data usually comes from respected institutions and, 
thus, are expected to be accurate and complete. 

3.12.2.  Weaknesses 

The weakness of this method is that I am taking a lot of assumptions and simplifications. Further on, one can 
presume that the longevity of the THC membrane at 9 bars would be very short, if that pressure is the highest 
the membrane can take. Applying the membrane in such pressures would probably demand replacing the 
membranes more often than if they would be applied at 5 bars, for example. Buying new membranes could 
postpone breaking through the breakeven point (possibly infinitely). 
However, material development is going very fast and I presume that membranes capable of this performance at 
high applied pressures will be developed in the very near future. Planning of energy systems takes a very long 
time and this thesis offers a window to the future for which we can plan energy systems already today with 
results this research provides.  
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4. Results and analysis 

Using many branches of computer science, I have processed over 25 GB of geographic data and CSV files. Such 
an abundance of data allowed me to produce great many results in form of tables, graphs, and maps. This thesis 
has over 80 pages of results and I will show only the most important results or samples of results in this chapter; 
particularly there are great many results considering parameters of Estuaries. 
Results are fully shown in Appendix A but a more practical packaging of these results is available in Appendix 
B – there are MS Excel sheets that contain interactive tables with the results which you can filter out or sort 
according to your needs. In Appendix C, maps that are presented here as Figures 12, 13, 16-18, and 21 can be 
found in a much greater resolution. These maps are print-ready for the A3 format. Climate change related maps 
have resolution 300 dpi and the rest of the maps are in 600 dpi resolution. 

4.1. Thermodynamics 

The results regarding thermodynamics bring new knowledge about performance the THC membrane in low 
salinity seas. The results were modelled and have not been conveyed via any experimental experience. 

4.1.1. Optimal hydrostatic pressure  

There is an increasing linear relationship between the salinity gradient and the optimal applied pressure in an 
ideal osmosis process (see Figure 9). Note that the THC membrane cannot withstand applied pressure higher 
than 9 bars for which the optimal pressure is at the salinity gradient with around 23 psu. The membrane can be 
applied in higher salinity gradients but then the hydrostatic pressure for those salinities would be suboptimal 
with respect to Eq. (3). The results shown in this chapter are bound to 9 bars at salinities 30, 33 and 36 psu. 

 
Figure 9 – Modelled optimal applied pressure dependent on the salinity seawater. 1 bar = 100 kPa. The optimality is 

defined by the greatest power density of the system at given salinity as described by Eq. (3) ∆𝝅 = 𝟐𝚫𝑷.  
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4.1.2. Power density Wm in low salinity gradient seas 

Based on my results that I received through following the step 3.3 described in the method, I have modelled 
three data series of power density Wm dependent on the salinity of the draw at different applied pressures. Figure 
10 depicts 

1) the optimal Wm of a hypothetical membrane with the same parameter A that would be able to withstand 
applied pressures as high as 14.08 bars (the optimal applied pressure for seawater with 36 psu), 

2) Wm dependent on the salinity of the draw achieved at the applied pressure of 9 bars – the maximum 
pressure the THC membrane can withstand), 

3) Wm dependent on the salinity of the draw achieved at the applied pressure of 5 bars – the conditions at 
which Chou et al. (2012) achieved their results. 

 
Figure 10 – Modelled power density dependent on the salinity of seawater in an ideal osmosis process. From the 

figure, we see an exponential relationship between salt concentration and the optimal membrane power 

density. Power density Wm is calculated according Eq. (5) 𝑾𝒎 = 𝑨(∆𝝅𝒅 − 𝚫𝑷𝒅) ∗ 𝚫𝑷𝒅 where A = 9.22 . 

10-12 . m3 . m-2 . s-1 . Pa-1 and power densities are calculated with respect to the optimal applied pressure 

P at the given salinity gradient as shown in Figure 9. 

From Figure 10, we see that the best thermodynamic potential lies in draw solutions with 36 psu within the area 
of issue. The optimal power densities with respect to Eq. (3) and (5) than can be achieved with a hypothetical 
membrane with above mentioned A in seawaters at 30 psu, 20 psu, and 10 psu are 13.47 W . m-2, 5.98 W . m-2, 
and 1.49 W . m-2, respectively which refers to 69.4%, 30.9%, 7.7% of the optimal power density of 19.39 W . m-

2 at 36 psu, respectively. 
The modelled power density of the membrane at 30, 33 and 36 psu for the applied pressure of 9 bars is 12.22 
W . m-2, 14.13 W . m-2, and 16.02 W . m-2, respectively. At 5 bars, membrane power density at 30, 33, and 36 
psu is 8.58 W . m-2, 9.63 W . m-2, and 10.68 W . m-2, respectively. The relative difference between the power 
densities at 9 bars and at 5 bars at 30, 33, and 36 psu is -29.8%, -31.81%, and -33.34%, respectively. 
My results are modelled and the model does not incorporate ICP (salt accumulation in the membrane) and 
presumes a system efficiency of 81%. Here it is extremely important to compare these results to those achieved 
by Chou et al. (2012). In real conditions, they achieved 5.7 W . m-2 at 5 bars for a draw solution of about 30 psu. 
At 5 bars and 30 psu, my results show 8.58 W . m-2 which corresponds to a 50% increase to experimentally 
achieved results.  

y = 0,015x2 

y9bar = 0,646x - 7,1648 

y5bar = 0,3596x - 2,2024 

0

2

4

6

8

10

12

14

16

18

20

3 6 9 12 15 18 21 24 27 30 33 36

p
o

w
e

r 
d

e
n

si
ty

 (
W

 .
 m

-2
) 

salinity (psu) 

Power (Optimal power density) Linear (Power density at 9 bars)

Linear (Power density at 5 bars)



-- 26 -- 
 

4.2. The sensibility boarder and seawaters of interest 

The sensibility boarder separates the top 30% of optimal power densities from the rest. The boarder is at Wm = 
13.57 W . m-2. As seawaters with 30 psu are have Wm = 13.46 W . m-2, they classify as insensible with respect to 
the sensibility boarder, however as the power density hovers just behind the border, I have made an exception to 

my method and included 30 psu among sensible salinity gradients.  
Henceforth, the sensible seawaters according to the results and chosen method are: 

1) the entire of Norwegian mainland coast including the mainland islands’ coasts 
2) the west coast Jutland except for Danish fjords – the Ringkøbing Fjord, the Nissum Fjord, the Hjarbæk 

Fjord, and the Lovns Bredning. 
From Figure 12 (on the next page), it is evident that the whole Gulf of Finland and the Gulf of Bothnia are the 
most insensible seawaters among the Nordic countries. Note that rivers that discharge to a fjord dilute the 
surface seawater whereas rivers discharging to an archipelago desalinate the seawater almost to the salinity level 
of the river itself. 

4.2.1. Kattegat 

The impact of annual swells in the Baltic Sea was crucial at the end of November 2014 when salinity in Kattegat 
dropped in some places as low as 16 psu in parts where there is 31 psu otherwise (see Figure 11). 
On Swedish west coast south from Gothenburg, the surface seawater does not usually go over 20 psu. Further in 
the bays on Swedish west coast, where rivers tend to discharge fresh water, the salinity drops even lower, 
therefore Swedish west coast classifies as insensible for PRO production in relation to the sensibility boarder. 
On the east coast of Jutland there are several spots where salinity levels are more promising, particularly north 
from Aalborg or Sæby, however the salinity level fluctuates throughout the year. This does not mean that one 
cannot produce electricity via PRO in Kattegat, however the power yields would be significantly lower and they 
would fluctuate which would make osmotic power-plants less competitive to those situated at more sensible 
seawaters. 

  
Figure 11 – Monthly snapshots of surface salinity in Kattegat at the end of 2014 (psu). 
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Figure 12 – Salinity of the seas surrounding the Nordic countries (psu). Salinity values in the Baltic Sea east of 

10°E relate to the date 2014-11-30 (Corpenicus, 2014), the values west of 10°E come from the ICES 

dataset. 
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4.3. Estuaries 

In total, I have synthesised 14 unique estuaries that are situated at sensible seawaters in Denmark, specifically 
on the west coast of Jutland. In Norway, 1771 estuaries were identified. As revealed by the CDDA dataset, 10 
estuaries and 122 estuaries lie within CDDA (nationally designated nature protected sites) in Denmark and 
Norway, respectively. The Natura 2000 dataset which is more up-to-date than the CDDA dataset reveals 11 
estuaries in Denmark and no estuaries in Norway as Natura 2000 is an EU network of nature protected areas.  
Results of estuary synthesis come in Tables 11, 12, 13, 14, and 15. Additionally, all estuaries are depicted in 
Figure 13 which is a map that complements the tables. The results are categorized by country and the level of 
environmental protection present in the area where an estuary is situated. However, Tables 13, 14, and 15 are far 
too long, therefore they offer here only a few samples of the full results. For the full list results, look up Tables 
A.3, A.4, and A.5 in Appendix A.  
The tables contain the code of the river or the river basin, GPS coordinates of the estuary shown in decimal 
degrees in the WGS84 coordinate system, parameters containing power production potential, the area of the 
THC membrane necessary to utilize the average water discharge for power production at 9 bars, and the level of 
environmental protection in the area (if any). 
Results for Denmark are split in three tables – Table 11 shows estuaries outside of nature protected zones, Table 
12 shows estuaries within nationally designated nature protected zones, and Table 13 shows estuaries within 
Natura 2000 areas defined by the EU in cooperation with the state of Denmark. Results for Norway are split in 
two tables – Table 14 shows estuaries outside of nature protected zones, and Table 15 shows estuaries within 
nationally designated nature protected. 
Water discharge of rivers has been classified in five classes based on the volume of water discharged to the sea 
(m3 s-1): 
class 0 (0 < discharge ≤ 18) Too little for a serious power production, practically 0, 
class 1 (18 < discharge ≤ 67) Small, 
class 2 (67 < discharge ≤ 168) Medium, 
class 3 (168 < discharge ≤ 250) Large, 
class 4 (250 < discharge ≤ 705) Too large as the volumes of fresh water that are being brought by the river 

dilute coastal seawater. 
These classes are of my subjective design and do not correspond to any standard. They reflect on coastline 
salinity analysis I have done, where I tried to approximate what amount of discharged water dilutes seawater at 
the estuary, and they try categorize rivers for practical uses. Exactly the same classes have been used in the 
legend of Figure 13. Small, Medium, and Large class rivers seem to be the most interesting classes as they have 
a yearlong certainty of water supply and the discharged volume is not too large to dilute the estuary 
substantially. Note that all Danish rivers are class 0, therefore the column stating the water discharge class is 
missing in Table 11, 12, and 13.  
The dataset by Donnelly et al. (2015a) as referred by Donnelly et al. (2015b), which was used for quantifying 
water discharge of Danish rivers, has cases where the discharge of two or three rivers basins were aggregated as 
if there was just one river. In the column Aggregated river basins, you will find the amount of rivers that share 
one water discharge value. If the value is 1, the case is precise. From the dataset, we do not know the ratio of 
water discharge between the aggregated river basins, therefore if the value is greater than 1, the case is not 
precise and ought to be reinvestigated with more precise data. In the real life, the individual discharge of a basin 
that was aggregated will be lower than the actual number stated in the case as the value is shared among the 
number of rivers. Rivers in the dataset are labelled with a code number that was assigned to the river by 
Donnelly et al. (2015a). Note that almost all Danish estuaries have several levels of environmental protection. 
Estuaries are unique then in their location, therefore one must look at GPS coordinates. 
The tables contain immediate work WP from mixing the average fresh water discharge with seawater at 30, 33 
and 36 psu (W). These salinity gradients are expected to be available at these estuaries with regards to 
Hypothesis (7) and thus I present result in three ways should any of the three salinity gradients be truly present 
at an estuary of your interest. The values are rounded. 
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Table 11 – Danish Estuaries outside of environmentally protected zones [3]. 

Latitude 
(DD) North 

Longitude 
(DD) East 

River 
basin 
code 

Aggregated 
river basins 

Average 
Water 
Discharge 
1980-2009 
(m3 s-1) 

Membrane 
Area 
Necessary 
(m2) 

Work output from 
the average 
discharge mixed 
with seawater at 
30 psu (W) 

Work output from 
the average 
discharge mixed 
with seawater at 
33 psu (W) 

Work output from 
the average 
discharge mixed 
with seawater at 
36 psu (W) 

55,614685 8,110518 500500 3 3,913 471 559 4 668 037 4 911 185 5 153 861 

57,349388 9,694746 578278 2 4,145 499 518 4 944 803 5 202 366 5 459 431 

55,675926 8,142714 500500 3 3,913 471 559 4 668 037 4 911 185 5 153 861 

TOTAL: 11,971 1 442 637 14 280 878 15 024 736 15 767 152 

Table 12 – Danish estuaries inside nationally defined nature protected areas [10]. In the legend of Figure 13, these 

estuaries are addressed with the abbreviation CDDA. In the IUCN category, NA stands for National Park, 

Ib for Wilderness Area, and IV for Habitat/Species Management Area. 

Latitude 
(DD) 
North 

Longitude 
(DD) East 

CDDA 
site 
code 

Name of the 
site 

IUCN 
cate-
gory 

River 
basin 
code 

Aggre-
gated 
river 
basins 

Average 
Discharge 
1980-2009 
(m3 s-1) 

Membrane 
Area 
Necessary 
(m2) 

Work output 
from the 
average 
discharge 
mixed with 
seawater at 
30 psu (W) 

Work output 
from the 
average 
discharge 
mixed with 
seawater at 
33 psu (W) 

Work output 
from the 
average 
discharge 
mixed with 
seawater at 
36 psu (W) 

55,344055 8,668377 390556 Nationalpark 
Vadehavet 

NA 500235 1 11,128 1 341 046 13 275 216 13 966 691 14 656 826 

55,344055 8,668377 390585 Esbjerg 
Kommune 

IV 500235 1 11,128 1 341 046 13 275 216 13 966 691 14 656 826 

57,045631 8,517372 17691 Hansted 
reservatet 

Ib 500504 1 1,207 145 457 1 439 898 1 514 899 1 589 755 

57,045631 8,517372 349836 Nationalpark 
Thy 

NA 500504 1 1,207 145 457 1 439 898 1 514 899 1 589 755 

57,045631 8,517372 390658 Thisted 
Kommune 

IV 500504 1 1,207 145 457 1 439 898 1 514 899 1 589 755 

55,132069 8,679887 390556 Nationalpark 
Vadehavet 

NA 512256 1 7,088 854 182 8 455 673 8 896 109 9 335 692 

54,961895 8,671395 5729 Margrethe 
Kog 

IV 512421 1 13,793 1 662 208 16 454 444 17 311 518 18 166 930 

54,961895 8,671395 390556 Nationalpark 
Vadehavet 

NA 512421 1 13,793 1 662 208 16 454 444 17 311 518 18 166 930 

55,382252 8,647700 390585 Esbjerg 
Kommune 

IV 514120 1 6,062 730 537 7 231 700 7 608 383 7 984 335 

55,581062 8,319718 390556 Nationalpark 
Vadehavet 

NA 514438 1 13,809 1 664 136 16 473 531 17 331 599 18 188 004 

55,581062 8,319718 390662 Varde 
Kommune 

IV 514438 1 13,809 1 664 136 16 473 531 17 331 599 18 188 004 

55,434151 8,609567 390556 Nationalpark 
Vadehavet 

NA 514740 1 5,904 711 497 7 043 213 7 410 078 7 776 231 

56,771915 8,252180 349836 Nationalpark 
Thy 

NA 515312 1 6,697 807 062 7 989 227 8 405 368 8 820 701 

56,771915 8,252180 390658 Thisted 
Kommune 

IV 515312 1 6,697 807 062 7 989 227 8 405 368 8 820 701 

57,591743 10,163975 390608 Hjørring 
Kommune 

IV 578271 1 4,789 577 127 5 713 067 6 010 647 6 307 651 

57,520321 9,882211 92421 Kærsgård 
Strand - 
Vandplasken 

IV 578278 2 4,145 499 518 4 944 803 5 202 366 5 459 431 

57,520321 9,882211 390608 Hjørring 
Kommune 

IV 578278 2 4,145 499 518 4 944 803 5 202 366 5 459 431 

      TOTAL: 72,477 8 734 273 86 461 880 90 965 480 95 460 350 
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Table 13 – Danish estuaries inside Natura 2000 areas [sample of 4 out of 11]. In the IUCN category, NA stands for 

National Park, Ib for Wilderness Area, and IV for Habitat/Species Management Area. 

Latitude 
(DD) North 

Longitude 
(DD) East 

Name of the site Natura 
2000 site 
code 

Type 
of 
site 

River 
basin 
code 

Aggre-
gated 
river 
basins 

Average 
Dis-
charge 
1980-
2009 
(m3 s-1) 

Membrane 
area 
necessary 
(m2) 

Work output 
from the 
average 
discharge 
mixed with 
seawater at 
30 psu (W) 

Work output 
from the 
average 
discharge 
mixed with 
seawater at 
33 psu (W) 

Work output 
from 
the average 
discharge 
mixed with 
seawater at 
36 psu (W) 

55,344055 8,668377 Vadehavet DK00AY057 A 500235 1 11,128 1 341 046 13 275 216 13 966 691 14 656 826 

55,344055 8,668377 Vadehavet med 
Ribe Å, Tved Å 
og Varde Å vest 
for Varde 

DK00AY176 B 500235 1 11,128 1 341 046 13 275 216 13 966 691 14 656 826 

55,723339 8,166468 Fiilsø DK00AX056 A 500500 3 3,913 471 559 4 668 037 4 911 185 5 153 861 

55,723339 8,166468 Kallesmærsk 
Hede, Grærup 
Langsø, Fiilsø og 
Kærgård 
Klitplantage 

DK00AX173 B 500500 3 3,913 471 559 4 668 037 4 911 185 5 153 861 

… 

55,382252 8,647700 Ribe Holme og 
enge med 
Kongeåens 
udløb 

DK00AX051 A 514120 1 6,062 730 537 7 231 700 7 608 383 7 984 335 

55,581062 8,319718 Engarealer ved 
Ho Bugt 

DK00AX049 A 514438 1 13,809 1 664 136 16 473 531 17 331 599 18 188 004 

55,581062 8,319718 Vadehavet med 
Ribe Å, Tved Å 
og Varde Å vest 
for Varde 

DK00AY176 B 514438 1 13,809 1 664 136 16 473 531 17 331 599 18 188 004 

      TOTAL
: 

78,813 14 747 771 94 020 449 98 917 759 103 805 574 

 
Table 14 – Norwegian estuaries outside of environmentally protected zones [sample of 25 out of 1771]. In the field 

Hydropower management, 0 represents no hydropower management up the stream; 1 represents there is 

hydropower management somewhere up the stream. 

River 
code 

Name of the river Latitude 
(DD) 
North 

Longitude 
(DD) East 

Average 
Discharge 
1961-
1990 
(m3 s-1) 

Membrane 
Area 
Necessary 
(m2) 

Work output 
from the 
average 
discharge mixed 
with seawater 
at 30 psu (W) 

Work output 
from the 
average 
discharge mixed 
with seawater 
at 33 psu (W) 

Work output 
from the 
average 
discharge mixed 
with seawater 
at 36 psu (W) 

River 
dis-
charge 
class 

Hydro-
power 
mana-
gement 

 

002.Z GLOMMAVASSDRAG
ET 

59,176492 10,956666 704,662 84 919 531 840 631 154 971 736 389 1 102 082 110 4 1 

012.Z DRAMMENSVASSDR
AGET 

59,732311 10,239006 314,282 37 874 406 374 924 417 433 397 808 491 532 452 4 1 

139.Z NAMSEN 64,461756 11,523721 304,345 36 676 880 363 069 932 419 694 491 475 991 015 4 1 

016.Z SKIENSVASSDRAGET 59,135018 9,630094 274,004 33 020 492 326 874 796 377 854 345 428 538 561 4 1 

151.Z VEFSNA 65,849577 13,179679 206,924 24 936 669 246 851 823 285 350 950 323 627 046 3 0 

156.Z RANAVASSDRAGET 66,337889 14,141870 189,054 22 783 040 225 532 726 260 706 917 295 677 339 3 1 

246.Z PASVIKELVA 69,681018 30,109740 167,393 20 172 649 199 692 073 230 836 143 261 799 791 2 1 

021.Z OTRA 58,145027 8,013018 146,605 17 667 465 174 892 878 202 169 254 229 287 614 2 1 

026.Z SIRA 58,290717 6,438902 129,787 15 640 771 154 830 336 178 977 749 202 985 272 2 1 

155.Z RØSSÅGA 66,139791 13,801149 115,007 13 859 624 137 198 495 158 596 038 179 869 621 2 1 

019.Z ARENDALSVASSDRA
GET 

58,433869 8,711414 114,311 13 775 688 136 367 596 157 635 552 178 780 298 2 1 

015.Z NUMEDALSLÅGEN 59,037400 10,054920 110,959 13 371 816 132 369 604 153 014 031 173 538 861 2 1 
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River 
code 

Name of the river Latitude 
(DD) 
North 

Longitude 
(DD) East 

Average 
Discharge 
1961-
1990 
(m3 s-1) 

Membrane 
Area 
Necessary 
(m2) 

Work output 
from the 
average 
discharge mixed 
with seawater 
at 30 psu (W) 

Work output 
from the 
average 
discharge mixed 
with seawater 
at 33 psu (W) 

Work output 
from the 
average 
discharge mixed 
with seawater 
at 36 psu (W) 

River 
dis-
charge 
class 

Hydro-
power 
mana-
gement 

 

062.Z VOSSOVASSDRAGET 60,640263 5,950768 108,029 13 018 733 128 874 385 148 973 696 168 956 568 2 1 

036.Z SULDALSVASSDRAGE
T 

59,480997 6,250617 107,812 12 992 574 128 615 438 148 674 363 168 617 083 2 1 

212.Z ALTAVASSDRAGET 69,968492 23,375570 98,928 11 921 870 118 016 374 136 422 264 154 721 525 2 1 

123.Z NIDELVVASSDRAGET 63,435048 10,407486 94,008 11 329 007 112 147 536 129 638 119 147 027 376 2 1 

025.Z KVINA 58,272391 6,889268 89,316 10 763 525 106 549 742 123 167 291 139 688 571 2 1 

022.Z MANDALSELVA 58,027694 7,459421 83,760 10 094 057 99 922 586 115 506 560 131 000 254 2 1 

124.Z STJØRDALSVASSDRA
GET 

63,447831 10,906191 78,387 9 446 548 93 512 795 108 097 095 122 596 905 2 1 

121.Z ORKLA 63,311572 9,831708 67,227 8 101 542 80 198 377 92 706 154 105 141 472 2 1 

109.Z DRIVA 62,676934 8,540118 66,377 7 999 161 79 184 892 91 534 606 103 812 775 1 0 

128.Z SNÅSAVASSDRAGET 64,016672 11,489973 63,880 7 698 281 76 206 433 88 091 625 99 907 964 1 1 

020.Z TOVDALSVASSDRAG
ET 

58,195312 8,078817 61,754 7 442 004 73 669 508 85 159 039 96 582 010 1 1 

076.Z JOSTEDØLA 61,395856 7,290704 59,963 7 226 205 71 533 289 82 689 654 93 781 389 1 1 

127.Z VERDALSVASSDRAG
ET 

63,803413 11,458327 56,444 6 802 170 67 335 699 77 837 407 88 278 276 1 0 

… 

TOTAL 8504 1 024 788 941 10 144 539 193 11 726 686 354 13 299 667 869  

 
Table 15 – Norwegian estuaries in national nature protected areas [sample of 5 out of 122]. In the legend of Figure 13, 

these estuaries are addressed with the abbreviation CDDA. In the field Hydropower management, 

0 represents no hydropower management up the stream; 1 represents that there is hydropower 

management somewhere up the stream. 

River 
code 

Name of 
the river 

Latitude 
(DD) 
North 

Longitude 
(DD) East 

Name of 
the site 

IUCN 
cate-
gory 

Average 
Discharge 
1961-
1990 
(m3 s-1) 

Membrane 
Area 
Necessary 
(m2) 

Work output 
from the 
average 
discharge 
mixed with 
seawater at 
30 psu (W) 

Work output 
from the 
average 
discharge 
mixed with 
seawater at 
33 psu (W) 

Work output 
from the 
average 
discharge 
mixed with 
seawater at 
36 psu (W) 

River 
dis-
charge 
class 

Hydro-
power 
mana-
gemen
t 

234.Z TANA 70,499103 28,384901 Tanamunn
ingen 

Ia 197,310 23 777 980 235 381 789 272 092 045 308 589 632 3 0 

196.Z MÅLSELVV
ASSDRAGE
T 

69,272917 18,515656 Målselvutl
øpet 

Ia 170,366 20 530 963 203 239 081 234 936 345 266 449 981 3 0 

122.Z GAULA 63,342128 10,204420 Gaulosen V 97,369 11 733 987 116 156 491 134 272 313 152 283 186 2 1 

208.Z REISAVASS
DRAGET 

69,784320 21,006508 Reisautløp
et 

Ia 83,675 10 083 709 99 820 142 115 388 138 130 865 947 2 0 

161.Z BEIARELVA 67,033974 14,584427 Leirvika Ia 64,001 7 712 830 76 350 461 88 258 115 100 096 786 1 1 

... 

TOTAL 1238,538 
149 257 

462 
1 477 521 

967 
1 707 

956 996 
1 937 

057 076 
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Figure 13 – Locations of estuaries. Estuaries are categorized based on the level of environmental protection and the 

five water discharge classes. In Appendix C, this map is shown in a greater resolution. 



-- 33 -- 
 

4.4. Summary of PRO power production in NORDEL 

I have summed-up the power production potential of estuaries and classified them based on the level of 
environmental protection of estuaries. Table 16 and Figure 14 present the aggregated results compared with 
today’s power production landscape in NORDEL. 
Table 16 – Annual Nordic electricity production - total, fossil, and PRO power production potential (TWh). 

 Sweden Denmark27 Norway Finland Total (rounded) 

Total production as of 2013 149 31 134 68 382 

Production from fossil fuels as of 2013 15 15 3 7 41 

Net export 20 -5 5 -16 4 

Total consumption 139 31 129 84 426 

PRO power production potential (9 bars, 30 psu)  0,949 101,809  103 

-- outside of nature protected zones  0,125 88,866  89 

-- within nature protected zones  0,824 12,943  14 

 
Figure 14 – Comparison of annual power production, consumption, and net exports of energy with the annual 

osmotic power potential in NORDEL as depicted in Table 17 (TWh). The osmotic power potential in 

Denmark relates only to rivers on the west coast of Jutland (except for the fjords). In Sweden and 

Finland, the osmotic power potential was not quantified. The potential is calculated for the applied 

pressure of 9 bars and a draw solution with 30 psu. 

At the sensible seawaters in the Nordic countries, PRO power production holds the potential of around 103 TWh 
annually which is almost 27% of the total power production in NORDEL as of 2013. You can notice that the 
annual osmotic potential is greater than fossil fuel employment that year. As Norway is the most promising 
country for PRO out of the Nordic countries by far, it deserves more detailed analysis of the actual results. In 
Figure 15, you will find Norwegian annual power potential broken down by the level nature protection 
represented with the IUCN categories. 

                                                           
27 Danish production, consumption and net imports are from 2012 (IEA, 2015). 

149 

31 

134 

68 

139 

31 

129 

84 

20 

-5 
5 

-16 

15 15 
3 7 1 

102 

-20

0

20

40

60

80

100

120

140

160

180

Sweden Denmark Norway Finland

TW
h

 

Total production Total consumption

Net export Production from fossil fuels

Osmotic power potential (9 bars, 30 psu)



-- 34 -- 
 

 
Figure 15 – Annual PRO power production potential in Norway by the level of environmental protection (TWh). 

Environmentally feasible areas refer to power production in estuaries outside of nature protected zones. 

The roman numbers in the legend refer to the IUCN categories.  

In order to utilize the climate mean average water discharge of all rivers in sensible seawaters as the feed, the 
total area of 1190 km2 of the THC membrane would be needed. For more detailed description, see Table 17. The 
results were calculated for each site using Eq. (6) and are bound to the applied pressure of 9 bars. 
Table 17 – The area of the THC membrane needed to utilize the climate mean average water flow at 9 bars by 

country (m2). 

Country Outside of nature protected areas In nature protected areas TOTAL 

Norway 1 024 788 941         149 257 462     1 174 046 403 

Denmark 1 442 637            14 747 771     16 190 407 

TOTAL 1 026 231 578 164 005 232 1 190 236 810 

 

4.5. Climate change and osmotic power 

Climate adaptation data from the ENSEMBLES project provided by EEA (European Envrionment Agency, 2009) 
were utilized using the method described in chapter 3.9. From the results shown in Figures 16, 17, and 18, it is 
clear that precipitation in the Nordic countries shall intensify during the climate change period between 2021 and 
2050 and shall cause an increase in precipitation in winter seasons by 0% to 16%, and in summer seasons by 0% 
to 13% with respect to different areas in the Nordic countries, thus increase the availability of the feed for osmotic 
power production. For PRO in the Nordic countries, climate change is no threat but an opportunity in this respect. 
The model of annual precipitation change during this period shows changes in precipitation between -2% and 
+16% with respect to different regions in the Nordic countries. A large area with a decrease in precipitation is 
above the Atlantic Ocean which is not going to impact the feed supply, however there is a substantial area above 
Denmark where the precipitation might decrease by 1% or 2%.  
Note that the seasonal models vary from the annual model, however the impact of climate change on precipitation 
in Denmark is not going make a practical difference in relation shown results as the power production 
opportunities are low there already. The majority of the potential was identified in Norway which expects a 
general increase of precipitation above the vast majority of Norwegian landmass according all three models. 
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Figure 16 – Annual precipitation 

change 2021-2050 

 
Figure 17 – Winter precipitation 

change 2021-2050 

 
Figure 18 – Summer precipitation 

change 2021-2050 

4.6. Hydropower and river basin management 

From Figure 19, we see that 62% out of the annual Norwegian PRO power production potential is situated on 
rivers with some form of hydropower management up the stream. There can be one or many dams or reservoirs 
up the stream. The figure also symbolizes whether the potential sitting on hydropower-managed rivers is 
situated in nature protected areas or not. This ratio signalizes the presence of man’s influence over the flow in 
Norwegian estuaries and, consequently, over the PRO power production in the country. 

 
Figure 19 – Annual Norwegian PRO power production potential that is situated in estuaries of rivers with some form 

of hydropower management up the stream (TWh). The potentials are calculated for a draw with 30 psu 

at the applied pressure of 9 bars. 
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Table 18 provides a sample of results showing 2 out of 209 rivers with an estuary inside a Verneplan zone. For 
the full table of zones governing the river basins, see Table A.6 in Appendix A. 
Table 18 – Norwegian river basin management zones that lie within 4 km from the coast [sample of 2 out of 209]. The 

table is alphabetically sorted according to the river code. If you want to display the Detailed description of 

the given Verneplan zone, type in your browser “http://www.nve.no/no/Vann-og-

vassdrag/verneplan/Verneplanarkiv/ [+Detailed description]” 

River 
code 

Name of the river ID of 
Verneplan 

Name of the 
Verneplan 

The 
niveau 

Supplem
entary 
rules 

Detailed description  

001.1Z ENNINGDALSELVA 001/1 Enningdalselva  S Akershus-arkiv/0011-Enningdalselva/ 

001.Z HALDENVASSDRAGET 001/2 Haldenvassdraget 
(Tista) 

 S Akershus-arkiv/0012-Haldenvassdraget/ 

… 

From Figure 20, we see that 81% of the annual Norwegian potential is situated outside of areas with some level 
of river basin management defined by Verneplan. This figure gives away that 5% of the potential is situated in a 
very sensitive area with both environmental and river basin management. These 5% are least likely to be 
exploited.  

 
Figure 20 – Annual Norwegian PRO power production potential that is situated in Verneplan zones (TWh). The 

potentials are calculated for a draw with 30 psu at the applied pressure of 9 bars. 
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Figure 21 – Hydropower and river basin management in Norway. Particular zones are labelled with their name 

and the year when they were established. 
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4.7. Water discharge patterns 

The discharge of Norwegian rivers is low in winter months as precipitation is being buffered on the landmass in 
the form of snow. In Norway, Sweden and Finland, February and March are usually the months with minimum 
water discharge and then massive amounts of water are abruptly released during the snowmelt in the (late) 
spring (with respect to the latitude). However, there are cases of Norwegian rivers like Drammenselva where the 
discharge gradually grows since the beginning of spring until it culminates in August (see Figure 22). 
In Demark, the climate is markedly different from Norway which can be seen on discharge patterns. Water 
discharge is the highest for the selected rivers in winter months, contrarily to the selected rivers in Norway, 
whereas the water discharge drops during summer months experiencing an annual minimum in August (see 
Figure 23). 
Seeing water the discharge patterns, one can conclude that osmotic power production in the two countries would 
be asynchronous as the flow highs and lows are not in sync between the two countries. Further on, the difference 
in water flow between the two countries is in an order of a magnitude. This makes Norway a superior site for 
osmotic production in the Nordic countries as most of Swedish and Finnish seawaters classify as insensible due 
to low salinity of the sea. 

 

Figure 22 – Modelled daily water discharge to the seas by selected rivers in Norway calculated as the average for that 

day from years 1980-2009 (Donnelly, et al., 2015b). 

 
Figure 23 – Modelled daily water discharge to the seas by selected rivers in Denmark calculated as the average for 

that day from years 1980-2009. The numbers in the legend represent river codes assigned by Donnelly et 

al. (2015b).   
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5. Discussion 

In this chapter, I discuss various inconsistencies I have come across during my research. I lift up the strengths 
and point to weakness of these results. Further on, I picture the relation that the results pose to real 
implementation of osmotic power-plants. Finally, I postulate what turn membrane research could take in the 
future in order to make osmotic power (more) competitive on the market. 

5.1. Thermodynamics 

Each river has a unique water composition, water flow and the bathymetry around the estuary. Only these 
parameters would cause that the (power-plant) system efficiency would differ from case to case in the real life. 
However, should the real efficiency be discovered for any of the sites in the future, the power output can be 
easily recalculated. 

5.2. GIS results 

I have pinpointed 1775 locations for potential establishment of osmotic power-plants with an exact volume of 
annual electricity production potential and the level of environmental protection. These results were computed 
using advanced computer science in order to mitigate human (my own) error as much as possible, thus they are 
accurate with respect to considered theory (chapter 2), provided data, and chosen method. 
Additionally, the locations in Norway carry information about the environmental parameters of the site as well 
as presence of hydropower and river basin management with respect to given river. I had not performed the 
same analysis for Jutlandish rivers as the power production potential proved meagre. 

5.2.1. Seawater salinity 

Figure 12 is lacking salinity data of the Barents Sea and the area around Oslofjord; hence the research could not 
be completed by following the chosen method described in chapter 3.6. It would be necessary to carry out future 
research considering bathymetry around estuaries combined with chemical composition of seawater in various 
depths to produce a precise dataset with seawater salinity data and prove whether that high salinity gradient is 
actually present in the sea or not. With such a precise dataset, it would be possible to calculate how far or how 
deep would one have lay pipes to pump seawater to an osmotic power-plant which would be a precondition for 
calculating power costs and the real system efficiency of the site. 
I would like to stress that it is possible to produce power via PRO using as the draw those seawaters that were 
classified as insensible. I have not performed quantification of the thermodynamic potential in Kattegat nor in 
the Baltic Sea because the most profitable sites, expressed by the highest power yields in this case, are most 
likely to be exploited commercially first, if exploitation is not restricted or regulated for some reason. If I had 
also quantified PRO power production potential in Denmark, Sweden, and Finland, the annual potential in these 
countries could increase significantly, however the economic performance of such power-plants would be much 
lower in relation to power-plants in sensible seawaters.  
Note that class 4 rivers dilute coastal seawater markedly. It is a misfortunate phenomenon because precisely 
these rivers supply large amounts of feed which would allow for designing the capacity of an osmotic power-
plants larger. However, having a power-plant at such rivers would problematize power production as one would 
have to reach either far from the coast or deeper in the sea, or both, to pump large amounts of seawater to the 
plant which would decrease efficiency of the power-plant noticeably. It would be a necessity to perform a year-
long research of chemical composition of seawater in various depths at these estuaries and wager whether it 
would be worth to pump large quantities of seawater on a distance. 

5.2.2. Estuaries 

There are a few estuaries that were synthetized from the Hoveelv dataset, yet they are missing from the list of 
results. These estuaries belong to rivers for which there were no data on water discharge in the Nedbørfelt til hav 

dataset. When observing these rivers, I noticed they usually had a very short and rather insignificant length in 
relation the rest of Norwegian rivers and would most likely classify as class 0 rivers (too little water discharge), 
therefore I presume that the impact of the missing estuaries on the final result is benign. 
It is very probable, there are many estuaries that are situated in an area where there is no infrastructure. The next 
research step would be to filter out or identify those estuaries that would be inaccessible by an existing road or a 
port for where there is no infrastructure in place, economic costs for establishing such a power-plant would only 
rise. 
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5.2.2.1 Nature protected areas 
The chosen method of categorization is of binary nature asking whether the point is or is not within a nature 
protected area. It would be worth investigating whether there are any nature protected areas around, say 500 m 
or 1 km away, in order to receive a broader perspective on the site and the sensibility of my results. Such an 
investigation can be easily done using the Buffer function or a few other methods in GIS, however due to time 
constraints, I have chosen to consolidate the results I have already got. 

5.2.3. Climate change and osmotic power 

The method of producing Figures 16, 17, and 18 was not by the book, so to say. I had improvised in order to 
produce GIS maps that could serve as a platform for my argumentation. Printing the maps as they were provided 
by the service was an option, however the colour representation had little contrast in between particular values. 
On the paper, you could barely see the difference between colour classes/values, therefore I had opted for the 
method described the chapter 3.9. The great advantage of my results shown in Figures 16, 17, and 18 compared 
to the original provided by the EEA Discomap service is that you can clearly distinguish the nuances in between 
various colours (value classes) and learn where precipitation will rise or drop with respect to climate change. 
Producing the maps in the way described in chapter 3.9. represents a possibility of making an error when it 
comes to creating classes and colour interpretations. However, when it comes to Georeferencing, in all three 
cases, there were unique characteristics where one could really tell that “this is the same spot” on both the 
original and the work-in-progress TIFF raster. The maps are, therefore, stretched quite precisely with respect to 
the absolute scale of the map, not as precise as the original, however it is extremely unlikely a naked eye would 
recognize a difference on this scale. 

5.2.4. Hydropower and river basin management 

The identification of Verneplan zones and merging hydropower managed zones is pretty straightforward and the 
results are precise with respect to the accuracy of provided data. There are many more zones in the Verneplan 
situated more inland than showed on Figure 21, however the purpose was to show only the zones relevant to the 
estuaries. 

5.3. Dilemma of dimensioning the power production capacity 
of an osmotic power-plant 

In the Scandinavian climate where snow can sit on the landmass during the winter and spring months, the water 
flow in a river can fluctuate dramatically throughout the year, yet my results relate to a stable constant flow 
throughout the whole year, the climate mean average water discharge. 
The fluctuation of water discharge presents a huge dilemma for dimensioning the capacity of an osmotic power-
plant: 

1) either we build it large to utilize the opportunity of seasonal maximum flow and face economic 
difficulties throughout the rest of the year as we would not have enough feed available for full-capacity 
power production, 

2) or we design it with respect to the minimal annual flow in order to have a guarantee of year-long power 
production at maximum capacity, and thus minimize economic losses, 

3) or we opt-out for some kind of a compromise. 
The issue complicates further as the minimal flow varies from year to year as precipitation and the yearlong 
composition of air temperatures are unique each year.  
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Let us take river Kvina in Norway as an example for problematizing this issue (see Figure 24). I have compared 
the climate mean discharge of the river to the daily discharge composed as the average of water discharge for 
the given day from the whole climate period. When compiling the results, I have presumed that there would be a 
power-plant dimensioned to utilize the flow equal to the climate mean discharge of a that river (Hypothesis (6)), 
however according to the general discharge pattern displayed on the figure, there are only 4 days a year when 
the discharge pattern actually equals the climate mean average water discharge. 
A power-plant that would have the capacity dimensioned for the climate mean water average water would suffer 
economic losses every time the actual flow would be lower than the flow it is designed for as the power plant 
could not be used to the fullest of its power production capacity. Every time the flow would be greater than the 
climate mean average discharge, there would opportunity losses as water would be in extra amounts but the 
capacity of the power-plant would not be large enough to utilize the extra feed for power production. 

 
Figure 24 – Modelled daily water discharge to the sea by river Kvina in Norway calculated as the average for that 

day from years 1980-2009 (Donnelly, et al., 2015b). 

Apart from the physical availability of fresh water in the corridor, legal frameworks for protecting aquatic 
systems and fresh water use in rivers and estuaries (like Verneplan) restrict fresh water use. The decision-
making considering how much fresh water could be taken from a river with river basin management for osmotic 
power production is a complex issue and unique from case to case. 
It is behind the scope of this research to describe any decision-making considering how much water could be 
used as the feed, but let us take a very simplified and random example that the active legal framework would 
allow to take max. 15% of Kvina’s daily average discharge for osmotic power production (see the blue line on 
Figure 25). This would still represent the same dilemma – how to dimension the capacity of the power-plant – as 
the practical availability of fresh water for power production purposes would fluctuate around the year. If we 
would want to minimize economic losses and design the capacity to the minimum of the practically available 
flow (see the green dash-dotted line on Figure 25), we would produce less than 7% of the capacity designed for 
the climate mean average water discharge. 
In Table 14, we see Kvina’s immediate work output is over 106.5 MW (9 bars, 30 psu) which corresponds to 
around 0.933 TWh annually, if the climate mean water discharge volume is provided constantly throughout the 
year. Yet, a power-plant designed to adapt to the water framework and to mitigate economic losses, like it was 
this discussed in this example, would produce only 0.063 TWh annually. This is just a simplified example to 
demonstrate the complexity of this issue. 
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Figure 25 – Problematizing power production on river Kvina in Norway (Donnelly, et al., 2015b). 

Another feature that has a large impact over the flow through the estuaries is the fact that man actually governs 
great many rivers. From Figure 17, we know that 62% out of the annual Norwegian PRO power production 
potential  
(9 bars, 30 psu draw) is on rivers where man regulates the water flow to some extent. Such a ratio signalizes that 
osmotic power in Norway might be given to mercy of hydropower policy and management of reservoirs and 
dams.  
The best chance to harvest the thermodynamic potential on a river can be achieved, if an osmotic power-plant 
would be embedded in the existing hydropower-management as dams and reservoirs can regulate the flow to 
some extent and, thus, ensure a more stable flow when two are integrated. Sixty-two per cent of hydropower-
managed potential might be a great opportunity then for increasing the capacity of the facilities as opposed to 
facilities on unregulated rivers, hence approaching closer to the thermodynamic potential I have presented in 
results. 

5.4. Integration of osmotic power-plants in the grid 

When analysing the data from the E-Hype 2.0 project provided by SMHI, it seems in many cases that the 
relationship between the climate mean average water discharge and the minimal average discharge for the 
calendar year could be roughly expressed by a ratio 4:1 for rivers with a more stable flow and 10+:1 for rivers 
with a less stable flow. 
Consider an example a class 1 river (18 < discharge ≤ 67 m3 . s-1) with the a climate mean discharge of 20 m3 . s-

1 and a stable flow (minimum flow of 5 m3 . s-1). When introducing the legal constraint, the practically available 
feed would be 1.667 m3 . s-1 for which one would need 200 852 m2 of the THC membrane to produce power at 9 
bars in ideal conditions. A facility with such an area of the membrane would have the capacity of around 2 MW.  
Such a power output would be lower than the output of today’s onshore wind turbines. Osmotic power-plants 
would be scattered around the country, similarly to wind power, therefore it is likely that future integration of 
osmotic power-plants would be similar to strategies integrating wind power. 
On rivers with higher class of water discharge, the capacity of the power-plant could be tens or even hundreds of 
megawatts. Such facilities would probably have a large impact on both regional and national grid which would 
probably demand redimensioning. 
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5.5. The role of osmotic power 

In Norway, the power yields using the THC membrane would be enough to replace fossil fuels quantitatively 
and provide much more for exports. PRO stands a real chance in Norway once the membrane technology 
becomes cheap enough. Due to an extensive hydropower management in Norway, osmotic power could be an 
extension to contemporary hydropower-driven power production. 
On the west coast of Jutland, osmotic power has practically very little future because of the order of the 
magnitude of discharged water. The water flows are too little for any serious production in relation to Danish 
electricity consumption. If water flow happens to be available in larger quantities, it usually ends up in a highly 
nature protected area. 
Serious osmotic power production has little future in Finland and on the east coast of Sweden due to minimal 
power density which also holds true for the three Baltic countries, Poland, (East) Germany, and Russia 
(Kaliningrad, 
St. Petersburg). Overall, osmotic power in Sweden and Denmark stands a chance when it comes to research and 
development as seawaters around their coast vary from ocean-like water to brackish water, thus provide an 
interesting ground for testing various osmotic power technologies on a larger scale. 

5.5.1. As a grid stabilizer 

As osmotic power can be turned on and off at will, the role that fossil fuels play in stabilization of the grid today 
could be taken over by osmotic power in a low carbon future. In Kattegat and Danish fjords (for which this 
research did not quantify power production opportunities), the power yields would be much lower, however 
Denmark’s electricity consumption is three times less than Norway’s, therefore it is quite possible, that Danes 
could employ osmotic power in a smaller scale for mitigating peaks in the grid.  

5.6. This thesis in context with previous and upcoming research 

I have calculated the annual thermodynamic potential that could be achieved using the THC membrane and the 
climate mean water discharge as the feed. My results should be understood as a top limit of what is achievable 
with this particular technology in ideal conditions. Practically achievable power yields would be only a fraction 
of what my results show as there are many constraints which I will discuss in the subchapter. 
The biggest constraint is the seasonal impact on precipitation and air temperature that have a consequent impact 
on the volume of fresh water in rivers. Further on, there are other constraints of economic, environmental, legal, 
and socio-economic nature that are unique at each estuary. Here rise many questions: 

1) How much fresh water would the local legal water directive allow to draw from a river? This is a 
crucial question as it answers how much water would there be practically available for osmotic power 
production. 

2) How would a society accept having buildings like power-plants that are not designed for recreation or 
as social hot-spots on a coastline that can be generally considered a recreational area? What are general 
aesthetics of osmotic power and related facilities? 

3) What would be the long-term impact of osmotic power-plants on the environment? 
The conclusion of Statkraft experiments was that the required power density Wm would have to be at least 5 W . 
m-2 (Skilhagen, 2010). The modelled power densities using the THC membrane at 9 bars and salinity gradients 
of 30 psu, 33 psu, 36 psu are 12.22 W . m-2, 14.13 W . m-2, and 16.02 W . m-2, respectively. At 5 bars, the power 
densities at 30, 33, and 36 psu are 8.58 W . m-2, 9.63 W . m-2, and 10.68 W . m-2, respectively. These results 
relate to an ideal osmosis process where no ICP occurs, meaning that there is no salt accumulation inside the 
membrane (which there is in reality). In next research, we should ask: 

1) What would be the real power densities considering ICP in the membrane? 
2) When would PRO using the THC membrane punch through the breakeven point? 
3) What would be the actual cost and environmental impact of producing the THC membrane on a large 

scale? 
At least for these reasons, more research in this field is needed. 
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5.7. Next generation PRO membrane production 

In the chapter 2.1.3 Membrane Technology, Figure 7 depicts how power density of a semi-permeable membrane 
grows when the structural parameter S is getting smaller and the applied pressure is getting greater. The finer 
pores that can withstand higher pressures could achieve higher power yields. We can see on the figure that it is 
theoretically possible to achieve power densities as high as 12.5 W . m-2 in river water-seawater scenario, 
provided a membrane that has pores finer than 100 µm, permeates NaCl with 2.87 L . m-2 . h-1 at the applied 
pressure between  
6-7 bars. 
Today’s 3D printers can work with a great variety of polymers and resins, even some metals. The development 
of 3D printing goes very rapidly and it is very likely that this technology could speed up research of PRO 
membranes faster than we would have guessed. The XY resolution of contemporary 3D printers from 
Stratasys using the PolyJet technology is around 100 µm and the Z factor is 16µm (Stratasys, 2015). Such a fine 
printing resolution holds a promise of constructing membranes with power density of up to 12.5 W . m-2 which 
is more than double that is needed for economic osmotic power production according to Skilhagen (2010). 
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6. Conclusion 

Sites which are the most feasible for PRO power production in NORDEL are situated in river estuaries at the 
Norwegian coastline and on the west coast Jutland, Danish mainland, except for the fjords on the coast. Danish 
coasts in Kattegat and Danish fjords were recognized as subordinate to the most feasible sites in terms of power 
density, however PRO power production would be possible there. The Baltic Sea is insensible for PRO power 
production in the fresh water-seawater scenario as the power yields would be far too little in relation to Norway 
or Jutland, therefore most of Sweden and the whole of Finland is insensible for osmotic power production. 
For an ideal osmosis process in systems with 81% efficiency using the climate mean water discharge as the feed 
and seawater at 30 psu as the draw and a thin-hollow composite membrane with water permeability A = 9.22 . 
10−12 

m3 . m-2 . s-1 . Pa-1 at the applied pressure of 9 bars, the annual work potential of 88.87 TWh and 0.13 TWh was 
identified outside of environmentally protected areas in Norway and on the west coast of Jutland (exposed to the 
open sea), respectively. There are another 12.94 TWh and 0.95 TWh within nature protected zones of Norway 
and on west coast of Jutland, respectively. 
Most of the identified potential on the west of Jutland is situated in environmentally protected areas and the 
achievable power yields are in very small quantities in relation to Danish power consumption, therefore it is 
unlikely that the west coast of Jutland would see any development towards establishing an osmotic energy 
sector. Norway proves rich in fresh water availability allowing for production of large quantities of energy and 
yet most of this potential is situated outside of environmentally protected zones which makes Norway the most 
sensible for establishing osmotic energy sector in the Nordic countries with respect to thermodynamic 
availability and constraints set by environmental protection. 
Altogether, there are 102.76 TWh which is around 27% of annual electricity production in NORDEL as of 2013. 
However, due to physical (availability of fresh water), economic, environmental, legal and socio-economic 
reasons, it remains unanswered to what extent this potential will be exploited in the future. The total area of the 
THC membrane needed to utilize the climate mean water discharge for power production at 9 bars in Norway 
and on the west coast of Jutland is 1190 km2. 
The sensitivity of the results shows that power yields, if produced at the applied pressure of 5 bars, would 
decrease by 29.8%. The total identified potential would be then 72.14 TWh using 2133 km2 of the membrane. 
62% of the annual Norwegian potential is situated on rivers with some form of hydropower management up the 
stream. 19% of the annual Norwegian potential is situated in areas with some level of river basin management 
known as Verneplan.  
The impact of climate change on precipitation between 2021and 2050 is going strengthen osmotic and 
hydropower generation opportunities in the Nordic countries as more precipitation is expected to fall in the 
region. In terms of fresh water supply and climate adaptation needs, PRO represents a sustainable source of 
power production in the region. Socio-economic and aesthetic aspects of PRO power production have not been 
assessed in this thesis, thus these dimensions of sustainability cannot be concluded here. 
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9. Appendices 

9.1. Appendix A – aggregated results 

To see the results in their complete form, look for the dedicated document Appendix A – a GIS analysis of 

electricity production using pressure retarded osmosis in the Nordic countries.pdf. 

9.2. Appendix B – spreadsheets and databases 

The spreadsheet in which I modelled thermodynamics of osmotic power production can be found in the file 
PROthermodynamics.xlsx. The file is a means to performing the steps described in chapters 3.1, 3.2., 3.3., and 
3.4. Results shown in chapters 4.1. and 4.2. were exported from this file. 
The spreadsheet in which I aggregated the results from the GIS analysis can be found in the file 
PROestuaries.xlsx. The file withholds data that are shown in chapters 4.3., 4.4., 4.5., and 4.6. 

9.3. Appendix C – high resolution maps 

In Appendix C, you will find maps shown here as Figures 12, 13, 16-18, and 21 in high resolution and print-
ready on the A3 format. Figures 16-18 are in 300 dpi and the rest in 600 dpi. 
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