
E:313 
 

 
 
 
 

Renewable Power for the Swedish 
Antarctic Station Wasa 

 
 

 
 

 
Mattias Henryson and Martin Svensson 

 
Master of Science Thesis 

 
Department of Energy Technology 

Stockholm, Sweden 
2004 

 

Swedish Polar Research Secretariat 
Polarforskningssekretariatet 
 
This master thesis is written in cooperation with  

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Mattias Henryson and Martin Svensson 2004 
 
Master of Science Thesis 
KTH Energy Technology 
Stockholm, Sweden 
E:313 

i 



 

Renewable Power for the Swedish Antarctic Station Wasa 
 

by 
 

Mattias Henryson  
(mattias.henryson@sverige.nu) 

 
and 

 
Martin Svensson 

(m.svensson@sverige.nu) 
 

at the 
 

Royal Institute of Technology, Department of Energy Technology (Stockholm, Sweden) 
 
 
 
Abstract 
 
As the debate on fossil fuel usage in Antarctica has been more and more highlighted, the 
participating countries, bound by the Antarctic treaty, have encouraged changes in their power 
systems. Some of the stations or research stations in Antarctica are very large, constituting 
smaller towns with all conceivable service, and hence very energy consuming. Focus is put on 
partly or completely replacing fossil fuelled energy with renewable energy such as wind and 
solar power, supported by either batteries or fuel cells. Today there are a number of both 
successful and unsuccessful installations of renewable energy systems in Antarctica. 
Implementing a power system in remote areas where continuous access is limited comprises 
great technical challenges and Antarctica fulfils by all means every difficulty involved.  
 
The objective of this thesis is to propose ways of meeting power and energy demands for the 
Swedish Antarctic Research Program (SWEDARP) under the strict environmental legislations 
by as far as possible utilising the free renewable energy resources. A new power system is 
aimed at supplying 1 kW of electric power for continuous monitoring and collection of 
research data. The station is manned for three months, which implies a need of an 
autonomous system with high reliability. The following was based on a technical viability and 
economical feasibility study. Results are based upon analyses and computer simulations 
(HOMER) on how each fundamental system component is expected to work in the harsh 
climate conditions found at the station Wasa in Antarctica. It was found that wind power has 
the greatest potential as primary energy source in Antarctica. Supported by appropriate 
batteries, a reliable and in many ways feasible system can be obtained. Nevertheless, for the 
chosen techniques to endure the harsh climate conditions, sufficient modifications and 
developments of each component are needed. Based on the analyses the survey results in a 
proposal for a final system solution. Under the given circumstances and assumptions, a 
system with three 3 kW wind turbines and a total battery capacity of 2000-2800 Ah is found 
appropriate. 
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Nomenclature and Abbreviations  
 
AAD Australian Antarctic Division 
ABM Australian Bureau of Meteorology 
AC Alternate current 
AFC Alkaline Fuel Cell 
ASL Above sea level 
AWS Automatic Weather Station 
CdTe Cadmium telluride 
CHP Combined Heat and Power (system) 
CIS Copper indium diselenide 
COE Cost of energy 
COX Carbon oxides 
C-rate Current rate 
DC Direct current 
DOD Depth of discharge 
GDE Gas Diffusion Electrode 
HAWT Horizontal Axis Wind Turbine 
Li-ion Lithium-ion 
Li-poly Lithium-polymer 
LPG Liquid propane gas 
MCFC  Molten carbon fuel cell 
NiCd Nickel-Cadmium 
Ni-MH Nickel-Metal hydride 
NOX Nitrogen oxides 
NREL National Renewable Energy Laboratory 
PAFC  Phosphoric Acid Fuel Cell 
PEMFC  Proton Exchange Membrane Fuel Cell 
PV Photo Voltaic 
QML Queen Maud Land 
RAPS Remote Area Power System 
SAPS  Stand Alone Power System 
SEMAS Solar energy modelling for Antarctic Stations 
SLA Sealed Lead-Acid battery 
SOC State of charge 
SOFC  Sulphuric Oxide Fuel Cell 
SOH State of health 
SSE Surface meteorology and Solar Energy (NASA) 
SWOT Strengths Weaknesses Opportunities Threats 
UoU University of Utrecht, Netherlands 
VAWT Vertical Axis Wind Turbine 
VRLA Valve regulated Lead-Acid battery 
WMO World Meteorological Organisation 
ZAFC Zinc Air Fuel Cell 
 
 

 i



RENEWABLE POWER FOR THE SWEDISH ANTARCTIC STATION WASA  
__________________________________________________ 

 
 

Acknowledgement 
 
We would like to express our deepest thanks to the following people for great encourage and 
support during the development of this thesis. The progress and completion of the research 
could not be achieved without their help. 
 
Mr. Sven Lidström, Technical Officer and Mr. Johan Sidenmark, Environmental Officer at 
the Swedish Polar Secretariat for establishing, supervising and troubleshooting this thesis. 
 
Dr. Hans Jonsson, Assistant Professor at the Royal Institute of Technology department of 
Energy Technology for supervising and supporting. 
 
Dr. C.H. Reijmer and Michiel van den Broeke at the University of Utrecht, Institute for 
Marine and Atmospheric Research for providing meteorological data. 
 
Eija Kärkäs at University of Helsinki division of Geophysics and Timo Vihma at the Finnish 
Institute of Marine Research department of Physical Oceanography for providing exclusive 
meteorological data from Aboa adjacent to the Swedish station Wasa. 
 
Mr. David Pointing at the University of Tasmania for sharing his work on implementation of 
hydrogen systems in Antarctica. 
 
Doctoral student C. Wallmark at the Royal Institute of Technology department of Chemical 
Engineering and Technology for a rewarding field visit at the fuel cell pilot installation. 
 
Mr. Peter Magill, R&D Engineer at Australian Antarctic Division 
 
Mr. Jim Stover at Northern Power Systems Inc. 
 
The inventors of the great energy simulation tool HOMER, provided by National Renewable 
Energy Laboratory, CO, USA 
 
Dr. Klaus Gutzeit at Hoppecke Battery Systems for providing information on suitable 
batteries for cold climates. 
 
Mr. Isidor Buchmann CEO at Cadex Electronics Inc. 
 

 ii



RENEWABLE POWER FOR THE SWEDISH ANTARCTIC STATION WASA  
__________________________________________________ 

 
 

Table of Contents 
 

1. Thesis Introduction .............................................................................................. 1 

1.1 Background....................................................................................................... 1 

1.2 Aims and Strategy............................................................................................. 1 

1.3 Delimitations ..................................................................................................... 2 

1.4 Methodology ..................................................................................................... 3 

2. System Conditions ............................................................................................... 5 

2.1 Facilities ............................................................................................................ 5 
2.1.1 Wasa .......................................................................................................................... 6 

2.2 Meteorological Conditions................................................................................. 7 
2.2.1 Wind .......................................................................................................................... 9 
2.2.2 Temperatures........................................................................................................... 12 
2.2.3 Sun........................................................................................................................... 13 
2.2.4 Conclusions ............................................................................................................. 15 

2.3 Environmental Concerns and Legislations ...................................................... 16 

2.4 Economical Concerns ..................................................................................... 18 
2.4.1 Cost Savings with Renewable Energy in Remote Power Systems ......................... 18 

3. Primary Energy Sources.................................................................................... 21 

3.1 Wind Power..................................................................................................... 21 
3.1.1 Basic Description .................................................................................................... 21 
3.1.2 Turbine Components ............................................................................................... 23 
3.1.3 Different Types of Turbines.................................................................................... 23 
3.1.4 Environmental Impacts from Wind Power.............................................................. 24 
3.1.5 Performance in Cold Climates ................................................................................ 25 
3.1.6 Present Installations and Surveys at Antarctica ...................................................... 26 
3.1.7 Utilising wind power at Wasa ................................................................................. 32 
3.1.8 Technical Solutions for Cold Climate Wind Power................................................ 37 
3.1.9 Discussion ............................................................................................................... 38 

3.2 Photovoltaic Cells ........................................................................................... 39 
3.2.1 Basic Description .................................................................................................... 39 
3.2.2 Performance of a PV System .................................................................................. 40 
3.2.3 Environmental Impact from Photovoltaic ............................................................... 45 
3.2.4 Present Installations and Surveys at Antarctica ...................................................... 46 
3.2.5 Discussion ............................................................................................................... 48 

4. Secondary Energy Sources ............................................................................... 50 

4.1 Energy Storage ............................................................................................... 50 
4.1.1 Advantages with Energy Storage ............................................................................ 50 

4.2 Hydrogen Systems.......................................................................................... 51 
4.2.1 Hydrogen Generating Techniques........................................................................... 52 
4.2.2 Hydrogen Storage.................................................................................................... 52 
4.2.3 Hydrogen Conversion Techniques .......................................................................... 54 

 iii



RENEWABLE POWER FOR THE SWEDISH ANTARCTIC STATION WASA  
__________________________________________________ 

 
 

4.2.4 Reference Surveys................................................................................................... 54 
4.2.5 Discussion ............................................................................................................... 55 

4.3 Fuel Cells ........................................................................................................ 56 
4.3.1 Basic Description .................................................................................................... 56 
4.3.2 Different Types of Fuel Cells.................................................................................. 57 
4.3.3 Fuel Cell Comparison.............................................................................................. 61 
4.3.4 Environmental Impacts from Fuel Cells ................................................................. 61 
4.3.5 Performance in Harsh Climates............................................................................... 62 
4.3.6 Present Installations and Surveys............................................................................ 63 
4.3.7 Different Technical Solutions ................................................................................. 69 
4.3.8 Discussion ............................................................................................................... 70 

4.4 Battery Systems.............................................................................................. 72 
4.4.1 Basic Description .................................................................................................... 72 
4.4.2 Important Parameters .............................................................................................. 73 
4.4.3 Choosing the Right Type of Battery ....................................................................... 75 
4.4.4 Different Types of Batteries.................................................................................... 76 
4.4.5 Battery Comparison................................................................................................. 82 
4.4.6 Environmental Impacts ........................................................................................... 82 
4.4.7 Performance in Harsh Climates............................................................................... 83 
4.4.8 Test Installations and Permanent Installations ........................................................ 87 
4.4.9 Different Solutions .................................................................................................. 91 
4.4.10 Discussion ............................................................................................................. 94 

5. Limitations in the Performances of Renewable Power Systems.................... 97 

5.1 Limitations Related to the Swedish Activities in Antarctica ............................. 98 

6. Modelling........................................................................................................... 100 

6.1 HOMER Simulation Tool ............................................................................... 100 
6.1.1 User Options.......................................................................................................... 101 
6.1.2 Simulations............................................................................................................ 103 
6.1.3 Limitations ............................................................................................................ 104 

6.2 Model Prerequisites and Assumptions .......................................................... 105 
6.2.1 Resources .............................................................................................................. 105 
6.2.2 Load....................................................................................................................... 105 
6.2.3 PV Modules........................................................................................................... 106 
6.2.4 Wind Turbines....................................................................................................... 106 
6.2.5 Batteries................................................................................................................. 106 
6.2.6 Hydrogen Systems................................................................................................. 106 
6.2.7 Converters/Inverters .............................................................................................. 107 
6.2.8 Other Assumptions................................................................................................ 107 

6.3 Simulation Results ........................................................................................ 107 
6.3.1 Wind-Battery Case (reference case)...................................................................... 109 
6.3.2 PV-Wind-Battery Case.......................................................................................... 111 
6.3.3 Fuel Cell Cases...................................................................................................... 113 

7. Concluding remarks......................................................................................... 115 

7.1 Necessary qualities of the system................................................................. 115 

 iv



RENEWABLE POWER FOR THE SWEDISH ANTARCTIC STATION WASA  
__________________________________________________ 

 
 

7.2 Proposal for a system solution ...................................................................... 115 

8. Recommendations for further work................................................................ 120 

9. References ........................................................................................................ 121 
 

 v



 

1. Thesis Introduction 
 
This thesis is carried out by Martin Svensson and Mattias Henryson, students at the 
department of Energy Technology at the Royal Institute of Technology (KTH), Stockholm, 
Sweden. The thesis was commissioned by the Swedish Polar Research Secretariat and was 
carried out under the supervision of Technical Officer Sven Lidström, at the Swedish Polar 
Research Secretariat and assistant professor Hans Jonsson at the department of Energy 
Technology, KTH 
 
1.1 Background 
 
The Swedish Polar Research Secretariat, SWEDARP is the promoter and coordinator of 
Swedish polar research. Requests for research or activity are processed through this 
governmental organisation. SWEDARP organise research expeditions in both the Arctic as 
well as to the Antarctic continent. Research has also taken place on parts of the northern 
Arctic tundra. According to the regulation 1998:414, the secretariats specific tasks are in short 
to promote development and research in the Polar regions by supporting ongoing and coming 
projects. Supporting in this context is set to logistical support, not by direct funding, which 
the applying research teams must raise themselves. The secretariat provides competence and 
personnel at international seminars and forums focusing on Polar environment. The secretariat 
is also focused on exchanging research results with other countries that share the same 
objectives.  
 
SWEDARP runs two research facilities at Antarctica; station Wasa (73°03 S, 13°25 W) and 
Svea (74°35 S, 11°13 W). So far, these stations are only used during the Antarctic summer, 
November until February, when the weather conditions are acceptable. However, a wish for 
year-round monitoring of different parameters has put focus on how to supply the equipment 
with continuous electric power despite the harsh weather conditions. This report will 
investigate ways to achieve this with respect to technical and economical feasibility and strict 
to the demands of the international Antarctic treaty. The environment in Antarctica is to large 
extent unspoiled and is known to be very sensitive. Installations and activities on site must 
therefore be carried out in a protecting and environmental preserving manner. Solutions for 
energy systems will exclusively focus on renewable energy technologies.  
 
1.2 Aims and Strategy 
 
The objective of this project is to establish guidelines for a forthcoming power supply system 
that will guarantee the supply of electrical power to the research equipment even at times 
when there are no personnel present. The work is primarily focusing on the Swedish station 
Wasa. Alternative solutions will be evaluated with respect to the following conditions, 
 

• Present installations in Antarctica and similar areas 
• Technical, economical and environmental concerns of a possible implementation 
• Treaties and legislations that restricts the choice of techniques 
• Theoretical background of the techniques 

 
To seek what is viable and what problems that might occur, an important part of the work will 
be to explore the market for information on the work and experience of other nations. The 
extreme surroundings and harsh climate with low temperatures, high wind speeds and months 
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of darkness limits the amount of possible solutions, and thus every technique must be 
evaluated with respect to their performance to succeed at such conditions. The remote 
location is also a factor that highly restricts the conceivable components in the system to be 
designed. E.g. it is favourable if the dependence of transporting fuels could be limited as 
much as possible by removing or not use fuel dependent components, or by using equipment 
that produces the fuel on site. Technical, economical, environmental constrains and existing 
legislations are aspects that highly influence the choice of components. The underlying 
circumstances and factors will be more thoroughly described in chapter 2. 
 
In the last century, fossil fuel based power has by far been the most dominating energy source 
throughout the world. With the increased awareness of the bad impact on the environment 
related to the use of fossil fuels, a work of finding alternative energy systems was initiated. 
This development can also be seen in Antarctica today, when more nations are striving for the 
removal of existing diesel generators on their Antarctic stations. The most promising and 
interesting techniques are those that make use of renewable energy for power generation. 
There are evidently favourable conditions for an implementation of renewable energy in the 
existing Antarctic climate with strong winds (wind turbine) and periods of intensive solar 
irradiation. With this in mind, the survey concentrates foremost on investigating the potential 
of such techniques in Antarctica, in terms of performance in harsh climates and access of 
resources. In chapter 3.1 the aspects of harnessing the wind power will be investigated and 
chapter 3.2 deals with the properties of solar power. For the system to work preferably there 
must exist some kind of secondary power generation that could supply energy when there is a 
lack of wind and/or sun, or store energy when there is an abundant supply of energy from the 
primary energy sources. The two most promising ways of storing energy are hydrogen storage 
(fuel cells) and batteries, which will be surveyed in chapter 4.  
 
The report will also review a model of different possible energy systems for the station. This 
will result in a proposal for a system that will be optimal in terms of emissions, efficiency, 
cost, size, life and maintenance.  
 
1.3 Delimitations  
 
There are today a wide variety of different kinds of energy producing and energy consuming 
apparatus. In an Antarctic point of view, it is important that the energy system to be 
implemented is almost completely autonomous with a minimum need for maintenance and 
fuel transports. It is also preferable if the techniques to be implemented are widely known and 
used, to receive enough experience in order to prevent future complications and breakdowns. 
In addition, the only interesting techniques are those that fulfils these demands, and thus the 
amount of possible components are to a great extend reduced. This survey is only 
investigating wind turbines and solar cells as primarily energy sources and hydrogen and 
batteries as secondary backup systems, because these systems fulfil many of the demands 
stated above. The study is primarily focusing on the Swedish Antarctic station Wasa. In 
addition, the focus will be put on power generation and not on heat generation, because the 
aim is mainly focusing on supplying electricity for research equipment and not for heating 
purposes. The final system is further more limited to a constant power output of 1 kW, which 
is regarded as sufficient for supplying electricity to the research equipment for year-round 
operation. Consequently, the maximum amount of research equipment must also be limited. It 
must be stressed that the surveyed system will be treated separated from the existing system 
(PV panels and batteries), but possibilities for a future integration and/or extension of the 
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systems will exist. It is also assumed that the power output from the existing system will only 
be sufficient for supplying electricity for human activities, and thus all research equipment 
will operate on electricity from the new system. However, in reality there must most certainly 
exist some excess electricity from the old system that could be available for the new one, and 
therefore a combination of the two would be most efficient in an energetic point of view.    
 
Only the fundamentals of every technique will be described and thus it is left for the reader to 
get deeper knowledge of the specifics, if needed. However, the performance and behaviour of 
the apparatus in harsh and cold environments is of outmost importance in this survey, and 
subsequently a prediction of the performance and behaviour at such conditions will be made, 
based on the experiences and knowledge of other nations, manufacturers and researchers. The 
investigation of environmental issues concerning the different techniques are further limited 
to the impacts that occurs during the operation of the system, thus no lifecycle assessment will 
be made. Finally a solution of the system will be suggested based on the modelling of the 
above stated parameters.  
 
 
1.4 Methodology 
 
According to the thesis boundaries set in the previous sections research and information 
gathering will be carried out as follows.  
 
Research will be done by gathering information from countries and organisations that have or 
have had experience on engineering in Polar environment. The international presence at 
Antarctica reaches as far back as the year 1850. This ensures an extensive collection of 
weather data as well as experience from engineering and surviving the hardest of climates. 
The collection of material for the thesis background will be done by searching bibliographic 
abstract databases, resources for research journals and reference works. All contracting parties 
within the Antarctic treaty are obliged to exchange information about ongoing research and 
results from prior expeditions, which is of great value when establishing contact with other 
national Antarctic programs.  
 
Most activities in Antarctica are very weather dependent. Changing or replacing the existing 
energy system is extremely dependent on how the weather conditions have impact on the 
system components. A thorough investigation will be done on how each conceivable system 
component will behave in the harsh climate. This together with several years of weather data 
will provide enough information for appropriate estimations and guidelines for the 
replacement or upgrade of the existing energy system.  
 
In order to simulate and sense the behaviour of chosen power sources, all sources will be 
simulated in conjunction with each other. This will be done using the simulation tool 
HOMER, provided by NREL, National Renewable Energy Laboratory. A simulation tool can 
never reflect the true results of a project. It is however a useful tool when comparing different 
system arrangements in terms of economical and technical feasibility. A deeper presentation 
of the HOMER simulation tool will be provided in connection to the simulation. The result of 
the simulations will then form a basis where conclusions and proposals can be drawn 
concerning system performance and reliability.  
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Methodology in brief: 
 

• Information gathering; reports, papers, establishing contacts 
• Material processing; system components 
• Simulation of system 
• Data processing 
• Summary and conclusions 
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2. System Conditions 
 
Establishing a new energy system in Antarctica implies that the system must meet the 
conditions and restrictions involved. Restrictions in this sense are not only of technical nature. 
They include economical aspects as well as regulations and legislations. Any new system is a 
compromise between these aspects and demands. The benefit from new systems can be 
evaluated as the pay-off between financing, operation and maintenance in relation to the value 
of the outcome i.e. the research. This doesn’t influence the final results of this research. It is 
more a question of the value of having access to research at times of specific scientific 
interest. The Swedish Polar Research Secretariat is initiating new areas of research, which 
comprises an upgrade of their existing energy system. The following parts are presented with 
respect to the Swedish stations.  
 
2.1 Facilities 
 
The Swedish station Wasa (73°03’S, 13°25’W) is the main base for the Swedish research 
activities. The second base Svea is a station most often used as a camp for temporary field 
research. Wasa and Svea lie in the Vestfjella region in Queen Maud Land at East Antarctica. 
Wasa is situated approximately 150 km from the coast and is located on a nunatak. A nunatak 
is the name of the mountains that break through the ice sheet. The elevation of the site is 450 
m asl (above sea level) and below the ice plateau. Svea (74°35’S, 11°13’W) is situated 
approximately 400 km from the coast and on the ice plateau, elevated 1200 m asl.  
 
 

  
Figure 1 – Wasa    Figure 2 – Svea  

Photo: SWEDARP    Photo: SWEDARP   
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[m] 
 

Figure 3 - Topographic map of the station and surrounding areas 

 
As mentioned in the Thesis Introduction, focus is put on Wasa since most of the research 
activities take place here.  
 
The most important technical properties are presented in the following chapter. Some 
information on the overall energy situation will also be provided.  
 
2.1.1 Wasa 
 
The first modern Swedish facility in Antarctica, Svea, is somewhat small and compromising. 
In order to increase the possibilities for more extensive research in Antarctica the station 
Wasa was built during the 1988/89 expedition. Wasa consists of a main building and some 
adjacent service containers along with field research modules. Its main building is built from 
classic Swedish timber technique painted in traditional red wall paint and is built on steel 
columns in order to avoid drifting snow sticking onto the walls. The station has room for 12 – 
16 people.  
 
Heat generation 
 
Walls and floors are well insulated and all windows are triple glazed, low-loss units all facing 
north, west and east for maximising solar heat gain. A recent heat exchanger installation has 
helped the station maintaining thermal comfort by recovering waste heat. As the periods of 
research are carried out during the Antarctic summer the heating is not a crucial issue. The 
heat exchanger has turned out to be so effective that no direct heating is required. Heat is 
mainly generated by waste heat from cooking, sauna and different electric appliances. In fact, 
there are periods when people have to let the heat out. However, if conditions are harsh with 
several days of blizzard, the heat is generated from electric resistance heating and LPG 
(Liquid Petroleum Gas) heaters.  
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Power generation 
 
Electricity is generated from solar panels (PV) mounted on the walls and the electricity gained 
is sufficient for running the station and its equipment. The system consists of totally 48 PV 
units, which each delivers 55 W of electric power at 24 V and hence the total power is 2.64 
kW. The power from the cells is enough to supply in average 1.8 kW during daytime and 0.9 
kW during night and the energy is stored in 80 Nickel – Cadmium batteries that have a total 
charge capacity of 1200 Ah. Power inverters are used in order to deliver appropriate voltage 
as parts of the equipment at the station need different voltage. Regular home electrical 
appliances like washing machines, vacuum cleaners need 220 V (AC) at 50 Hz, while other 
equipment run on 24 V (DC). During cloudy conditions two diesel generators can provide 
back-up power. During the last seasons the PV system has been working to great satisfaction 
and almost no diesel-fuelled power have been required. Although these generators are tested 
every year for function in case of power outages. 
 
2.2 Meteorological Conditions 
 
Antarctica is known as the place on Earth where one can expect the harshest of weather 
conditions. The wind is sometimes extremely hard and temperatures can in some places drop 
to extreme levels. The Russian station Vostok placed near the geomagnetic South Pole, 
experienced a temperature of – 89°C, which is lowest temperature ever recorded on Earth. 
Wind speeds in Antarctica have reached up to 90 m/s, which is three times the speed of a 
hurricane. However, these conditions should not be considered general. At the Swedish 
stations, the weather is gentler but from time to time really harsh.  
 
SWEDARP is exchanging logistics and competence with the Finnish Antarctic Research 
Program, FINNARP. The Finnish station Aboa lies in the vicinity of Wasa and they both have 
the same weather patterns. A number of weather parameters set the boundaries on how and if 
the conceivable equipment will withstand the conditions. Finland has been running an AWS 
(Automatic Weather Station) at Aboa since 1989 and SWEDARP have the opportunity to 
share the extensive data collection for the sake of this thesis. The AWS has transmitted data 
every three hours and the recorded parameters are:  
 

• Wind speed, gusts [m/s] 
• Wind direction [deg] 
• Air temperature, average, max/ min [°C] 
• Dew point [°C] 
• Air pressure [mbar] 

 
The measurements were taken during 1989 until 2001 and the data was collected and 
transmitted to satellite every 3 hours. Wind sensors were installed at 6 m height. Wind data 
was recorded in 10 min mean wind speed/ direction and also for maximum wind gust during 
three hours. Some of the years had incomplete data and were also discarded from the 
calculations of yearly averages. The errors were referred as equipment failures and satellite 
transmission interruptions. According to FINNARP’s report on meteorological observations 
[1], the data yield was 92.9%. The UoU (University of Utrecht), Netherlands provided 
additional AWS data such as solar irradiation, wind speed and temperature. The UoU AWS 5 
station is located approximately 10 km southeast of Wasa and Aboa. These data were 
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collected from 1998 until today. The purpose of using different sources is to compare data in 
case of instrument errors but also to get different sets of data for different locations. 
Unfortunately it turned out that due to a programming error, the wind speeds measured by 
UoU where somewhat underestimated and showed only reliable from year 2000 and on. The 
corresponding data (Jan 2000 - Oct 2000) from Aboa were not complete and a comparison 
between Aboa and UoU data was only possible using these sets. Figure 4 displays the 
difference between the wind speed measurements. The graph is developed using a moving 
average trendline option in order to smoothen heavy fluctuations.   
 

0

2

4

6

8

10

12

14

16

18

20

jan feb mar apr maj jun jul aug sep okt

Month, 2000

W
in

d 
sp

ee
d 

[m
/s

]

Aboa

NL

10 per. Mov. Avg. (Aboa)

10 per. Mov. Avg. (NL)

Aboa

UoU (NL)

 
Figure 4 - Wind speed comparison Aboa and UoU 
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Figure 5 - Temperature comparison Aboa and UoU 

Figure 5 is developed in the same manner as Figure 4, showing the difference in temperature. 
Both graphs show that the measurements for the different locations follows the same patterns 
but for some periods differ in level. Due to the lack of reliable data from UoU, all weather 
diagrams except for solar irradiation will be based upon Aboa data to ensure true averages. 
For simulation purposes UoU solar and wind data will be used exclusively in order to process 
corresponding weather data. 
 
2.2.1 Wind 
 
Since Wasa lies on a nunatak there is a natural deflection of the wind. The nunatak helps the 
wind to maintain a stable direction. This is evident when looking at the wind rose in Figure 6. 
Comparing each year with the all year average there are small changes in patterns, which 
ensures statistic reliance. The stable direction is preferable when the wind is used as a source 
of power. In chapter 3.1 all technical issues and aspects concerning operation and 
performance of wind turbines will be brought up. 
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Figure 6 - Wind direction during the years 1989, 92-96, 98, Aboa  

Source: FINNARP 

The diagram shows the occurrences for each wind direction. The scale is degrees from north.  
 
Wind speeds show a different pattern and are not as stable or predictable as the direction. The 
average wind speed for the years 1992-96, 1998 is 6.8 m/s and the maximum wind during 
these years occurred in 1996 and reached 50 m/s, taken under the assumption that the wind 
blew constant during a three-hour period. The maximum recorded wind gust is 57 m/s and 
occurred in 1992. All high-speed winds are interesting in terms of wind turbine performance. 
Gusty winds can cause serious damage on turbine equipment. Constant high-speed winds are 
not subjects for wind power utilisation. They carry large amounts of energy, but involve 
technical difficulties as they apply heavy load stresses on tower constructions. It is therefore 
custom to shut down turbine generation during these periods. 
 
The wind speed changes over the seasons. During the Antarctic summer the winds are quite 
modest, but can in some periods reach high speeds. In the winter, the gusty conditions are 
more frequent and the average speed is higher. The following diagrams show the wind speed 
and wind gusts. Figure 7 displays the average wind speed variations for each month. The 
wind speed shows a maximum between July and September. The point with this graph is to 
get a feeling of the tendencies and trends over the seasons. 
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Figure 7 - Average wind speed variation, full year, 1992-1996, 98, Aboa  

Source: FINNARP 
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Figure 8 - Wind speed full year, 1992 -1996, 98, Aboa  

Source: FINNARP 
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Figure 8 displays the fluctuations during the month. For every data point there is a maximum 
wind gust occurring on that day, for the period 1992-96,1998. To enhance and to get a proper 
reference, the diagram have been provided with horizontal lines (dashed) representing the 
approximate upper and lower wind speed limits for wind energy utilisation. The relations 
between wind speed and wind power is described in detail in chapter 3.1.  
 
2.2.2 Temperatures 
 
The temperature at Wasa is in the range of 5°C down to -35°C. During the Antarctic summer, 
November until February, the average temperature can be considered similar to the yearly 
average temperature in northern Sweden communities [2]. The average temperature for the 
summer months, based on data from 1992-96 and 1998, is -1.8°C. For the whole year the 
average temperature is -15.2°C.  Figure 9 shows the average temperature variations for each 
month.  
 

-30,0

-25,0

-20,0

-15,0

-10,0

-5,0

0,0
jan feb mar apr maj jun jul aug sep okt nov dec

Month

Te
m

pe
ra

tu
re

 [°
C

]

 
Figure 9 - Yearly average temperature, full year, 1992 –1996, 98, Aboa  

Source: FINNARP 
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Figure 10 - Temperature extremes, full year, 1992-1996, 98, Aboa  

Source: FINNARP 

In Figure 10, all temperature extremes recorded are displayed i.e. the highest and lowest 
temperatures. Note that the readings do not necessarily originate from the same year. The 
purpose of the graph is to display the range where temperatures might occur. It is obvious that 
the challenge of running an autonomous energy system lies in coping with the periods of 
continuous cold. Between May and September the average temperature is -20.6 °C. Problems 
might arise when dealing with moving parts such as gearboxes and transmission where low 
temperatures could lead to insufficient lubrication. For each system component there will be a 
specific investigation on how they will behave under cold climates.  
 
2.2.3 Sun 
 
Almost the entire Antarctic continent is located below the South polar circle. This implies that 
the sun will have limitations as a source of power. During the summer months the sun is never 
descending below the horizon. For periods of clear weather the solar intensity is high. This is 
due to clearness of the Polar air as it is very dry and cold. Wasa uses the sun as the major 
power source for the station. During the summer season there is also abundant solar 
irradiation. Figure 11 shows the daily average irradiation i.e. the incoming shortwave 
radiation on a horizontal surface. Maximum and minimum radiation fluxes are displayed in 
Figure 12. All solar data is provided by the University of Utrecht, Netherlands. 
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Figure 11 - Daily average incoming short wave radiation at Wasa 

Source: University of Utrecht (NL), AWS 5. 
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Figure 12 - Max/min radiation at Wasa 

Source: University of Utrecht (NL), AWS 5 
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The period of presence at Wasa is between November and February, which also are the 
months with the best weather. When looking at Figure 11 one can discover noise at the 
months with high solar intensity. The reason is most likely the fact that the days with high 
irradiation also are the days most sensitive for cloud shading or blizzards. It is evident that 
problems arise if the equipment is to rely on solar power. From May until August the sun is 
consistently below the horizon and the PV (photovoltaic) modules must work in conjunction 
with other power sources in order to ensure sufficient power. In a step for prolonging solar 
power usage and damping power dips, different energy storage techniques must be 
considered.  
 
2.2.4 Conclusions 
 
If both sun and wind are used as power resources, they match or complement each other. 
When the sun is below the horizon during winter, the wind tends to reach its maximum. If 
designed properly, they can compensate and level out the loss of power. The system will have 
to be designed according to the worst conditions. In the end there will most likely be periods 
in the summer where energy comes in excess, which in this context is referred as abundant 
energy for the measuring equipment. However, if this is the case, there are ways to handle the 
excess energy. In the long run the energy could be used as replacement for expensive 
propane/ butane fuel. All “external” fuels must be transported, which is known to be very 
costly. The temperature effects on the system are not brought up here. Moving parts on 
generators and chemical energy storage medias are most likely subjects for low temperature 
interferences. Figure 13 displays the daily average net radiation flux but attached with the 
smoothed curve1 from the mean wind speed. The increase in wind speed might seem 
insignificant, but in terms of energy a doubling of wind speed means 8 times more power. All 
weather effects on each component will be investigated further on in the report 

 
1 Smoothed curve is a moving average, calculated to level out heavy fluctuations in order to visually 
enhance the graph. 
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Figure 13 - Daily average radiation and wind speed 

Source: University of Utrecht (NL), AWS 5 

 
2.3 Environmental Concerns and Legislations 
 
The Antarctic environment is very different compared to the rest of the world; except for 
similar areas like the Arctic and the Nordic tundra of course, were the difference is not that 
evident. The harsh climate complicates the spreading of animals and plants and as a result the 
majority of the continent consists of ice sheets and bare mountain ridges, but some fauna and 
flora exists [3].  
 
The Swedish stations are situated in Queen Maud Land, as mentioned earlier in the survey. 
Queen Maud land, in this text referred to as QML, is an area in the northern regions (near the 
coast) of the Antarctic continent, reaching from the high plateau in the centre all the way to 
the coastline. The coastal area is separated from the high plateau by a chain of mountain 
ridges with peaks as high as 3000 meters asl. The high and steep ice shelves, deep crevasses 
and the fact that some ice shelves are floating and some are bounded make ground 
transportation very complicated in some areas. Therefore such transportations must be 
carefully planned for simplicity and to avoid misfortunes. As a consequence, the harshness 
and the unpredictability of the Antarctic continent complicate both human activities as well as 
the spreading of flora and fauna. In addition, the living environment in Antarctica and 
especially in QML is very sensitive to fluctuations and changes, and thus it must be treated 
with great care. The flora and fauna consists mainly of mosses, lichens, algaes and fungus, but 
also invertebrates such as microbes and insects can be found. Among larger animals the most 
common species are Emperor penguins, Adelie penguins, Snow Petrels, Crabeater seals, 
Leopard seals, Weddell seals and Ross seals. Since approximately only one percentage of the 
Antarctic surface is bare ground (in the mountain areas) and because many of the land living 

 16



RENEWABLE POWER FOR THE SWEDISH ANTARCTIC STATION WASA  
__________________________________________________ 

 
 

species need bare ground to survive, it is extremely important that human activities do not in 
any way disturb the wild life and/or damage these areas.  
 
According to international agreements, Antarctica is a continent devoted for peace and 
science. The Antarctic continent has no sovereignty and thus all nations that wish to establish 
research stations might do so, even though some countries claims the right to certain 
territories. In 1961 a treaty was signed in order to facilitate a favourable cooperation between 
nations in Antarctica. The so-called Antarctic treaty consists of constrains regarding all 
human activities in Antarctica and it deals with a variety of issues, like environmental impacts 
as well as diplomatic and legal matters. It is further clearly accentuated within the treaty and 
its supplements that the distinctive character and sensitivity of the Antarctic environment 
must be preserved, it is for example not allowed to use any form of nuclear power in 
Antarctica. As a consequence a specific environmental committee supervises all 
environmental work in Antarctica, and makes sure that the legislation is followed. Every 
activity in the Antarctic treaty area must also undergo an environmental impact assessment 
that surveys all the environmental impacts and risks connected to it. The following segment is 
a quote from the protocol of Environmental Protection, which is a supplement to the Antarctic 
treaty, 
 
The protection of the Antarctic environment and dependent and associated ecosystems and 
the intrinsic value of Antarctica, including its wilderness and aesthetic values and its value 
as an area for the conduct of scientific research, in particular research essential to 
understanding the global environment, shall be fundamental considerations in the 
planning and conduct of all activities in the Antarctic treaty area. (Protocol on 
Environmental Protection to the Antarctic Treaty, Article 3, §1). 
 
As a complement to the Antarctic treaty, the Swedish government has made national 
legislations (SFS 1993:1614) [4] that regulate the Swedish activities in Antarctica.  
 
To further stimulate a positive environmental attitude in Antarctica, the Swedish 
environmental program works in close cooperation with Finland and Norway. A very 
important part of all environmental work in Antarctica is to stimulate the use of 
environmental friendly equipments such as fuel-efficient vehicles, environmental friendly 
energy and in other ways minimize emissions and waste disposals. In addition waste 
management systems and fuel management systems must be implemented. The Nordic 
cooperation has resulted in the so-called Nordic Environmental Handbook for Antarctic 
Operations [5] in which waste management guidelines and procedures for fuel storage, 
transfer and transport has been defined, with respect to the Antarctic treaty and its 
supplements. In short, all waste from human activities shall be safely stored until it can be 
removed from the Antarctic treaty area. As a result, no waste is to be disposed or to be burned 
within the Antarctic area, and thus one must minimize the amount of waste generated. Fuels 
and other hazardous liquids shall be stored, transported and handled in a way that prevents 
and ensures that no leakages occur. Therefore, one should also endeavour to minimize the 
dependence on fuels and hazardous liquids as far as possibly. 
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With respect to the above stated facts, the following guidelines of an implementation and 
operation of an energy system should prevail: 
 

• Minimum impact on the environment during installation 
• Minimum amount of waste and emissions from operation, including possible 

transportations of fuels or equipments. 
• The components shall be as durable and free of maintenance as possible, and it is 

preferable if they could be reused. 
• If a component has been worn out or in other ways has fulfilled its duties, it must be 

safely stored until it can be removed from the Antarctic area.  
• The system must be monitored and inspected continuously to secure a favourable 

operation.  
 
2.4 Economical Concerns 
 
The Swedish activities in Antarctica are rather limited compared to those of other nations, and 
consequently the budget is somewhat limited. It is therefore very important to optimise the 
implementation and operation costs of the new system. Unfortunately, Sweden is situated far 
from Antarctica and thus the costs regarding transportation of equipment and personnel are 
relatively high, which further increases the importance of limiting the costs. The following are 
proposals of some cost saving measures, 
 
 

• Limit transportation of fuel and equipment 
• Use a system with a minimum need of maintenance 
• Reduce the initial cost of the system by using relatively cheap components if possible 
• Limit the installation cost, by using equipment and components that could easily be 

transported to and installed on the specific site 
• Use equipment and components with a high durability to reduce the need of 

replacements.  
 
It is also of outmost importance to secure the qualities and performance of the system at all 
times, and thus cost limitations must be of secondary importance. E.g. it might not be 
preferable to install a cheap system if the result is a reduced performance in terms of an 
increased impact on the environment, higher insecurities, fluctuations and complexity of the 
system, and loss of research data. 
 
2.4.1 Cost Savings with Renewable Energy in Remote Power Systems 
 
An established opinion during the last decades has been that the usefulness of diesel 
generators is superior to other techniques in terms of reliability, availability and cost, despite 
environmental harmful emissions. However, a report [6] presenting an analysis of remote 
power systems in a hypothetical Alaskan village, shows that benefits can be made by 
introducing renewable energy to fossil fuel based energy systems. The report deals primarily 
with economic aspects on the subject of advantages and disadvantages with different energy 
sources for remote applications. The main purpose of the analysis was to investigate the 
possibilities of reducing the fossil fuel dependence and costs, using renewable energy as 
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complementary energy sources. Thus it should be highlighted that the renewable energy is not 
to replace the existing diesel engines in the analysis, it is only to reduce the dependence of 
fossil fuels. 
 
Alaska is like Antarctica a remote area with a harsh climate. These conditions make this area 
particularly interesting when studying implementation of renewable energy. In Alaska fossil 
fuel based energy is today exclusively used and consequently Alaskan communities has to 
pay a relatively large amount of money every year due to for example environmental 
penalties, and high transportation and fuel costs. The remote location implies high demands 
when choosing the right system to be implemented, e.g. it is advantageous if the energy is 
generated on site and possible excessive energy is stored in some way. It is obviously also 
advantageous if the chosen system doesn’t contributes to any negative impacts on the 
environment. The most promising energy sources are renewable ones as mentioned in the 
introduction, but as this paper tries to prove, all techniques have advantages and 
disadvantages and thus there are no given solutions to this problem. 
 
The analysis is based on a model of a made-up Alaskan village. The necessary data for the 
modelling are collected from two existing communities in Alaska, Deering and Kotzebue. The 
system modelling was based on the same simulation and optimisation tool used in this survey 
(HOMER), see chapter 6. Four different cases was investigated,  
 

• Base-case or reference-case: A system using existing diesel generators only 
 

• Wind--diesel system: The primarily purpose is to satisfy the power demand. Heat is 
produced of possible surplus power. 

 
• Wind --- hydrogen system --- diesel generators: A system consisting of wind turbines, 

electrolysers for hydrogen production, hydrogen storage vessels, a phosphoric acid 
fuel cell and a diesel generator as backup. Spare heat from the fuel cell is used for 
heating. By using such ‘waste’ heat, the overall efficiency of the system could be 
increased because heat could be produced directly. The purpose of the fuel cell is to 
work as a complement to the wind turbine. Thus, when there is a lack of wind the 
wind turbine is shut off and all the power is produced by the fuel cell, and to a certain 
degree by diesel generators. 

 
• Wind --- zinc-air fuel cell system --- diesel generators: The principle of this system is 

the same as for the hydrogen case above with a minor difference; zinc pellets in this 
case, replace the hydrogen as energy carrier.  

 
 
Note that solar power is not used in this analysis. However, the possibilities of using 
photovoltaic cells in the system were considered, but the primary evaluation of the problem 
showed that wind turbines would be preferable due to much wind and less solar irradiation at 
the given location. A strong argument against the use of PV cells was further the relative high 
costs of PV cells. 
Some basic data were also assumed in the analysis, e.g. average wind speed of 8 m/s, 
maximum wind speed of 35 m/s, an electric demand of 70 kW, a 1-hour peak demand of 118 
kW, an average heating demand of 150 kW, costs and cost escalations for maintenance and 
fuel, and efficiencies and power output for all components. Two scenarios were evaluated for 
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all different cases, with interest rate and maintenance cost escalation, and without interest rate 
and maintenance cost escalation. 
 
Results of the analysis 
 
The result shows no significant difference between the two scenarios, with or without interest 
rate and cost escalation. And thus there is no borderline between these within the account of 
the result. The result shows further a clear link between the total cost of the systems and the 
fuel cost of the systems. Hence, the fuel cost plays a mayor part in the profitability of an 
energy system, and the more fossil fuel that is being used the higher cost of the system. In 
addition, the base-case with diesel generators shows heavy operational and fuel costs 
compared to the other cases. A lower dependency of fossil fuels will obviously also result in a 
favourable reduction of emissions. The wind-diesel case shows a reduction of the fuel 
consumption by almost half. Yet, the diesel generators are important components in this 
system because they work as complements, i.e. when there is a lack of wind. A wind-diesel 
system could work as a gateway to other, more favourable energy systems nevertheless.  
 
The fuel cell and the zinc-air fuel cell cases use a small amount of diesel and thus they have 
small total costs. However, it should be explained that the analysis does not take installation 
cost into account. One of the disadvantages with batteries and fuel cells are the high 
installation costs and thus the results might change a bit if this should be accounted for. Still, 
the analysis shows an obvious trend: more fossil fuel, higher costs.  
 
Discussion 
 
It is obvious that minimizing the need for fuel and equipment transports could make cost 
savings in an energy system, and thus both economical and environmental benefits could be 
made. A more self-sufficient system can be both more efficient and more lucrative to 
implement. Renewable energy systems such as wind power and solar power use the abundant 
supply of free energy that exist on site, and thus they are nearly self-sufficient apart from the 
need of maintenance. As a consequence, the operation costs of renewable systems is lower 
than that of fossil fuel based systems, and thus it must be beneficial in an economic 
perspective to use renewable energy. It should be noted that installation costs of renewable 
energy systems often exceeds those of fossil fuel based systems, and therefore the installation 
costs will be accounted for in order to make an accurate analysis in this survey. It should also 
be mentioned that in the above analysis, PV cells were eliminated due to insufficient solar 
irradiation and high costs. Yet, PV cells might be a good solution at other locations and 
should be considered. 
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3. Primary Energy Sources 
 
The sun is the only real energy resource available on earth. During one year the sun provides 
the earth with energy that is 15 000 [7] times greater than the total use of fossil and nuclear 
fuel. The sun is the provider of all the renewable energy available on earth. All weather 
occurrences have their origin in the suns activity like wind, wave formation and precipitation. 
Heat gained from combustion of biomass is also traced back to sun energy. These forms of 
energy come from the conversion of primary solar energy. Taking a tree or a plant as an 
example of the conversion, it stores solar energy in forms of chemical reservoirs according to 
the photosynthesis. The formation of wind patterns is the result of the uneven heating of the 
oceans. Half of the earth is exposed to the sun while the other half is not. This forces winds to 
blow as a consequence of the temperature and density differences. The following aims at 
giving a view into the harnessing the power in the wind and the direct solar energy, and 
transform it into electricity with the aid of wind turbines and photovoltaic (PV) cells.  
 
3.1 Wind Power 
 
This introduction aims at giving the reader a general view of wind power development and 
does not necessarily focus only on wind turbine operation in the Polar Regions. Where this is 
applicable it is also stated.  
 
Windmills have been utilised for at least 2,000 years as a source of mechanical power for 
example in milling grain, wood sawing and water pumping. In the late 19th century and the 
beginning of the 20th, windmills were common at farms and industries. As the electricity 
became cheaper and more widespread and the development of combustion engines made 
progress, the number of windmills dropped. Back in the beginning of the 70´s, the oil crisis 
had a great impact on global energy supply. The crisis caused a worldwide concern on how to 
make energy systems less dependent on fossil fuels. This implied that politicians had to find 
new ways to meet the power demands. Focus was put on wind power and its possibilities to 
produce cheap and clean energy. From this fact, fuel depending countries developed programs 
for utilising wind power [8]. 
 
Today, research on wind power has along with other renewable energy technologies has been 
highlighted due to the debate on global warming and the attempt to change to energy systems 
depending more on these. Wind parks have been established both offshore and on land and 
the number of installations is increasing. The largest park now under construction holds up to 
200 turbines [9]. A typical commercial wind turbine has an output of 1MW to 2.5 MW at a 
wind speed of ~12 m/s. The largest commercial wind turbine can deliver 3.6 MW of power. In 
applications in remote areas like in the Polar Region, smaller wind turbines with low outputs 
are available. Large Antarctic wind projects with commercial wind turbines are also built.  
 
3.1.1 Basic Description 
 
A horizontal wind turbine uses the kinetic energy in the wind to move its rotor. The rotor 
consists of at least two2 rotor blades and is coupled to a generator, which produces electricity. 
The tower needs to be high enough to avoid the boundary layer close to the ground where 

 
2 Research is also being done on single-blade turbines. These are available but not included in this 
survey. 
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wind speeds are low. Depending on the application, a gearbox can be coupled between the 
generator and the rotor. To utilise the available wind energy, the nacelle (Figure 14) is turned 
towards the wind as it is turning.  

 
Since the upstream wind passes through the turbine and leaves with decreased velocity all 
energy cannot be utilised. From deriving the relevant expressions in fluid dynamics it is 
shown that the theoretical maximum amount of wind power a turbine can use is 

%5959.0
27
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=≈ , which is the ratio between up-stream and down-stream wind speeds. The 

ratio is referred as the power coefficient, Cp. In practice the Cp is in the range of 0.2 – 0.4 
depending on the composition of rotor blades. As a rule of thumb, for a twin-blade high-speed 
turbine the factor can be taken as 0.5. If Cp = 0.5 is considered standard, then the practical 
maximum power output is  
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Equation 1 - Practical maximum power  

output from a wind turbine [28] 

 
This part is only a short introduction to wind physics; it is left for the reader to get a deeper 
knowledge within this subject. 
 
To make a wind power plant feasible constructers and contractors must be confident with the 
choice of site and location. This can only be done by a thorough investigation of site 
properties. That is to do measurements of wind speed, wind direction, wind duration including 
probability theory and distributions. In areas of extreme weather, air humidity, temperature 
and precipitation are important factors. These factors can have a great impact on the overall 
performance. Depending on the combination of weather conditions the turbine can suffer 
from ice formation that can cause strength problems. For climates like in the Polar Regions, 
turbine manufacturers must be confident about the strength of the wind turbine construction 
since they may experience wind gusts of up to 90 m/s.  
 
When talking about power plant performance in general a common parameter is the capacity 
factor. It defines the performance of a plant during a certain time period as the ratio between 
the amount of delivered energy and the amount delivered if the plant was running at full load. 
For a conventional well-maintained power plant the capacity factor is much higher than for a 
wind power plant due to the fact that the wind doesn’t blow at the rated power at all times. In 
contrast a wind power plant does not suffer from extensive maintenance and has therefore 
very high availability [7]. 
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3.1.2 Turbine Components  
 
The most common turbine type is the horizontal axis wind turbine. A cut-view (Figure 14) 
helps the reader to get familiar with the components of a wind turbine.  
 

 
Figure 14 - Cut-view of a wind turbine  

Source: DOE/NREL 

The largest parts, except for the tower, are the turbine blades. They are interconnected in the 
hub, which is fitted onto the main shaft. The blades have pitch control and can be pitched in 
order to achieve highest efficiency depending on the wind speed. A control unit is set up to 
control the cut-in/ off speed, i.e. the wind speed range in which turbine will operate. In this 
particular application a gearbox is attached to the main shaft. That is to increase the number 
of revolutions to a level appropriate for the generator and to make sure that the turbines tip 
speed is kept low to avoid stress. The load on the blades and on the hub is proportional to the 
square of the turning speed and is therefore crucial for the strength. Applications without 
gearboxes mean lesser maintenance and also cheaper investments. The nacelle or the housing, 
which contains the generator, gearbox and other control equipment, is placed on a yaw ring. 
The yaw ring is supporting the nacelle and is a part of the yaw mechanism that helps the rotor 
to face the wind. In case of emergencies a disc brake system stops the rotor [10]. 
 
3.1.3 Different Types of Turbines 
 
There are a number of different wind turbine types available. The horizontal axis turbine, 
HAWT is by far the most common type of turbine. They come in two different types: the 
upwind, which faces the wind (tower behind rotor) and the downwind arrangement, that 
works away from the wind (tower in front). Another kind of turbine is the vertical axis, 
VAWT arrangement that uses drag and lift as the driving forces; the horizontal also uses drag 
and lift, but in other proportions.  
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Figure 15 - Horizontal wind turbine  Figure 16 - Vertical wind turbine  

Source: DOE/NREL   Source: AWI (www.awi-bremerhaven.de) 

 
The advantages with upwind turbines are that the tower does not act as an obstacle for the 
wind hitting the rotor. Despite this, the flow behind the passing blade is affected by the tower 
and causes a slight drop in power. When the blade passes the tower it also decreases the drag 
on the construction which can cause an on / off bending process causing fatigue stress. This 
has of course been taking into account when designing the turbine. The upwind design needs 
a control system that helps the nacelle turn straight to the wind. In downwind turbines, the 
tower shades a rotor blade each time it passes by and causes greater power losses compared to 
the upwind design. An advantage with downwind turbines is that the nacelle is self-adjusting 
and is not in need of a control system. One drawback with this is the problem with untwisting 
the cable inside when the nacelle has turned same direction repeatedly. The VAWT´s are not 
as commercial and economically competitive as the HAWT´s. Some of the VAWT types 
suffer from low efficiency due to design difficulties as well as the problem with operation 
close to the ground. Parts of the vertical turbines will therefore receive low quality winds 
causing power losses. To keep the construction upright it also needs to be supported with guy 
cables attached to the ground. The vertical turbine is not in need of yaw control, which of 
course is an advantage and the wind always hits the turbine tangentially. [7] 
 
3.1.4 Environmental Impacts from Wind Power 
 
All power conversion systems have properties that affect the environment. The way the 
impact affects can be both good and bad if there is a change from fossil to renewable power. 
A wind turbine has a concentrated effect on the local environment. If a large number of 
turbines are installed i.e. a wind farm, the effects are more obvious. On every place where 
wind turbines are installed the public have opinions on the effects and impacts, anything from 
sound disturbances to shear aesthetic issues. In Antarctica there is no public opinion on how 
the wind power interferes with the environment since the people on site are scientists and in 
desperate need of power. Installing turbines must always be in line with the Antarctic treaty 
and with great respect to the sensitive environment, biotopes and habitats. The most important 
conditions, under which installing and operation must stand, are listed in chapter 2.3.  
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Sound disturbances 
 
A wind turbine produces noise from the turning rotor. The higher the conversion rate i.e. the 
size of the turbine, the higher the noise. If a large turbine has a high tip speed, the noise will 
also increase. The mechanical parts such as the gearbox and the generator will also produce 
noise. Noise will propagate in the direction of the wind and thus the turbine should be 
installed in a way that maximises the sound dissipation [11]. From theory of sound and 
vibrations propagation it is known that the sound level will decrease by the square of the 
distance i.e. if the distance is doubled – the sound level is one quarter. Nothing is ever 
completely quiet and noise levels must be put in relation to the surrounding environment. If 
the turbine is sited close to a crest or trees where one could expect high background wind 
noise originating from turbulent flows etc [12]. When it comes to Wasa, sound disturbances 
are most unlikely a problem. At times with hard wind and thus high turbine output, the 
background noise from the wind itself masks the sound from the turbine.  
 
Wildlife 
 
Wind turbines impact on wildlife is heavily discussed throughout the world. Wind power has 
the most obvious effects on birds as the turbines interfere with the bird’s natural element. Bird 
collisions occur, but can be resolved and minimised by technological improvements. To avoid 
bird collisions it is important to choose the right areas and locations with respect to nesting 
and recovering. In the Wasa region there is no specific wildlife except for a bird preservation 
area 4 km away. The impact from wind turbines will most likely not affect breeding or 
nesting patterns. More sensitive areas can be found closer to the coast where permanent 
habitats for birds, penguins and seals are located.  
 
Local impacts 
 
Installing a wind turbine has impacts on local basis. Flora and fauna can be damaged during 
installation at site and this must be considered if the site holds unique species of great 
importance. A wind turbine does not contribute to air pollution since the emissions during 
operation are zero. Replacing fossil fuelled power means benefits in terms of air emissions as 
well as the risk of fuel spill, which can have devastating effects on the local environment. 
Shadow and flashing effects from tower and rotor can be an issue if the location is not 
properly chosen.  
 
3.1.5 Performance in Cold Climates 
 
When operating in cold climates there are a number of aspects that must be considered. Low 
temperatures and drifting snow have impact on the mechanical performance. Sufficient 
lubrication of the equipment must be provided as well as keeping the equipment free from ice. 
The IEA, International Energy Agency has published a report on the cold climate 
performance of wind turbines and wind energy related equipment. They claim that there is 
quite small number of wind projects installed at cold climate locations, but that the market 
share is expected to grow. It is also stated by the IEA, that experience from operation in icy 
conditions is lacking [13]. 
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Icing is most likely to occur when the temperature is just below freezing and in combination 
with snowfall. How the ice will form is dependent on weather conditions and the geometry of 
the structure exposed. Icing can come from different types of ice climates, such as cloud icing 
where droplets of water stick to cold surfaces and form ice. Ice can also be referred to as low 
temperature icing. These conditions are often present close to coastlines where the humidity is 
high but even at highly elevated locations where low temperatures are expected. At locations 
close to the poles where the temperature drops to –50°C there is also a lack in solar irradiation 
during long time periods. Under these conditions, if a surface is already covered with ice there 
is a risk that the ice will stick for a long time. When a turbine is affected by ice, its 
performance will drop due to the change in aerodynamics. There is extensive aerodynamical 
research behind the construction and design of the turbine blades and if ice is stuck on the 
blade it will loose its unique properties and its performance will be changed. The turbine can 
still work for some grade of icing but for heavy icing the turbine might fail to function. For 
turbines with passive pitch control, the ice can in contrast lead to overproduction due to 
delayed stall and if the turbine is running above rated power it might cause serious damage on 
gearboxes, bearings and generators and must be avoided at all times. Ice formation can have 
great effect on the structural performance. If the ice has formed unevenly on the rotor it can 
cause even higher loads on the construction. Two types of load can occur; extreme structural 
peak load or fatigue stress depending on the turbine design and the icing conditions. These 
concerns must be taken into account when designing the turbine. Heavy loads need to be 
taken care of regardless of their nature. According to international standards and 
recommendations it seems like fatigue stress and fatigue related failures have been somewhat 
underestimated and may need to be revised [13]. 
 
Low temperatures play a vital role for operation in cold climates. Different materials have 
diverging temperature properties. Common materials in the wind turbine industry are steels, 
plastic and composite materials. Transmission components have suffered from damage when 
operating in low temperatures. One important aspect is how sufficient lubrication is 
maintained to avoid failures. When the temperature drops it will cause oils to get highly 
viscous and thick and must be carefully considered when installing a wind turbine. It is also 
important to make sure that electronics and connectors are resisting low temperatures. 
Failures due to condensation and freezing have been recorded [13]. 
 
 
3.1.6 Present Installations and Surveys at Antarctica 
 
Prior surveys on how to utilise wind power in Antarctica has resulted in several installations 
around the continent. By the end of July 2003, at least five stations had implemented wind 
power to their power systems respectively. The output varies from 100 – 2000 W, depending 
on the application. The two types of turbines are represented but only one VAWT is present, 
namely the Heidelberg HMW-56, Germany. Other manufacturers represented are 
Vergnet(FR), Marlec(UK), Northern Power(US) and Bornay(ES). Many national Antarctic 
programs are trying to find ways to change their existing energy systems into renewable, non-
fossil dependent systems. As mentioned earlier in this chapter a change of energy systems 
need to be preceded by extensive condition monitoring. A number of surveys have been 
carried out in the area of wind power utilisation and is of great interest for other countries that 
share the same goal. This chapter aims at gaining experience from problems encountered 
during tests and operation in a way that may be applicable on the Swedish program. When 
compiling the prior work done by other nations the results differs depending on the size of the 
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station and the number of electrical appliances, heaters etc. Despite the differences in size and 
set up there are of course similarities that can be observed and brought up for further analysis 
such as system behaviour, operation during unsupported periods, maintenance and 
interactions between different power sources within the grid. As mentioned above a number 
of installations are up and running. Most of these are acting as power units partly replacing 
fossil-fuelled installations.  
 

Wasa (SE)
Aboa (FI)

Svea (SE)

 
Figure 17 - Map of Antarctic stations, 2002 

Source: Map courtesy Geoscience Australia, Canberra.  Crown Copyright ©. 

  All rights reserved.  www.ga.gov.au 

 

Juan Carlos 1, ES 
 
The Spanish Antarctic Research program did during the 2001-2002 season a study of the wind 
properties nearby one of their stations Juan Carlos 1 (62°39'46"S, 60°23'00"W). The 
objective was to investigate possibilities to use wind power in a larger extent as an energy 
source to cover the power demand from new instruments. These instruments are supposed to 
annually record different properties within their research. Due to differences in both 
geographic location and meteorological conditions it is impossible to apply the complete 
Spanish survey to the Swedish program. Parts of the results can be extracted even though 
weather conditions can change dramatically between the two locations. One common 
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denominator is the extremes; the wind gusts can be in the same range and can have 
devastating impact on the wind turbine. 
 
The Spanish survey concluded that a result from the reference data collection made by WMO, 
(World Meteorological Organisation) differed from the experience gained by the Spanish 
team. They found that their equipment used in prior campaigns had been destroyed due to 
heavy weather shifts. From the measurements done by WMO it was concluded that such 
conditions never existed, which lead to a hypothesis that the WMO monitoring equipment had 
been affected by ice formation and that the equipment did not supply the correct data. 
 
New equipment made it possible to revise these data. The Spanish team put up a sonic 
anemometer that measures wind speed, direction of wind in three velocity components and 
temperature during one year. This device is in need of electricity to heat the sensor heads and 
requires around 50 W continuously if ambient temperatures are below 4.5 °C. The choice of 
wind turbine came to be a Rutland 913, with nominal power at 90 W at 10 m/s and maximal 
output of 250 W. The turbine was struck by hard wind and was severely damaged but is still 
in use. [14]. 
 
The previous installations consisted of two turbines delivering 1.5 kW and 3.0 kW, 
manufactured by the Spanish wind turbine supplier Bornay [15]. 
 
Mawson, AUS 
 
Australian Antarctic Division, AAD has during the last decade put a great effort into shifting 
fossil energy systems to renewables. They started back in 1993 by monitoring weather 
patterns and wind conditions, covering all their stations. From detailed measurements it was 
stated that the most suitable spots for extracting wind power was at the base Mawson 
(67°36'17"S, 62°52'15"E) and Macquarie Island (54°29'58"S, 158°57'00"E). However, focus 
was put on Mawson and the possibilities to set up a working wind park. It was decided, in 
order to meet electrical demands, that three turbines in the range of 200 – 300 kW output were 
required. The company that would supply these turbines was the German manufacturer 
Enercon. On the market there were several commercial turbines that would fit the required 
output. To endure the harsh climate and heavy weather shifts the turbines need to be classified 
for these conditions. The only turbine that satisfied this was the Enercon E- 30, 300 kW, of 
course slightly modified e.g. sealings protecting the nacelle from snow and ice attack. In 
March 2003 the first turbine was erected and started delivering power to the local grid. The 
remaining two turbines will be installed as soon as the weather allows these activities. The 
turbine has a cut-in/ cut-off speed of 2.5 / 28-34 m/s and delivers rated power at 12.5 m/s and 
the primary application for the turbine is in Northern European conditions where the turbine is 
facing wet and moist blizzards resulting in possible ice formation. It is also configured to fit 
into big grids where the wind turbine provides a small share of the total load to the grid. This 
is not the case at Mawson, where the turbine will be dominant and the guide for power 
distribution within the local grid. The difference in turbine operation character is a matter of 
software control and had to be tuned to fit to the new conditions so that the software could 
ramp down the output as the wind exceeded 25m/s and also to smoothen variations in 
frequency and voltage. 
 
The control system of the Enercon E-30 is at delivery programmed in default mode, meaning 
that the turbine due to its designated application, has a cut-off limit at which the turbine will 
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be stalled. The limit is related to combination of both the temperature and wind at which ice 
can start to form below +2°C and say 10 m/s wind. However, there are great differences in 
climate between Northern Europe and Antarctica. In Northern Europe there is damp air that 
passes through the turbine causing problems with icing on the blades. If these properties were 
to be applied on a turbine running in Antarctica one can clearly see that range of operation 
immediately would decrease in size as the temperatures and wind speeds most likely are out 
of this range. Enercon had the control system revised and is now adjusted to the conditions at 
Mawson.  
 
The installation aims at replacing as much fossil fuelled power as possible, which means that 
heat lost from the diesel engines will be produced with electricity including snow smelters, 
boilers and other heat demanding equipment. The former energy situation for Mawson is 
common for most of the stations around Antarctica. Diesel generators are used as power 
source along with recovered heat gained from the engine. Chief Engineer at AAD, Chris 
Paterson, has announced that the wind power at appropriate conditions will replace all diesel 
power. From the assessment of the project it was shown that wind power could cover 100% of 
the energy demand for about 70 – 80% of the hours per year.  
 
Since the Mawson project has not been running for a significant period of time there is not 
much published. From contact with Peter Magill, R&D Engineer at AAD, a short summary of 
the highlights, advantages as well as drawbacks was provided. Focus was put on the overall 
system behaviour and how progress is being done on integrating the turbine with the existing 
sources. For the coming six months, further tuning will be made in order to optimise 
interaction, which will decrease the number of blackouts and increase reliability. Magill wrote 
that the turbine has run without any major drawbacks but mentioned that the backup batteries 
that supplies the pitch control motors in case of black out had been out of order. The Enercon 
E-30 has a simple construction without gearbox, which is good in terms of maintenance. Next 
step is the installation of the third turbine, which is planned to support a system for hydrogen 
extraction and storage so the station in the long run can run entirely on renewable energy 
sources [16]. 
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Neumayer, GER 
 
A different wind power technique has since January 1991 been operating at the German 
station Neumayer (70°38'0"S, 08°15'0"W). At Neumayer they use a Heidelberg HMW-56 
vertical turbine with a rated power output of 20 kW. Due to lack of information, no 
experience from operation has been obtained. 
 

 
Figure 18 - Heidelberg vertical HMW-56 turbine 

Source: AWI (www.awi-bremerhaven.de) 

 
McMurdo, USA 
 
At the year-round station McMurdo (77°50'53"S, 166°40'06"E) there is a continuous need for 
external communication, which is maintained by a satellite. Due to its location, the station 
experiences radio blackout as Mount Erebus blocks the free path to the satellite. To establish a 
link, USA found out that this could be achieved by moving the transmitter to Black Island, 
located 30 km from McMurdo and is only accessible by helicopter or by a struggling two-day 
trip across the Ross Ice shelf. There are currently four wind turbines up and running. Each 
turbine has a rated power of 3 kW and is working in conjunction with a 7.8 kW photovoltaic 
power system and a set of three back-up power diesel gensets. The power system was 
delivered by Northern Power Systems Inc [17] in 1985 and was updated 1995. Despite the 
harsh climate there hasn’t been any period when the system has failed to supply sufficient 
power [18, 19, 20, 21]. 
 
SANAE IV, SA 
 
SANAE IV (71°40"S, 2°50"W) was initiated in 1991. It is a year-round station with room for 
20 people (over winter) and 80 during summer and is located on a flat rocky outcrop 160 km 
from the ice shelf on Queen Maud Land. During 1997 a crew made the first over-wintering. 
The base is currently powered by three diesel-fuelled generators at 250kW each. One diesel 
generator is running as base load and the second is automatically switched on as the power 
demand exceeds 162 kW. The third diesel-generator is an auxiliary and stand-by power 
source. The station has a maximum electrical power demand of 215 kW. An assessment was 
carried out during 2002, with the objective to investigate the feasibility with respect to 
technical and economical aspects. The base has suffered from high operation costs, which 
represents the major part of the annual budget. These are referred as costs for the fuel itself as 
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well as for the transportation and handling of the fuel. Handling of fuel in these sensitive and 
unspoiled areas is an environmental concern and there is an incentive to change or reduce the 
use of petroleum fuels, see chapter 2.3.  
 
The assessment on SANAE IV pays attention not only to electrical but also to the heat 
demand. The primary interest of SWEDARP is to satisfy the electricity demand and therefore 
focus will henceforth be put on this.  
 
The analysis is based on weather data recorded during one year and on data gathered on site. 
Existing data was taken from the SAWS, South African Weather Service that is a 10 m high 
wind mast measuring wind speed and direction. To get a fair picture of the wind conditions 
the existing data was completed with supplementary measurements done by two different 
techniques.  
 
A six-meter wind mast was collecting data at two different locations, on a snow surface and 
on solid rock. The instrumentation consisted of aluminium cup-anemometers placed on 
different heights along the mast in order to get the wind profile where new data was logged 
every 15 min for a total time of one month. The second measurement was done by a hand-
held anemometer that recorded data at 16 different positions around the station. Further 
processing with regression analysis and extrapolation of data taken by the hand-held 
anemometer, constituted the base for a wind map of the site. When calculating availability 
and energy output from wind based conversions the Weibull distribution is a useful 
instrument. The Weibull probability density function needs to be fed with parameters known 
as the shape and scale parameter. These were found with the aid of a numerical solution 
process of hourly-recorded data.  
 
From the yearly data two so-called wind speed rose graphs (similar to Figure 6), were 
developed providing a picture from where it could be concluded that the wind is very 
directional, meaning that the site is well suited for wind power utilisation. To obtain a wind 
speed map around the site, data from the hand-held anemometer were attached to the existing 
yearly measurements. Details concerning deriving of equations etc. are presented in the report 
from SANAE IV and are not brought up here.   
 
After considering a number of wind turbine options it was only one type that was found 
appropriate for the harsh conditions faced at SANAE IV. It was the Northern Wind 
NW100/19 with a rated power of 100 kW at 13 m/s wind. The turbine comes in three different 
hub-heights depending on site properties, customer demand etc. The hub-height is very 
important to consider in terms of efficiency and performance as the wind speed is increasing 
with height above the surface, which have impact on the turbines cut-in and cut-off speed. 
The Northern Wind has an operation range between 4 and 25 m/s. It is primarily designed to 
operate in harsh polar climates. At the SANAE IV base there is more or less no precipitation 
and the only snow affecting the turbine is the snow forced by strong winds. The authors of the 
assessment claims that the snow can cause problems if stuck inside the nacelle but think this 
could be solved supplying an air pressure higher than the ambient.  
 
The turbine is a gearless synchronous generator with variable speed which well suites SAPS 
(Stand Alone Power Systems). In case of an asynchronous generator it is necessary to have 
stable power supply to the generator in order to maintain current for magnetising of the stator. 
This is the reason why these generators are not very common when it comes to SAPS where a 
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local grid can be unstable and compromising. However, if a sufficient current is obtained, the 
asynchronous generator can still run. The problem occurs when the turbine is started [22]. 
 
To estimate the possible yield from the turbine the previous processed data is used along with 
manufacturers technical specification. To get the turbine power characteristics as a function of 
the wind speed a curve was developed using regression analysis. This formed the base for 
calculating the power output and focus was put on the power density, which represents the 
turbine power at a certain wind speed multiplied by the corresponding probability of that wind 
speed. If all segments are plotted the graph (see example Figure 19, p. 35) shows a 
distribution curve where power can be displayed as columns with height proportional to the 
probability. As mentioned earlier the height of the tower does not only determine the power 
output, it also predicts the operating time and accumulated energy due to limitations in 
operation range. In general a high tower means high power and that more energy can be 
extracted. As the weather conditions at Antarctica are very extreme they also set the limits of 
operation. Regular wind turbine installations never face gusty winds up to 90 m/s that can be 
encountered in Antarctica. They can therefore be built taller to capture the high-energy winds 
at greater height. In the report it is investigated how different hub-heights affect the 
performance and how they could find the balance between the operating time and height. 
Every time the wind exceeds the operation range of the turbine it has to be stalled in order to 
avoid material and constructional damage. Stalling the turbine means lost operation time and 
a drop in energy output. The annual energy output from the different hub-heights diverged 
slightly as the tower reaches above 25 m. This is due to the more uniform velocity distribution 
when reaching higher above surface. The report uses the 25 m height as a reference and one 
can find this option the most suitable for the site. According to the calculations it can deliver 
430 MWh of electricity per year.  
 
From the survey it is concluded from both technical and economical aspects that a wind 
power turbine is feasible. The capacity factor is 49% and the turbine will be able to cover 
35% of the energy demand and decreases the use of fossil fuelled power [23]. 
 
3.1.7 Utilising wind power at Wasa 
 
From the review of the existing wind power installations presented in the previous section it is 
necessary to determine what type of turbine or turbines that would fit the power requirements 
and conditions faced at Wasa and Svea. The turbine presently installed at Mawson station has 
no relevance when investigating wind power systems for the Swedish stations, since its rated 
power reaches 300 kW and the amount of power that is needed for continuous operation at 
Wasa is set to 1 kW. When searching the web for possible manufacturers of small wind 
turbines it is often hard to distinguish which turbine types that are the most enduring when it 
comes to wind survival and ability to accept snow and ice formation. By the nature of their 
existence on the market, many of the manufacturers of course present or promote their 
products as the best found. This must be carefully considered as some of them claim they are 
surviving wind speeds and temperature extremes. Tests in wind tunnels under low 
temperature conditions may not reflect the true conditions faced at Antarctica. However, some 
of the turbines installed have had modifications to meet the demands of the site conditions. 
Considering the size of the turbine one can note that the energy situation found at Juan Carlos 
1 is quite similar to the situation at Wasa, while the other stations picture different patterns as 
they offer year- round campaigns and accommodations. It can from a reliability point of view 
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be a good idea to install a number of smaller turbines instead of one large single unit if the 
turbine will face weather conflicts resulting in power outages.  
 
A list is made below for the reader to get a view of how each suitable turbine will behave 
according to manufacturers and specifications. The turbines range from some hundred watts 
up to 1 – 5 kW of rated power. 
 
- Bornay Inclin Neo 
  
This type of turbine is used at Juan Carlos 1 and it is a twin blade turbine from the Spanish 
company Bornay with a diameter of 2.68 m. The turbines cut in speed is at 3.5 m/s and rated 
power is 1.5 and 3.0 kW respectively at 12 m/s. To protect the turbine from over-speeding 
and damage it leans backwards as the wind speed exceeds 14 m/s. According to the Spanish 
MTU, Marine Technonlogy Unit, the research team has on almost every return to Juan Carlos 
1, found out that the wind turbines had been damaged. The turbine is made from maintenance 
free materials such as graphite composite, fibreglass and stainless steels. Its primary 
application is in remote isolated grids such as telecom equipment and cabins. The company 
offers 2 years warranty [15]. 
 
- Bergey XL.1 
 
The Bergey XL.1 is an upgraded version of the Bergey 1500, which was taken out of 
production in February 2002. The turbine delivers 1 kW at 11 m/s and starts to generate at 2.5 
m/s. It has no cut-off wind speed and can reach a maximum power of 1.6 kW.  It is a three-
blade turbine where the blades are made from fibreglass, which is said to be ten times 
stronger than corresponding steel construction. According to the manufacturer the strength in 
turbine design lies in its ability to withstand heavy winds. The turbine has a braking system 
that automatically turns the rotor aligned with the wind direction. It has been installed in 
Iceland, acting as power source for the Iceland Telecom, slightly modified to withstand Arctic 
conditions [24]. 
 
- Northern Power Systems HR3 
 
As mentioned above, this type of turbine has been running at the American station McMurdo 
(Black Island) since 1985. In 1995 the system was updated and a forth turbine was erected. 
The three-blade turbine has a rated power of 3 kW at 12.5 m/s. Its rotor diameter is 5 m and 
the tower height is variable. To shut down and guide the turbine in case of over-speeding 
there is a braking system that tilts the rotor to control rotational speed. The turbine is said to 
work in high-reliability remote grids, be temperature and wind resistant and designed to 
supply 1 kW continuously at an average wind speed of 6 m/s. From contact with Northern 
Power Systems, they expressed that they from many years of experience from operation at 
Black Island were confident with the challenges in Antarctic applications. According to 
online monitoring of the system, there was a 99,9 % availability rate and thus very few outage 
hours [18, 19]. 
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- Vergnet GEV 5/5 
 
French manufacturer that focus on operation in harsh climates. Power output is 5 kW at 14 
m/s and it starts to produce power at 4 m/s. The turbine is a twin-blade upwind generator 
made exclusively in low maintenance composite materials and stainless steels. It is said to 
survive winds to 50 m/s. The rotor diameter is 5 or 6 m depending on application. Tower 
heights are free of choice as there is no exclusive solution for all installations. In the paper 
Potential for Significant Wind Power Generation at Antarctic Stations [25] presented at the 
Symposium on Antarctic and Logistics Operations (SCALOP) in Cambridge, UK, 1996 a 
team of national oceanographic researchers concluded that the Vergnet 7/10 in its category, 
was the most suitable for operation at Antarctic locations. The 7/10 model has the same outfit 
that the 5/5 and 6/5 with only a difference in power outputs. The generator is asynchronous 
and can cause conflicts in terms of its demand for magnetisation current. 
 
- Windside WS-0,3A, WS-03C 
 
This is an invention of turbine that has been manufactured by the Finnish company Oy 
Windside Production Ltd. since the middle of the 1980’s. The rotor is vertical (VAWT) and 
has a coarse helix shape. It is said to generate electricity even at low winds and have a rated 
power of 90 W (12V,9A). There is no cut-off speed for the turbine, as its design doesn’t 
generate heavy stress on materials in a way that conventional horizontal turbines can 
experience. One of the benefits is that the turbine catches the wind from any direction and is 
not in need of a wind tracking system. There is no expensive tower needed and the installing 
is said to be easy [26]. The Finnish Antarctic research program have purchased three WS-
0,3A for installation during the 2003/ 04 season. Considering the load specified, a significant 
number of turbines would be required.  
 
This report focus on system solutions and aims at providing an overview of the potential of 
wind power. A complete assessment of the wind power potential at Wasa will not be justified 
within this report, as this needs a separate effort. However, the data gathered by FINNARP 
will provide enough information for appropriate estimations and guidelines for the 
replacement and upgrade of the existing energy system.  
 
Below a number of parameters is carried out and formed from the data received from 
FINNARP. The parameters are based on the most complete years found within the data 
collection, which are 1992 – 1996 and 1998. All data are yearly averages. A distribution of 
the wind is made (Figure 19) to display the fractions in each wind speed segment. The 
number of hours in each segment can then be used for calculating wind energy yield if 
multiplied by the power output curve from the manufacturers technical specifications.  It must 
be noted that the power curves for each turbine most often are predicted for operation at 10-15 
m hub height and that the calculated energy is made with data collected at 6 m height. 
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Figure 19 - Wind speed distribution, full year 1992-1996, -98 

Source: FINNARP 

 

Further calculations on the fractions showed that the average wind is 6.7 m/s. From an energy 
perspective it would be desirable to have the centre of gravity at higher wind speeds as most 
of the small turbines described above show their maximum outputs at about 10 - 15 m/s.  
To utilise the wind power at its best means that the wind is consistent when it comes to 
direction. If the wind direction is shifting very heavily it can cause a drop in energy yield. On 
the nunatak the wind is very directional and strikes the location from a distinct northwest 
direction (Figure 20). The graph shows the number of occurrences i.e. direction at every data 
point. The energy calculations made are not taking the direction into account.  
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Figure 20 - Wind direction during years 1989, 1992-1996, -98 

Source: FINNARP 

 
It was mentioned in the part Basics description about the capacity factor and how it displays 
the performance of a wind turbine. The capacity factor is calculated for the turbines suitable 
for operation at Wasa. It is shown in Table 1 below how each turbine type will produce 
energy according to their properties. The comparison is made for operation between 2m/s up 
to 19 m/s, which is the interval where you can expect substantial wind hours.   
 

Wind turbine Bornay Inclin 
neo 3000 North Wind HR3 Bergey XL.1 WS-0,30C Vergnet 5/5 

Rated power [kW] 3 3 1 0,09 5 
Total energy 
[kWh/year] 8554 7486 2526 170 9567 

Capacity factor 0,36 0,31 0,27 0,35 0,22 

Table 1 - Wind turbine properties  

 
Bornay shows the highest capacity factor and it produces enough energy to meet the required 
load demand. However, the Spanish research program had problems with the turbines. Due to 
this fact it is hard to conclude something about its ability to withstand harsh climates, which 
will remain an open issue. The North Wind HR3 has similar properties but has got 
documented records of successful operation and availability. Together with the Bornay 
turbine they show great promise in the region close to the average wind speed found at Wasa. 
Concerning the Bergey turbine, there is not much documented on operation in cold climates. 
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From the capacity factor and from the total energy delivered it seems like a turbine suitable 
for operation at Wasa. One single Windside -0,30C turbine is providing a small amount of 
energy. In order to reach significant amounts of energy a serious number (>50) of turbines 
will be needed, which will not be justified in terms of technical and economical feasibility. 
Figure 21 shows the energy output at corresponding wind speeds, where the total energy is the 
sum displayed in Table 1. 
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Figure 21 - Annual energy output for different turbine types 

 
3.1.8 Technical Solutions for Cold Climate Wind Power 
 
According to problems explained in the section Performance in cold climates, manufacturers 
have developed modifications for turbines running in cold and icing conditions. Many of the 
solutions for de-icing are focused on larger wind turbines than those considered here, but are 
most likely applicable on these. A common way of dealing with ice issues on turbine blades is 
to heat the turbine blades. This is technically viable but has a drawback – the high energy 
consumption. There are different options for blade heating, both circulating hot air inside the 
blade as well as heat elements attached close to the blade surface. The aircraft industry has 
experience from active surface de-icing. Wings are de-iced by installing pneumatic/ inflatable 
areas and where these are cracking ice in an on/off mode. The method is more energy efficient 
compared to blade heating and may deserve more research and testing since operational 
experience is lacking. A simple way of preventing ice-formation is to paint the blades black 
for higher heat capture [13]. 
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3.1.9 Discussion 
 
The idea of implementing wind power in Antarctica has been highlighted due to the debate on 
fossil fuel usage. Transportation and handling of fuels are connected to high costs as well as 
the risk of disturbing the sensitive environment found in Antarctica. Wind power is a strong 
alternative for capturing the free energy and the energy conversion is high compared to solar 
energy. Systems based on wind power have not yet reached 100 % reliability but can still to a 
large extent work without additional primary power if the wind stays within the range of 
operation. Yet, the stability and reliability of a system can be enhanced if other power sources 
are considered since a lack in substantial winds during the Antarctic summer may endanger 
the energy supply. In this context, a wind power system is referred as turbines in conjunction 
with back-up power such as battery banks or other energy storage techniques, where abundant 
energy can be stored for later use.  
 
The analysis of the different turbine types show that the performance differs from one turbine 
to another. According to Table 1 the most suitable turbine with respect to energy capture is 
the Bornay Inclin 3000 and the North Wind HR3. Bornay shows great promise for lower wind 
speeds (4-8 m/s) and is thus subject for use at Wasa since the average wind speed well 
matches the power features of the turbine. It has also the highest capacity factor compared to 
other wind turbines. From the Spanish documentation of Bornay turbine operation it was 
stated that the turbines had suffered great damage during the past year and were in need of 
repair when the crew returned. The conditions found at the Spanish station Juan Carlos 1 is 
not applicable to the Wasa region where conditions are drier, but also colder. At Wasa, the 
absence of the sea ensures less cloud-icing conditions. One can expect less ice related 
problems for operation at Wasa. The other turbine, North Wind HR3 has been installed at 
various sites in Antarctica and has shown great promise in terms of reliability and 
performance. It has also the advantage of extracting energy at low wind speeds and its 
properties are similar to the Bornay turbine, with almost corresponding rated power and 
power curves. There is a difference in cost for the two turbines, where Bornay is the cheapest.  
 
A wind power system in Antarctica has the following strengths and weaknesses, 
 
Strengths 
 
A wind turbine is custom in areas where there is absence of hydropower or local grids. Wind 
power is therefore fundamental in a renewable energy perspective where extensive energy 
is required. 
 
A wind power plant is not dependent on fuel and hence emission free. External power is only 
for equipment installation and maintenance.  
 
No harmful environmental impacts, only local impacts from installations. Sound emissions 
is most unlikely a problem since wildlife is rare and that the stations are only occupied for a 
few months. 
 
Wind turbines have higher energy conversion ratio compared to other renewable power 
sources such as solar power (PV). 
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As the technique is not dependent on fuel, the cost of energy $/kWh is lower than for 
fossil fuelled energy. No fuel implies less cost for transportation.  
 
 
 
Weaknesses 
 
Depending on the turbine design, relatively high level of maintenance is required.  
 
Icing events can occur and are hard to predict as their origin are quite complex. 
 
Today, manufacturers are striving for more reliable components, as the harsh conditions put 
every part to its limits. 
 
Renewable energy systems are as always weather dependent. Power output is depending on 
the seasons; summer periods show light winds whereas winter periods show stronger winds. 
No wind means no power.  
 
3.2 Photovoltaic Cells 
 
The technique of gaining electricity by photovoltaic effect has been known for about a 
century. It was not until the 50’s that the development started to take place in the Bell 
Telephone Laboratory, New Jersey, USA. The first real application came to be part of the 
American space program as a power source for their second satellite, Vanguard 1. Due to the 
high cost for such a new invention, the government was the only actor to afford this. The solar 
energy conversion efficiency at this time did not reach no further than, say, up to 5 percent. A 
typical commercial PV cell of today has an efficiency of about 10 – 15% [7]. 
 
3.2.1 Basic Description 
 
Photovoltaic cells (PV) are made out of semiconductors, most often silicon. The cell contains 
two different semi-conducting materials. To obtain an electric-potential during operation the 
materials have different electric properties, one side acting as cathode (negative) and one as 
anode (positive). For the negative type (N-type) conductor, with electron surplus, pure 
crystalline silicon with tiny quantities of phosphorus is chosen, whereas for the positive type 
(P-type) the silicon is doped with small amounts of boron causing a deficit of electrons. The 
basic principle of the cell is that when light hits the cell, parts of the light will be absorbed in 
the semiconductor. If the energy in each photon striking the semiconductor is high enough it 
will force electrons to detach from the conductor and thus available for obtaining a current. In 
junctions where N and P materials meet there is a static electric field acting as a guide for the 
electron flow. Between a metal grid on the top and a plate on the lower side an electric current 
is obtained. Figure 22 below shows the operation principle of a photovoltaic cell.  
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Figure 22 - Physical principle of a photovoltaic cell [27] 

 

As mentioned above, the PV cell consists mainly of crystalline silicon plates or as a thin film 
representing the new technology. Each PV cell is then assembled to a module with a 36-cell 
configuration, which then finally is enclosed within a plastic and glass frame. In contradiction 
to the assembly of modules the thin film technology is made directly on the substrate. There 
are four different technologies or configurations of material when it comes to thin film PV; 
silicon (thin film Si), cadmium telluride (CdTe), copper indium diselenide (CIS) and 
amorphous silicon (a- Si), where the latter is the one that have reached serious production 
volumes. The remaining is still on a pilot production or at small-scale production, striving for 
commercial shares [7]. 
 
3.2.2 Performance of a PV System 
 
As the technology of PV has developed, the photovoltaics have become more widespread and 
available for people in general. Today PV modules power many cottages, caravans and boats 
etc. where the absence of a national or local grid is custom. The technology is suitable for 
these applications since installation and maintenance is quite easy and that the operation is not 
in need of any control from grid operators. As described in chapter 2.1 it was clear that the 
present PV installations are running smoothly during the period of research. They are able to 
cover approximately 95 % of the power demand. Batteries are working as a buffer and storage 
for abundant solar power for later use. This is the common design for these systems. Common 
for most of the renewable energy systems is that they experience problems with reliability. 
This means that for every construction of renewable power systems particularly PV systems 
and wind turbine systems, a number of issues must be brought up for discussion. 
 

• How does the power demand vary during time? 
 

• What is the duration of the solar irradiation? What is the characteristic of the power 
curve? 

 
• If the PV system is stand-alone, how many days or weeks can the system survive if the 

sun doesn’t provide sufficient power i.e. how much battery capacity must be installed? 
 

• Can the system be left without maintenance for a long period of time? 
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The need of prediction of sun duration is of course central as it sets the level of performance 
for the system. As the primary objective for the report is to supply the stations equipment with 
continuous power for the year, the need of prediction of sun duration and weather is crucial. 
The following parts will investigate and answer the questions pinpointed above, and at the 
same time decide whether further expansion of the existing PV power system alone, or in 
conjunction with the other new equipment will be feasible with respect to technical and 
economical aspects. A single cell is about 100 cm² and delivers approximately 1 W. A module 
is built out of about 40 cells and has an output of about 40 – 50 W. If desired, these are 
connected in series to complete an entire array of modules. The PV cells behave different 
depending on the application and the way they are connected. A number of factors are 
important to consider when designing a PV cell array.  
 

• The intensity and inclination of the sun together with the angle of mounting 
 

• Matching of load  
 

• Ambient temperature 
 
Each type of PV cell has specific shapes of current – voltage (I-V) and thus power – voltage 
(P-V) curve.  For a silicon PV cell during standard test conditions at 1000 W/m², air mass3 1.5 
and 25°C an I – V curve can be displayed as below (Figure 23). 
 

 I 

V 

Intensity (1) 

Intensity (0.5)
V0

I0 

 
Figure 23 - I – V curve, PV Module [28] 

 

 
One can see the shape of the curve makes a distinctive drop at a certain voltage. The cell has 
its highest voltage at open circuit, VOC when the resistance is infinite which is when no load is 
connected, i.e the short circuit (ISC) current is zero. If the resistance is brought to minimum 
the ISC reaches maximum, whilst the VOC is zero. Since electric power is the product of 
voltage and current it is clear that the optimum point for operation is the point where the 
product has its maximum. This point, known as the MPP (Maximum Power Point), is the spot 

                                                 
3 Air mass : AM0 is in outer space, AM1 is ideal earth conditions at clear sky, AM1.5 is an average day 
with typical humidity and pollutions. 
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where the manufacturers let their PV cells work at, which means that the resistance is set to a 
level that provides the highest power and corresponds to the MPP.  
 
If the sun intensity is changing the output from the PV is consequently changing, as the ISC is 
direct proportional to the intensity. It has a small affect on the VOC. Graphically the result is a 
decrease in area underneath the I – V curve and the MPP moving to the left. The photo 
conversion efficiency is considered to be quite constant (1,0 – 0,95) as the sun intensity is 
dropping from 1000 W/m² to 500 W/m² i.e. the efficiency is the same for a clear sky day and 
for a cloudy [28]. It must be kept in mind that the photo conversion efficiency does not 
include power inverters or other equipment, if connected, will generate heat and thus 
decreasing the overall efficiency.  
 

cell  theexposingpowersolar
outputpower

=η  

Equation 2 - Efficiency for a PV cell 

 
During a day of operation the sun intensity varies in time as the weather conditions shift. 
Modern PV cells are equipped with devices that help the PV array deliver power at MPP in 
order to obtain highest output. When it comes to charging of standard 12 V batteries, it is 
custom to arrange about 36 cells in one module so that the output voltage reaches beyond and 
secure the 12 V supply even if the weather is not reliable. For proper operation the PV array 
need to avoid any shading of the array. If there is shading, then parts of the array will act as a 
load in order to fulfil its oblige to transmit the current through the entire array. The shaded 
part will be forced to conduct the current under the condition of not providing voltage. This 
results in a local power loss according to Ohms law4. The sun-exposed parts of the array will 
then try to maintain the required voltage, resulting in higher voltage, which in turn means 
lower current and power (Figure 23). If the shading of the array reaches a certain limit it leads 
to power outage, as the system doesn’t provide enough voltage i.e. a voltage below VOC. In 
modern PV modules and array arrangements it is common to use by-pass diodes that can 
bypass the shaded module causing a lower drop in power.  
 
In order to obtain the largest possible yield from the PV array, it needs to be tilted in a way 
that collects as much sun as possible. A good way to achieve this is to install a sun tracker 
device that helps the array to face the sun at optimum angle. If a sun tracker is not available, 
one can improve the yield by changing the tilt of panels according to change in seasons.  
 
The temperature has of course effect on the performance of the PV module. However, the way 
that the temperature affects the PV does improve the performance of the PV module is a 
benefit for the Antarctic applications. It is shown [28] that the power output of a silicon cell is 
dropping 0,45 % for every degree temperature raise and vice versa. When the temperature 
drops the voltage increases more than the current drops, i.e. the product is larger and hence 
the power. In order to obtain the increasing power the, system must be designed in a way that 
it can cope with a climbing voltage. This means that the power curve for each operation 
temperature has a unique peak power and voltage point. The effect of cold weather doesn’t 

                                                 
 
4 U = RI; P = RI² 
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provide any negative effects on the performance; the temperature actually contributes to 
higher efficiency. 
 
During the Swedish Antarctic research periods the sun provides power enough to cover the 
stations demand. To justify further expansion of the PV system as a step in offering more 
power to a future, more extensive research program, the sun data will form the base on which 
a decision can be made. The major problem when implementing a PV system is the fact that 
the sun doesn’t shine when you really need the energy, which is applicable to locations on the 
earth that have dramatic change of seasons. The season when the demand is highest is also the 
time when the sun duration shows a minimum. At Wasa, the power need for research 
equipment is considered to be constant on a yearly basis. It is desired to have 1 kW of electric 
power, continuously. To meet this demand it is most unlikely to achieve this with solar power 
only. This is evidently the case if one is looking at a curve (Figure 24) describing the annual 
variation of solar irradiation i.e. when the daily maximum and minimum fluxes converge. It is 
shown that the sun is below the horizon for approximately 90 days i.e. 3 months. Note that 
this time span has been preceded and ended by a period with fading sun intensity causing poor 
efficiency and yield. 
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Figure 24 - Max/min radiation at Wasa 

Source: University of Utrecht (NL), AWS 5 

The existing PV system at Wasa is running smoothly. The present installation and orientation 
of the panels are as mentioned aligned with the building wall. If solar panels are to work in 
periods with low sun intensity, which is the case for powering of measuring equipment during 
the Antarctic winter, the present installation is still a good solution since the sun angles 
expected are very small. However, during the research campaign, say November until the end 
of January one can expect even greater energy yield if the panels are tilted in a way that faces 
the sun. One suggestion in order to receive more energy is to have the panels tilted according 
to season i.e. when the research team arrives at Wasa they manually change the panel tilt for 
the coming research period. When leaving the station for winter, the panels are prepared for 
low angular sun radiation.  
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The NASA Surface meteorology and Solar Energy [29] (SSE) website can provide the user 
with optimum tilting angles and other parameters for sizing and tuning of systems depending 
on weather conditions. To access the data, the user needs to enter the latitude and longitude of 
the requested location, here 73° 02'S 13° 24'W. By entering these inputs the peak-sun hours 
can among other parameters, be calculated as an indicator of solar properties. The following 
table shows the optimum angles for each month of the year. Note that the angles calculated, 
are based upon monthly average maximum radiation. SSE’s intentions with the database is to 
support pre-feasibility studies of renewable projects rather than replacing quality 
measurements as the data is constructed from a 1° by 1° grid model. The model calculates all 
properties “cell wise” and is therefore insensitive for difference within the cell. The 
calculation algorithms for radiation on equator pointed surfaces are following the RETScreen 
method, which is a model brought out by the Renewable Energy Decision Support Center in 
Canada. 
 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly 
 Average

Optimum angle 
[deg] 29.0 44.0 66.0 80.0 - - - - 72.0 55.0 33.0 28.0 50.8 

Radiation at 
optimum angle 
[kWh/m²/day] 

5.2 4.5 3.6 1.2 - - - - 2.7 5.0 5.2 5.9 4.2 

Radiation at 
90° tilt (Wasa) 
[kWh/m²/day] 

3.8 3.7 3.4 1.2 - - - - 2.6 4.3 4.0 4.1 3.37 

Diff [%] 37 22 6 - - - - - 4 16 30 44 20 

Table 2 - SSE Radiation on equator-pointed tilted surfaces / RETScreen method [30] 

 
Table 2 gives the angle in degrees, based on 10 years average, for which the highest yield is 
obtained. From the table it is clear that the energy yield can be improved. Their efficiency can 
be improved if the panels are tilted properly, since the cell output current [28] is expressed by 
 

ϕcos0 ⋅= II  

Equation 3 - The current as a function of angle 

The angle ϕ, represents the angle between the sun beam and the normal of the PV array plane. 
I0 is the current at normal sun i.e. the current obtained at ϕ = 0° and the law is well defined for 
angles up to say 50°. If the sunbeam angle reaches 85° and up, there is no power generation. 
One should however be careful when judging the exact values of radiation and improvement 
of the performance as the SSE model can possess a lack in accuracy and that all energy is not 
recoverable due to the absence of component losses and within the calculation. The 
conclusion is that the yield can be higher if the panels are tilted in accordance to the sun 
inclination. Table 3 displays the approximate yield and area for a PV system installed at Wasa 
coordinates for both 90° and optimum angle tilting. The efficiency of a PV module is 10 – 
15% under good conditions. At Wasa the existing PV system is attached to the station walls, 
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Table 3 - Calculations of needed panel area 5

If aligned with wall the n 200 m². No respect is 

.2.3 Environmental Impact from Photovoltaic 

V modules have insignificant impact on the environment [7]. No emission of gases or 

 a CIS or CdTe type array is exposed to fire or if the array will start burning from a short 

ike for wind power, PV’s have a visual and aesthetic impact on the environment. It is left for 

ground level onto buildings to avoid drifting snow to get stuck onto the array glazing.  

                                                

vertically. They are also orientated in three directions resulting in an overall efficiency drop. 
The system efficiency is therefore estimated to be about 5%, with respect to the way the 
panels are mounted and to possible weather impacts. 

Month Days kWh/m²/day 90° kWh/m²/day optimum angle kWh/m² 90° kWh/m² optimum angle
J 31 3,8 5,2 118 161
F 28 3,7 4,5 104 126
M 31 3,4 3,6 105 112
A 30 1,2 1,2 36 36
M 30 0,0 0,0 0 0
J 31 0,0 0,0 0 0
J 31 0,0 0,0 0 0
A 31 0,0 0,0 0 0
S 30 2,6 2,7 78 81
O 31 4,3 5,0 133 155
N 30 4,0 5,2 120 156
D 31 4,1 5,9 127 183

Total annual energy 821 1010 kWh/m²

Annual energy demand (1 kW constant load) 8760 8760 kWh

PV Area needed (5% efficiency) 213 174 m²

area needed for sufficient energy is more tha
taken for the power demand, which cannot be met unless an extensive battery back-up system 
is considered. 
 
3
 
P
liquids is released during operation and they do not emit noise. The structure is mechanically 
safe as there are no moving parts that can fail or burst, except for impacts from heavy 
blizzards and strong wind. When dealing with electrical power there are always shock risks. 
However, if the installation is carried out in a professional manner the risk of shock is equal to 
any permanent electrical installation. The lower the voltage, the lower the risk of shock.  
 
If
circuit, there is a risk of harmful substances being released. The CIS and CdTe, contains 
heavy metals, which is harmful to the environment as the metals stay and enriches in the food 
chain. The concentration of these metals is low and the scenario above is not of crucial 
importance for implementing solar panels.  
 
L
the individual opinion to judge whether solar arrays is appropriate in its environment or not. 
The aesthetics have great impact when it comes to large-scale PV fields, where this can 
entirely change the face of the landscape. In Antarctica, most PV arrays are installed above 

 
5 The panel efficiency is regarded as total system efficiency. 5 % efficiency is due to different mounting 
directions. 
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ling of 

tions and Surveys at Antarctica 

s stated in chapter 3.2.2 are really 
rought to the edge. Solar panels must like wind turbines withstand wind gusts, snow 

zards 
ave struck the modules causing a scratched and cracked glazing (Figure 25), which in turn 

The environmental effects from PV operation is obviously very low and can be considered the 
most clean energy conversion system found. Producing PV arrays does comprise hand
toxic and harmful substances but like other industry branches the process is guided by 
regulations and legislates. The most common material today in PV’s is silicon, which is not 
considerably harmful. 
 
3.2.4 Present Installa
 
Considering the harsh climate in Antarctica, the question
b
blizzards and heavy weather shifts. During the Antarctic summer there is no doubt that the 
sun can provide enough power. This is due to the midnight sun as the observed locations are 
situated above the south polar circle. In contradiction, during the months of Antarctic winter, 
say, April until September, there is low intensity from the sun and is therefore the major 
challenge when it comes to designing system. At present there is no research activity at Wasa 
during the winter. From the description of the problem it is desired to have power for 
monitoring equipment that can cover the months without research activity. By collecting 
experience from the Swedish program itself, other nations prior and ongoing work a 
conclusion about the presence of PV cells will be made. To estimate reliability of PV it is 
desirable to have a collection of measured sun duration data or by calculation with models 
based on seasons and terrestrial coordinates. SWEDARP have the opportunity to share solar 
data recorded by University of Utrecht (NL) [31], which was explained in chapter 2.2.3. 
 
One of problems that have occurred during operation is that grains of sand from bliz
h
will end up in a decay of power as the modules become shaded and loses its transparency. If 
the glazing is severely damaged the next step can be the sensitive surface of the PV itself. It is 
hard to deal with this problem as the irradiation from the sun need free way to the modules in 
order to work properly. No shelter or shading is accepted. The PV array is mounted on the 
northern sides of the buildings to collect as much sun as possible. However, they are at 
present aligned with the wall, which is not preferable considering the loss in solar power 
potential. Under the climate conditions faced in Antarctica it maybe a problem with operating 
sun tracker equipment that will work continuously during the year, as these need maintenance 
when snow and ice attach to joints and moving parts. Since the buildings at the stations are 
partly occupied with PV modules (Figure 26) there could be room for an extension of the 
system in order to prolong the use of solar power but also a way for future reduction of 
propane/butane use, where excess solar power could generate heat from pure resistance 
heating. 
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Figure 25 – Cracked panel surface  

Photo: SWEDARP 

 
Figure 26 – Solar panel arrangement at Wasa 

Photo: SWEDARP 

 
Many other stations at Antarctica have installations where PV cells work in conjunction with 
other power sources. What separates the installations is the scale of the system. The United 
States Antarctic Program has a number of installations at their stations. At McMurdo station 
approximately 240 m² of solar panels have been installed [32], 20 times larger than the 
Swedish. These are connected to a battery pack with a capacity of 30 000 Ah. The system is 
capable of delivering 2400 kWh annually.  
 
PV cells are convenient as a source of power when it comes to RAPS (Remote Area Power 
System). Many research activities and other services at Antarctica are carried out at non-
permanent research facilities - field stations that may not be in use during every campaign. If 
these stations are utilised they require flexible power systems that operate with high reliability 
and a minimum of maintenance. The AAD, Australian Antarctic Division, has carried out 
different system solutions for powering their field located communication VHF-repeaters 
[33]. The power system consists of both solar and wind turbine units. However, as the 
repeaters are located at elevated spots they are also heavily exposed to the hardest of weather 
conditions and thus restrict the use of the wind turbines. For the field huts a special unit with 
the same configuration as for the radio communication has been installed.  
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Latitude Technologies Pty Ltd has in collaboration with the AAD [34, 35], carried out a 
calculation model SEMAS (Solar Energy Modelling for Antarctic Stations), which provides 
information on solar potential at Antarctic stations. The model is in the first phase intended to 
Australian activities but will by further development also be applied on other locations 
worldwide. The model was calibrated using observation data collected by, ABM the 
Australian Bureau of Meteorology. A number of approaches were discussed in order to 
optimise yield, such as if panels and array were to be installed tilted, fixed or with sun 
tracking. From the model it was shown that a PV array installed in the harsh climate of 
Antarctica would not be economically justified if sun-tracking equipment were installed. The 
yield is higher, but still not high enough to cover purchase of this equipment in terms of 
energy output per currency unit.  
 
A new PV cell installation was initiated at the Spanish station Juan Carlos 1 during the 
1999/2000 season. The installation aimed at updating the existing solar panels that installed 
during previous campaigns. At the station there is meteorological monitoring equipment that 
is powered by both solar and wind power. During the winter, from March until November, the 
power consumption from the equipment reaches 100W, which is supplied by the PV’s and the 
wind turbine. The rated energy output of the PV is 204 kWh per year [36]. There is 
unfortunately no information available on how much each power source contributes 
respectively.  
 
3.2.5 Discussion 
 
The above sections have formed a base upon which some important conclusions can be made. 
By collecting information from published reports and research material about solar power in 
Antarctica, it is clear that the technique is feasible for certain periods. PV modules are 
producing inexpensive clean energy during the Antarctic summer when the sun remains above 
the horizon. A power system at locations above the polar circles can’t be based upon PV since 
the sun duration decreases rapidly from May and being completely below the horizon during 
June, July and August. During these months the energy not delivered is around 3000kWh, 
which corresponds to a battery capacity (12V) of 260 000 Ah. The battery capacity needed for 
complementing PV outages, covering the dark months, is then unrealistic. The conclusion is 
that solar power must work in conjunction with other sources like wind power and in some 
critical periods even with fossil fuelled power.  
 
A number of new technologies are starting to take place but in terms of economy and 
reliability they are not justified. Off-season operation means that system must be extremely 
reliable since a serious amount of money is put in research based upon gathered data. As the 
report focuses on system behaviour, new technologies like the thin film cells are disregarded 
at this point. At the moment a replacement of the existing PV system, with new slightly more 
efficient modules will not be economically justified. The efficiency is improving but is still in 
a region of low conversion. However, the overall performance of the PV system can be 
improved by installing array mountings that will enable adjustments of panel tilting. 
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The following shows the strengths and weaknesses of  PV systems, 
 
Strengths 
 
The major advantage of a PV system in SAPS is the low level of maintenance. No moving 
parts implies low mechanical failure rate.  
 
PV modules have insignificant environmental impacts. The operation is emission free - only 
clean energy is obtained.  
 
PV applications have future promise and research is in progress. 
 
 
 
Weaknesses 
 
The PV cells suffer from low efficiency conversion compared to other power generation 
methods.  
 
In order to work properly the PV panels need sufficient solar irradiation and are hence 
season dependent. 
 
Due to the low efficiency a significant area will be needed in order to obtain high power. 
 
PV modules (small scale) are expensive in terms of currency per peak-watt installed and thus 
high kWh cost. This fact becomes even more true for Artic regions where the annual solar 
radiation is not substantial. 
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4. Secondary Energy Sources 
 
4.1 Energy Storage 
 
In remote hybrid power systems based on renewable energy, there is a great need for ways of 
storing excess energy due to the very intermittent supply of energy from the renewable energy 
sources. Especially techniques based on wind and sun can fluctuate widely in power output 
compared to traditional energy sources like diesel engines and gas turbines. In areas where the 
need for constant supply of energy is crucial for livelihood and survival, the reliability of the 
energy supply is of extraordinaire importance. It is therefore also vital that the energy storage 
can meet up with all demands that is put on them depending on the given prerequisites. 
Antarctica is in this aspect an interesting area when studying the possibilities of implementing 
different energy storage techniques, the rough climate and the remote location makes high 
demands on the energy systems and consequently also on the storage of energy. SAPS that are 
independent on fuel transportations and that contributes with no emissions could be very 
valuable in all aspects of the energy market in Antarctica, both environmentally, economically 
as well as technically, and an important task in achieving this is to construct efficient energy 
storages. There are many ways of storing energy today, but in this survey only the most 
interesting techniques are evaluated. Ways of store energy is usually divided in groups with 
respect to what form of energy that is to be stored. 
 

• Mechanical energy: springs, flywheels etc. 
 

• Chemical energy: hydrogen storage, batteries etc. 
 

• Thermal energy: heated and isolated spaces etc. 
 

• Potential energy: water basins and reservoirs etc. 
 
Because Antarctica is a cold region, thermal energy storage is not of current interest, likewise 
are storages like water basins or flywheels not of any great importance. With Antarctica in 
mind the most interesting type of storage is without doubt chemical energy storage, e.g. 
hydrogen vessels or batteries, and therefore this analysis is only dealing with ways of 
chemically store energy.  
 
4.1.1 Advantages with Energy Storage 
 
Some important advantages of using energy storage are as follows [37]. 
 

• Improved quality and reliability: Especially in stand-alone power systems the energy 
storage can secure the supply of energy at all times and it can meet the fluctuations in 
power output in a preferable way. 

 
• Reduced losses: There is no need for large transmission lines and thus there is also no 

dependency of other connected sub-systems, which will result in less transmission 
losses and regulation losses. It is also easier to utilize all excess energy from the power 
sources because the energy is stored on site. 
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• Economically viable: Because there are less transmission lines and simpler equipment, 
there will be less maintenance costs and also no need for expensive fuel transports. 

 
• Environmental favourable (renewables): With the integration of renewables, unwanted 

emissions will decrease. There will also be less environmental impacts from 
transmissions and transports, e.g. magnetic field effects from transmission lines and 
additional emissions from fuel transports will disappear. 

 
• Strategically advantageous: It is easier to construct the energy systems in a preferable 

way depending on the given conditions and demands because there is less dependency 
of other sub-system in a grid-connection. What kind of energy carrier should be used, 
where is the best site located and what power sources are preferable to use, given the 
circumstances? 

 
Fossil fuels have had major advantages regarding the possibility to transport and to store them 
efficiently, and fossil fuel has in that aspect been preferable compared to other energy 
sources. Wind and solar irradiation are on the other hand something instantaneous and 
intermittent, and therefore also hard to bridle and store, but if transformed into electricity or 
some other energy carrier there are several possible solutions to the problems. With respect to 
the list of advantages stated above some differences between fossil fuel based storage systems 
and storage systems based on renewables could be gathered. The most evident aspect is that 
renewables don’t contribute to any unwanted emissions to the environment. It should also be 
stated that there could be economical benefits when using renewable storage techniques due 
to less transport costs and maintenance costs, see also chapter 2.4. Nevertheless, the technical 
aspects are somewhat more complex and it depends to a great extend on what storage 
technique that is to be used. As said earlier, this compilation will primarily deal with ways to 
chemically store energy, and the most interesting methods are hydrogen storage and batteries.  
 
4.2 Hydrogen Systems 
 
There is much to suggest that hydrogen is a good technique as secondary power supply in 
SAPS [38, 39]. As a nearly ideal energy carrier and energy source, hydrogen will play an 
important part in the future decentralized energy society. Hydrogen exists as a natural 
compound in the atmosphere; it is non-toxic, tasteless, colourless, odourless and safe to 
breath. Additionally hydrogen is renewable and therefore also sustainable in that sense there 
exists an abundant supply of hydrogen in the universe. It could also easily be regenerated 
from water and other fuels, and thus it is furthermore nearly completely inexhaustible. 
However, a common opinion in modern times has been that hydrogen is unsafe. The 
Hindenburg and Challanger disasters and the development of the hydrogen bomb denote the 
explosiveness and hazards of hydrogen.  Yet, if used correctly, hydrogen is no more 
hazardous then other explosive substances. Hydrogen systems could be divided in three 
separate areas of concern, hydrogen generation, hydrogen storage and hydrogen conversion, 
[40].  
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4.2.1 Hydrogen Generating Techniques 
 
There are several methods for direct generation of hydrogen on the market today, like 
reformation of fossil fuels, electrolysis of water, photo electrolysis of water, biological 
activity, bio-decay of waste and thermo-chemical production among others. Although many 
of these methods are not suitable for use in Antarctica and thus the list of possible solutions is 
reduced. According to existing environmental constrains and legislations in Antarctica, no 
biological generation of hydrogen is allowed, as is bio-decay of waste due to waste 
management guidelines. In addition, the ambition of reducing the fossil fuel dependence 
makes reformation of fossil fuels unfavourable as well. The most promising method for 
generating hydrogen is electrolysis of water. By using the surplus power from the primary 
energy source in an electrolyser, the electrical energy could be used for splitting water into 
hydrogen and oxygen, and thus an electrolyser functions almost as a reversed fuel cell. The 
major advantage of using electrolysis of water is that it allows an on-site production of 
hydrogen from the utilisation of renewable resources on-site. The efficiency of the 
electrolyser is nevertheless much dependent on the production rate, a fast production means a 
reduced efficiency and vice versa, and therefore relatively big losses could occur during each 
conversion. Another disadvantage is that the technique needs an abundant supply of 
completely clean and deionised water, which complicates the system to some extent. Still, 
electrolysis of water has some clear advantages compared to the other mentioned techniques. 
 
This survey does not aim to provide any deeper knowledge about the different techniques and 
thus this part is left for the reader. 
 
4.2.2 Hydrogen Storage 
 
The most common ways to store hydrogen are gaseous storage, liquid storage, metal hydride 
storage and carbon compound storage.  
 
Gaseous storage 
 
Storage of gaseous fuels in bottles, tanks and other appropriate structures is a widely used and 
common method. However, hydrogen is a very volatile gas and thus it requires substantially 
large volumes to contain the same amount of energy compared to many other gaseous fuels. 
Larger structures are altogether very expensive and have a greater weight, and consequently 
larger structures are not as lucrative. To minimize the storage volume the hydrogen could be 
stored at higher pressures, and thereby increasing the energy density within the storage 
volume. Yet, increased pressure brings larger risks, a higher consumption of energy within the 
process (compressors etc.) and it increases the need for more robust structures. The 
developments are today aiming at reducing the weight of the storage tanks by researching on 
lighter materials. 
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Figure 27 - Gaseous hydrogen storage tank 

Source: NREL 

 
Liquid storage 
 
Another way of minimizing the storage volume is by chilling the hydrogen gas to liquid 
phase. By doing so, the pressure will be reduced and the energy density will be increased, and 
thus no high- pressure containers are required. However, the extremely low temperatures 
present other challenges for the storage vessels, in terms of low temperature materials and 
insulation capacity. This makes the liquid storage method even more costly then the high-
pressure gaseous storage, but with a reduced weight. Hence, liquid storage is preferable in 
vehicles were optimum weight is a crucial factor.   
 
Metal hydride storage 
 
By pumping hydrogen under high pressure into a container filled with certain metals, the 
hydrogen will be absorbed by the metals and metal hydrides will be formed. During this 
process the storage container must be chilled in order to stimulate the absorption of hydrogen, 
otherwise the reaction will decrease. By reheating the hydrides, the hydrogen will be released 
and the metal will revert to its previous condition.  
 
Metal hydride storage is a relatively new method that needs to mature before it can be 
commercialised any further. The existing products are still very inefficient mainly due to 
limited capacity of the different metals that is being used. Present researches are focusing on 
increasing the absorbing qualities of the metals and the life-cycle performance of the systems. 
But the developed systems are still very sensitive to material stresses and impurities in the 
hydrogen, and they are as with the previous methods also very expensive. However, there are 
still much to suggest that metal hydride will be more accessible in the future, due to the 
storage potential and the high applicability.   
 
Carbon compound storage 
 
Some carbon materials are very porous and have the ability to form structures with a high 
specific surface. This makes them suitable as hydrogen absorption materials, like the metal 
hydrides discussed in the previous section. The different carbon compounds suitable for 
hydrogen storage are activated carbon, nanofibres, fullerenes and nanotubes among others. 
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The result is a method with a high storing capacity in rather small sizes, low costs and low 
temperatures. Yet, the technique is still in a test phase and thus it must be further developed to 
be suitable for commercial use.  
 
4.2.3 Hydrogen Conversion Techniques 
 
There are in principle two different methods for power generation from hydrogen, combustion 
and electrolytic conversion. They are based on two entirely different techniques and thus there 
are not many similarities between the two.  
 
In some kind of internal combustion unit like an engine, pure hydrogen or hydrogen-fuel mix 
could be used for the combustion process. Using hydrogen would dramatically improve the 
environmental performance compared to fossil fuel based combustion units. Yet, all processes 
using combustion units are constrained by the Carnot process, which means that the efficiency 
is limited to around 30%. Moreover, the oxygen used for the process is most often utilised 
from the air, and thus there must be a supply of excess air to the system. An inefficient 
utilisation of the air, i.e. much air in excess, would result in a formation of greenhouse gas 
emissions such as COx and NOx gases. These among other things makes hydrogen based 
combustion units unsatisfactory as possible secondary power sources in Antarctica.  
 
Direct conversion of hydrogen to electricity via electrolysis is done by so-called fuel cells. 
The fuel cell technique is developing very rapidly and it is an interesting technique for future 
appliances, especially in an Antarctic perspective. Thus an entire chapter will be devoted to 
investigating this technique further, see chapter 4.3.   
 
4.2.4 Reference Surveys 
 
Potential of using hydrogen within the Australian Antarctic program 
 
The potential of using hydrogen as energy storage and supply medium, focusing on the 
Australian Antarctic program, have been reviewed in a thesis by Pointing at the University of 
Tasmania [40]. Because Australia is one of the big actors on the Antarctic arena, possessing 
seven stations, (including semi-permanent stations) and with numerous weather stations and 
other equipments, they hold the necessary prerequisites to facilitate the implementation of 
new and untested technology, such as hydrogen energy. Therefore the Australian Antarctic 
program represents an appealing object of interest, from which experience can be received. In 
the referred thesis the basic conditions for hydrogen systems was established and applied for 
four different cases, ranging from large-scale stations to small-scale field camps. Every case 
was also subdivided into possible system solutions or scenarios. In addition, economical, 
operational, logistic and environmental aspects was considered and evaluated for each 
scenario. A SWOT (Strengths-Weaknesses-Opportunities-Threats) analysis of the AAD 
(Australian Antarctic division) to pursue a hydrogen program in Antarctica was also carried 
out. The outcomes of the analysis showed that there is “much to gain, and little to lose” in 
utilising hydrogen energy in Antarctica, with respect to the work of the AAD. 
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Some of the suggested and stated strengths and weaknesses were as follows,  
 
Strengths The Australian Antarctic stations do, as mentioned above, already posses many 

of the resources and facilities that is needed in order to implement hydrogen 
systems. 

 
The knowledge and experience of handling of hydrogen does also exist, e.g. 
from the use of hydrogen in weather balloons. 

 
It will further reduce the need for fossil fuels, which will reduce emissions and 
in some applications also the need for handling and transporting explosive fuel.  

 
 
 
Weaknesses The knowledge and experience of hydrogen storage and fuel cell technologies 

are still somewhat limited.  
 
Thus a major threat of an implementation of hydrogen that ought to be mentioned is that 
many of the technologies needs some years before they reach commercial maturity, and there 
will be less to gain and more insecurity of a premature implementation. Still, the opportunities 
are many and there is no doubt that hydrogen will play a major part in the developments of 
the future energy systems in Antarctica, taken that it has found its niche. But what about 
today, could hydrogen be implemented? 
 
Some interesting conclusions could be drawn from Pointing’s work. In the thesis the 
importance of hydrogen as both energy carrier and as energy source was proven. Different 
technical solutions to generate, store and utilise hydrogen were also reviewed. The analysis of 
the different cases and scenarios showed that hydrogen is well suited for use as secondary 
power source in renewable energy system. However, there are still major concerns regarding 
the limited knowledge of hydrogen supplying and storing techniques. In the case with a large-
scale power system, represented by the Australian station Mawson, it was suggested to 
develop and install an independent, small-scale hydrogen system. Although such system 
would not contribute to any major changes of the existing energy system, but it would provide 
valuable experience and knowledge of the behaviour of hydrogen storage and supply 
technologies, and it would also simplify future implementations. In the cases of medium to 
small-scale power systems, no clear solutions could be drawn. All the possible solutions in 
those cases would benefit of further developments before a favourable implementation could 
be made. Consequently the outcome of the thesis shows that hydrogen storage and supply 
technologies do exist and they are suitable for Antarctica, but Antarctica is not yet ready for 
hydrogen. Thus the potential role of hydrogen must be further clarified. 
 
4.2.5 Discussion 
 
As been stated there are many different ways to produce, store and convert hydrogen. Due to 
legislations, technical-, economical- and environmental constraints, level of 
commercialisation and common sense some techniques are more successful than others. The 
most interesting techniques from an Antarctic point of view are those that generate hydrogen 
by electrolysis, store in tanks and convert it by fuel cells. A widespread opinion is that 
hydrogen system techniques need more time to mature before they can be completely 
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commercialised. Thus there are obvious hindrances to an altogether too fast implementation. 
All of the above-mentioned techniques are also in the need of additional equipment to 
function, like for instance compressors, regulators, transformers, rectifiers, humidifiers etc. 
Consequently hydrogen systems have a tendency to be complex and thus more difficult to 
monitor. Another disadvantage is the dependence of a well-suited storage system. For 
instance, a fuel cell with an electricity efficiency of 40% needs approximately 70 litres of 
hydrogen at atmosphere pressure to produce 1kW electricity for 5 min [41].  
 
There is no doubt that if these hindrances can be overbuilt, hydrogen systems possess a high 
potential for future use. In the referred work by Pointing it was stated that hydrogen is ready 
for Antarctica, but Antarctica is not yet ready for hydrogen. It might therefore be a good idea 
to await and learn from the progress and experience of nations that possess the necessary 
economical and technical tools for a successful implementation of hydrogen in Antarctica. 
 
4.3 Fuel Cells 
 
Recent developments in the fields of energy technologies have made fuel cells a very 
interesting alternative to more commercialised technologies for supplying electrical power to 
remote, off-grid areas. Scientists have discussed the technology for nearly twenty years, but 
the development has proceeded in a very slow manner. It was not until the car industry began 
to investigate the possibilities of fuel cells that things in fact started to progress. Earlier 
developments aimed to create large-scale fuel cells that could replace existing large-scale 
power generating installations. However, the hindrances to such developments were greater 
than the calculated benefits. But with the car industry’s current interest in the development of 
fuel cells, a more businesslike approach to the problems arose and the developments tended to 
change towards small to medium-scale applications. That is, systems with a power output of 
100 W to 100 kW. 
 
Small-scale fuel cells have many advantages,  
 

• They have a high power density, 
• They contributes to almost now emissions, 
• They could be used in combined heat and power applications, 
• They retain the performance independent of the size of the system.     

 
Fuel cells are nevertheless still costly, mainly due to that most of them contain precious 
metals, which are very expensive.  
 
4.3.1 Basic Description 
 
All different types of fuel cells share the same basic design. The main function of a fuel cell is 
the same as for a rechargeable battery. That is, they are both of the form of a galvanic cell.  
The purpose of a galvanic cell is to utilize chemically bound energy and to transform it into 
electricity; in some applications heat could also be utilized. A fuel cell consists of four main 
parts, two electrodes (a cathodic and an anodic), a membrane that could transport positively 
charged particles and finally a device that could utilize electricity (Figure 28). Some type of 
channel supplies hydrogen to the anodic side of the fuel cell. Impelled by a catalyst, the 
hydrogen will there oxidize into positively charged particles, so called protons. This means 
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that the electrode will be provided with emitted electrons and a current will occur. The 
positively charged particles will then be transported through the membrane to the cathode side 
where it reacts with oxygen. Even though the reactions that occur within different types of 
fuel cells are somewhat different with respect to one another, the main characteristics could be 
described by the following formulas (Equation 4)[42]. That is, hydrogen and oxygen reacts 
and water, electricity and heat are generated during the process.       
 

Anodic: 
 

−+ +⇒ eHH 442 2  
 

Cathodic: 
 

OHeHO 22 244 ⇒++ −+  
 

Total: 
 

OHOH 222 22 ⇒+  

Equation 4 - Chemical reactions in a PEM fuel cell 

A simple fuel cell like this can in theory reach a voltage of 0,2-1,0 V during load [43]. This 
may seem like a very modest level and that is also the case. By connecting several such cells 
in series one could, however, construct fuel cells for a wide range of applications. When 
talking about fuel cells in an everyday language, one usually means such set of “simple” fuel 
cells in series. A series of that kind is the main components of a so-called fuel cell stack.  

Energy utilisation

Electrode

Membrane

Electrode

 
Figure 28 - Physical properties of a PEM fuel cell 

 
4.3.2 Different Types of Fuel Cells  
 
There exist a variety of different kinds of fuel cells, all suitable for different applications [41, 
44, 45, 46]. All of them share the same basic principles, nevertheless every type has it’s own 
special arrangement. This makes different fuel cells suitable for different kinds of 
applications. Usually one divides fuel cells with respect to what kind of membrane they 
contain or in other words, what kind of electrolyte the fuel cell is containing. In the following 
texts, the different subgroups will be described in brief. 
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SOFC (Solid Oxide Fuel Cell) 
 
SOFC stands for Solid Oxide Fuel Cell, and as the name indicates a SOFC uses some kind of 
solid oxide as electrolyte, usually yttrium-stabilized zirconium. In an “ordinary” fuel cell, as 
mentioned above, the electrolyte transports hydrogen ions from the anode to the cathode side. 
The membrane in a SOFC transports ions in the opposite direction. That is, oxygen in contrast 
to hydrogen will be transported which results in that water will be produced on the anode side 
and not on the cathode side. Despite this rather different quality, the main basics of an SOFC 
are still the same as for an “ordinary” fuel cell.   
 
 The fact that the electrolyte consists of a relatively firm material makes SOFC easy to 
construct using different arrangements. They can be arranged either in a tubular fashion or as 
series of plane cells. The most common type today is the one with tubes. For tubular SOFCs 
as well as plane SOFCs the working temperature is in the range 800 –1000 °C with a total 
efficiency of about 60 percent, evidently this is making them more suitable for high 
temperature applications and applications that demands a high power output (> 100kW). 
However, plane SOFC could also be constructed for smaller appliances in the range of 5-10 
kW, with a somewhat more finite efficiency. There is also ongoing research in the field of 
low-temperature SOFCs that will make it possible to decrease their working temperatures. 
 
External fuel reformers are obsolete in a SOFC system due to its high working temperature. 
The high temperature makes it easier to reform the fuel internally within the fuel cell stack 
and it also reduces the dependence on catalytic reformers.  This makes them cheaper to 
manufacture and easier to produce. But a higher temperature also requires a construction that 
is persistent against huge temperature changes. The solid membrane on the other hand, 
diminishes the risk of leakage from the fuel cell due to for example less corrosion. Despite 
this low risk, a solid electrolyte could still crack. These facts make high demands when 
choosing suitable materials for the SOFCs. 
 
All together, SOFC has a great potential in appliances with a medium to high power output, 
but not yet in smaller SAPS.  
     
MCFC (Molten Carbonate Fuel Cell) 
  
As for the SOFCs the Molten Carbonated Fuel Cells are arranged in a somewhat different 
way than an “ordinary” fuel cell. MCFCs work with high temperatures, around 650 °C, and 
the membrane transports ions from the cathode to the anode and not the opposite. The 
electrolyte in a MCFC consists of lithium and potassium salts placed in a porous material. At 
the cathode, carbonate ions are formed and are being transported through the electrolyte. 
When reaching the anode side, the carbonate ions oxidise the hydrogen and produces water 
and carbon dioxide. 
 
MCFC works with slightly lower temperatures than SOFCs. This results in a greater need of 
catalysts so that favourable reactions could occur. 
 
 When using other fuels than hydrogen one needs to reform the fuel to use it properly, like 
mentioned before. To achieve this, some kind of fuel reformers needs to be installed in the 
stack. MCFCs are usually divided in two subgroups depending on if an internal or external 
reformer is being used. Both of these techniques are common today, and it’s hard to say if any 
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of them is better then the other. The choice depends on what application the fuel cell is going 
to be used in. An internal reformer could for example be preferable if the installation has 
some kind of volume or area limitations, due to its more compact size.  
 
By combining a MCFC with, for example a gas turbine one could reach relatively high overall 
efficiencies comparing to other power generating techniques. But like for the SOFC, the high 
temperature makes MCFC more suitable for large applications and not for SAPS. The total 
efficiency, (heat and electricity), range between 60 and 80 percent for a commercialised 
MCFCs and units with a power output up to 2 MW have been constructed. The power 
efficiency range from 40 to 50 %. 
     
PAFC (Phosphoric Acid Fuel Cell)  
 
PAFCs has a working temperature around 200 °C, with a power efficiency range between 35 
– 50 percent. Water at temperatures of 70-110°C is produced, which could easily be used in a 
district-heating grid. Phosphoric acid, H3PO4, is being used as electrolyte. The requirements 
on the construction of the fuel cell when using an acid as an electrolyte is somewhat higher 
then for most other electrolyte substances, and it implies that it will be more expensive to 
construct such a fuel cell. Another disadvantage with the PAFC is that it is rather sensitive to 
carbon oxides in the process, which makes the fuel utilization a bit complex. 
 
Yet, the level of commercialisation this technique has achieved has made it the most 
widespread and used fuel cell technique for power generation today. In the year 2002 nearly 
250 PAFC demonstration units were in use throughout the world [47]. The intended 
appliances are for combined heat and power plants with a power output from 20 kW to a few 
MW. But researches are being made on even smaller units down and below 1 kW. 
 
The rather low total efficiency, the instabilities in the system and the fact that it is costly to 
construct a PAFC are things that have to be calculated with. Thus despite its usefulness and 
despite that it is a common technique, these hindrances have to be overbuild for future use.  
 
AFC (Alkaline fuel cells)    
 
Alkaline fuel cells were the first fuel cells to be put into the market. The very first vehicular 
applications of fuel cells were based on the AFC technology. Already back in the Fifties 
experiments on an AFC-driven tractor were carried out. AFCs are today mainly used in 
spacecrafts due to its relatively high reliability and power density. Even though they have 
been dominating the first years of fuel cell developments, the technique has lost in potential 
compared to other techniques, like the PEMFC for example.  
 
An AFC uses a saline solution of potassium hydroxide as electrolyte. Common in fuel cells 
like PEMFCs are that they use precious metals as catalysts. One of the benefits of using an 
alkaline electrolyte is that none precious metals could be used as catalysts. These metals are 
much cheaper than precious metals, which of course make them more preferable. The AFC 
has a working temperature between 50-200°C and like all other types of fuel cells; they 
produce water, electricity and heat. Because of the low temperature the AFC has a potential in 
small-scale applications, like vehicles or SAPS. But AFCs have a major disadvantage due to 
their sensitivity to carbon dioxide in the fuel and air. Even at small doses, there is a risk that 
the electrodes will fail to work. That’s why clean hydrogen and oxygen must be used in order 
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for the fuel cell to work properly. The AFCs also requires an electrolyte circulation and 
pressure regulating system. However, there is no need for water management systems that in 
cold regions could freeze. Therefore the AFCs have good cold starting capabilities, i.e. they 
are suitable for applications in cold regions.  
 
PEMFC (Proton Exchange Membrane Fuel Cell) 
 
When studying Proton Exchange Membrane Fuel Cells, one will be introduced to a variety of 
different shortenings like SPFC (Solid Polymer Fuel Cell), PEFC (Polymer Electrolyte Fuel 
Cell), PEM (Polymer Electrolyte Membrane) or PEMFC (Polymer Electrolyte Membrane 
Fuel Cell). In the following text, the shortening PEMFC will be used.  
 
The PEMFC technique is without a doubt the most interesting type of fuel cell for small-scale 
applications. The fairly low weight, the high power density and the high reliability are things 
that highly contribute to the rapid increase of R&D on PEMFCs. The first polymer fuel cell 
originates from the developments of the Phosphoric Acid Fuel Cell, and so it follows that the 
PEMFC has a very similar structure. However, there are some differences in the way the 
membranes are constructed. According to the name, a PEMFC contains a polymer electrolyte. 
This has some advantages in additions to the ones mentioned before. The structure of the 
membrane gives the PEMFC a higher capacity to dissolve oxide, a higher ability to transport 
protons and a high mechanical strength, to mention a few. A major advantage is also that very 
rapid starts could be made even in cold environments. Modern PEMFC could perform cold-
starts in just a couple of minutes, which for a fuel cell is a flying start.  
 
A PEMFC works with a temperature between 50 and 80 °C. It could achieve an electrical 
efficiency of 40 percent when using fossil fuels and almost 60 percent when using clean 
hydrogen. When utilizing the spare heat, very high total efficiencies could in theory be 
reached.  
 
Like most other fuel cells, PEMFCs contain precious metals that are very expensive. 
Evidently, expensive components make the products costly and therefore a lot of the ongoing 
research concentrates on how to replace these kinds of metals. If this research succeeds, it will 
really open the doors for commercialising the PEMFC technique. Still, PEMFC needs a good 
water management system in order to work properly. Thus problems could occur when being 
used in cold regions because the system has a tendency to freeze in such climates.  
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4.3.3 Fuel Cell Comparison 
 

Type of 
fuel cell SOFC MCFC PAFC AFC PEMFC 

Electrolyte Yttria stabilized 
Zirconia 

Carbonate salt 
solutions 

Phosphoric 
acid 

Potassium 
hydroxide 

Ion 
exchange 
membrane 

State of 
electrolyte Solid Liquid Liquid Liquid Solid 

Operating 
temp. [°C] 800-1000 650 200 50-200 50-80 

Charge 
carrier O2- CO3

2- H+ H+ H+

Catalyst Perovskites Nickel Platinum none precious 
metals Platinum 

Power 
efficiency 

[%][48] 
45-60 40-55 35-50 50-70 30-60 

Appliance 
(most 

common) 
All sizes of 

CHP6 Large CHP Medium CHP Space industry 
Small-scale 

CHP, 
Vehicles 

Table 4 - Fuel cell comparison. [49, 50, 51] 

 
Table 4 illustrates common properties of the different types of fuel cells. Some applications 
might differ in configuration compared to the above, due to modifications etc.  
 
It is evident that the two most suitable types for use in harsh climates are PEMFC and AFC. 
PEMFC are nevertheless not as sensitive to impurities in the fuels and they are known to have 
usefulness in small-scale CHP (combined heat and power (systems)) and SAPS installations. 
AFC are today used almost exclusively for power generation in space vehicles, something that 
makes an SAPS implementation most uncertain.    
 
4.3.4 Environmental Impacts from Fuel Cells 
 
Fuel cells produce only water, heat and electricity as end products and therefore when using 
pure hydrogen and oxygen as reactants no emissions of SO2, COx, hydrocarbons or other 
significant emissions of greenhouse gases will likely occur [52]. New findings assert 
nonetheless that any eventual release of hydrogen will when reaching the stratosphere react 
with the ozone to form water and oxygen. In such cases, the use of hydrogen might have bad 
impacts when used inefficient. However, an occasional release of hydrogen from a fictive 
hydrogen system on an arbitrary Antarctic research station will be of minor importance, due 
to the relatively limited amount of hydrogen that will be use. The impacts from the production 
of hydrogen might on the other hand have significant impacts, depending on the method used. 
Among the hydrogen generating methods mentioned in 4.2, the most crucial impacts are from 
hydrogen production based on reformation of fossil fuels. However, it was earlier suggested 
that the most suitable method for hydrogen production in an Antarctic point of view is 
electrolysis of water, which is an almost completely clean method of generating hydrogen. 

                                                 
6 CHP = combined heat and power (systems) 
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Consequently, the different aspects regarding the operation of hydrogen system in Antarctica 
will only have minor impacts on the Antarctic environment. 
 
Evidently the operation of fuel cells will not cause any significant impacts on the environment 
in terms of harmful emissions etc., but what about worn out and obsolete fuel cells? There are 
some concerns regarding the different materials used in electrolytes, structures and catalysts 
of fuel cells. The materials used differ widely depending on the type of fuel cell [53]. E.g. 
PEMFCs use polymers as electrolytes generally consisting of fluorine compounds. Such 
materials are often generated from Flouro-carbons, which has major impacts on the depletion 
of the ozone layer. The design of the catalysts might also have an influence. Typically this is 
made of platinum in PEMFCs. The level of toxicity of platinum is not yet scientifically stated, 
but it has been shown that the amount of “free” platinum in the environment is increasing. It 
is therefore advantageous to minimize leakages of platinum to the environment. There will be 
no significant release of platinum from fuel cells if used and destructed correctly. In addition, 
the lifetime of the fuel cells is most likely depending on the lifetime of the electrolyte, usually 
many years. During operation the electrolytic capacity of the fuel cell will decrease, resulting 
in an unusable unit. Thus it is most difficult to regenerate and recycle fuel cells for further 
use, and consequently the materials, such as those mentioned above has to be safely collected 
and separated for destruction. 
 
No other important impacts and disturbances from the use of fuel cells are worth mentioning. 
E.g. the noise generated by fuel cells compared to diesel engines is very small etc. 
 
4.3.5 Performance in Harsh Climates 
 
Due to modest operation temperatures, allowing better low temperature performances and 
better start-up times, PEMFC are more suitable to operate in cold climates compared to other 
types of fuel cells. A PEMFC has an optimum operation temperature around 80°C, which 
could be obtained rather quickly from a standby mode. Usually this startup phase is the most 
limiting factor in low temperature fuel cell operation.  
 
The capacity of a fuel cell depends on its electrolytic capabilities, i.e. its mass transport ability 
and its ionic conductivity. Normal operation temperatures for all fuel cells (>80°C) are high 
enough to dry out the electrolyte, which complicates the electrolytic procedure within the fuel 
cell. To obtain the right level of ionic conductivity the electrolyte has to be moistened 
continuously, usually by some kind of humidifier. Additionally, for best performance the 
operation temperature must be kept at a satisfying level during operation, thus water is often 
used not only for humidification purpose but also as a cooling medium. However, the use of 
water in fuel cells operating in cold environments has disadvantages. Water freezes at 
temperatures below 0°C and freezing water expands. If the water in a fuel cell expands, the 
damages would be devastating. Not only would there be huge impacts on the physical 
construction, the ice slurry would also preclude continuous operation. There have been 
different surveys and assessments made investigating the effects of different parameters on 
the fuel cell performance [54, 55, 56]. Because of the obvious importance of a functional 
thermal management system in cold climates, parameters like the operating and surrounding 
temperatures, operating pressure, humidity and flow characteristics will have great influence 
on the performance. E.g. lower operating temperature and pressure limits the capacity of the 
fuel cell. A higher pressure at elevated temperatures will result in a higher electrode kinetic 
performance and increased ionic conductivity. Yet, as mentioned before, an increased 
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temperature enhances the risk of a dry out electrolyte. It has also been shown that the 
operating temperature is the one parameter that influences the thermal efficiency of fuel cells 
the most. Maximum capacity could not be obtained before the optimum operating temperature 
has been reached. The faster this temperature could be reached, the better start up abilities and 
the better performance in cold surroundings. In a study from 2001 the behaviour of a Ballard 
MK-E fuel cell was investigated [57]. The fuel cell with an optimum operating temperature of 
72-75°C, showed a decrease in capacity by 29% at an average operating temperature of 41°C. 
Evidently it is favourable to heat the fuel cell at temperatures below the optimum and cool it 
at temperatures above the same.  
 

 
Figure 29 - 5 kW PEMFC from PlugPower  

Source: DOE/NREL 

 
4.3.6 Present Installations and Surveys 
 
Example of a simple 1kW PEMFC system  
 
A research team working for the Japanese company Sanyo has since the eighties been 
investigating the possibilities of small-scale fuel cell power, mainly for the Japanese Defence 
Agency [58]. The research was primarily focused on the development of small-scale 
phosphoric acid fuel cells (PAFC), but as with most other fuel cell researches, the focus was 
changed towards PEMFC technology. The PEMFC appeared to be more efficient, to have 
superior start-up times, and better durability. Today the developments have succeeded in the 
commercialisation of a 1kW PEMFC power unit. The development of the 1kW fuel cell 
power source was focused on four major goals, 
 

• The fuel cell stack should be easy to control, 
• It should be supported by a simple and highly reliable hydrogen supply system, 
• An highly efficient AC/DC-inverter should be implemented, 
• Compact, high performance system-controller should be implemented for controlling 

the whole system. 
 
In addition, it was decided that the fuel cell should be fuelled by pure hydrogen for the 
compactness and the fuel efficiency of such a system. For example, when fuelled with 
hydrogen, no fuel reformers will be needed. 
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This simple PEMFC system described below is a typical example of a small-scale power 
system that could be implemented in remote areas. 
 
A short technical description of the fuel cell stack 
 
The PEMFC consists of 52 single cells, connected in series and stacked on top of one another. 
Platinum is being used as electrolyte. For best performance, the fuel cell electrolyte has to be 
wet at all times. Hence, some kind of fuel cell humidifier has to be used. The most common 
method of humidifying the electrolyte is to simply humidify the fuel and the reactant. There 
are, as mentioned earlier, two solutions to achieve this, external humidification and internal 
humidification. Of these, the internal humidifier is the most beneficial because of the 
compactness of such a system. An internal humidifier is nevertheless more complex to 
construct. When using external humidifiers, problems with controlling the right amount of air 
humidification are common. A lack of air humidification would dry the membrane, which in 
turn would lead to an increase of the internal resistance within the fuel cell. Too much water 
in the air would on the other hand cause a water pile-up on the cathode, which would lead to a 
voltage drop. To avoid this the Sanyo team developed an internal humidifier module that 
could be connected directly to the fuel and reactant supply channels within the fuel cell stack. 
Or more precisely, they constructed the fuel supply apparatus so that it can both supply the 
fuel as the same time as the fuel gets humidified. The fuel supply apparatus consists of fuel 
supply channels on top of carbon plate fuel separators that spread the fuel evenly over the 
anodes and the cathodes. For example, on the anode side hydrogen and water are supplied to 
the supply channels by a set of tinny holes on the channel walls. By a constant supply of 
water to the channel, the hydrogen is kept humidified at all times so that the electrolyte could 
be kept wet regardless of the level of operating. The result is an effective and rather simple 
internal humidifier. Fuels that have not reacted are drained from the electrolyte by the fuel 
separators, and are fed from the fuel cell stack back to the storage.  
 
In order to test the fuel cell and especially the internal humidifier, air at different 
humidification rates was fed to the fuel cell. After some fluctuations of the cell voltage and 
the working temperature, a stable operation was obtained. It was clearly shown that the fuel 
cell could work without the need for any advanced control of gas supply, rate of 
humidification and working temperature. Hence, a stable operation was automatically 
acquired independent of the ambient conditions.    
 
Technical description of the hydrogen supply system 
 
A high-pressure hydrogen cylinder was chosen as a storage vessel. The pressure has to be 
reduced in some way before it can be utilised by the fuel cell. Therefore pressure-reducing 
valves must be installed in the supply system. A two stage pressure-reducing arrangement, 
with a built-in pressure sensor in the first stage, was installed. The function of the secondary 
pressure-reducer is to keep the pressure in the second stage on a constant level, so that an 
even flow of hydrogen is fed to the anode at all times. Hence, there is an automatic control of 
the flow in the system. During some test performed on the supply system, only a small 
amount of hydrogen leakage was recorded.    
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Power inverter 
 
Almost all electrical equipments of today need alternating current in order to work. Thus the 
DC produced by the fuel cell must be transformed into AC in some way. A simple DC/AC 
inverter does this. The inverter is controlled by a microprocessor that enables the use of more 
complex power controls and using software to monitor the system. 
An output AC of 100 V was required from the system. Yet, the DC from the fuel cell was to 
low for the DC/AC inverter to manage an output of 100 V. Therefore the DC/AC was 
modified with a power transformer that increases the DC voltage to an accurate level. 
A disadvantage with DC/AC inverters is that they reduce the total efficiency of the systems. 
Let say that the fuel cell has an efficiency of 40 % and the DC/AC inverter developed has an 
efficiency of 80%, thus the total efficiency of the system will be 32% (0,40 times 0,80). 
Therefore it is very important that the efficiency of the DC/AC inverter is as high as possible. 
The DC/AC inverter in this application has an efficiency of 85 to 90 % even though a power 
transformer had to be implemented and therefore the efficiency is acceptable.  
 
System controller     
 
A system controller is important to supervise the system and to synchronize the different 
components during load changes, start-ups and shut-downs.  If the fuel cell is to supply power 
to sensitive devices like computers or meteorological equipments for example, the power 
distribution must be monitored and controlled in detail. There are many things that influence 
the performance of the system. Pike loads or other fluctuations that changes the output 
voltage from the system must be avoided. 
When switching on the fuel cell, the control system turns on the water pump for the internal 
humidifier. It is important that the electrolyte is wet before operation, because otherwise the 
fuel cell will not work properly. Then it is time to turn on the hydrogen supply system and the 
fan that supplies the reaction air to the stack. When the accurate DC voltage in the fuel cell 
stack is achieved, the DC/AC inverter could be switched on and the power could be supplied. 
It is necessary to secure the start-up power for the control-system otherwise the whole system 
will fail to work. Hence, the control system is supplied with power from a back-up power 
source, containing secondary NiCd batteries. 
 

 
Figure 30 - 1 kW PEMFC with water and air management system 

Source: DOE/NREL 
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Implementation of a Fuel Cell power source at the Indian Antarctic station, Maitri  
 
The Indian Antarctic station, Maitri, was opened in March 1989, when the old station Dakshin 
Gangotri had fulfilled its duties. Maitri is in contrast to the old station a so-called year-round 
station, i.e. it is inhabited even during the Antarctic winter. The station is situated 90 nm from 
the Antarctic coastline in the Schirmacher Oasis area, Queen Maud Land. It could inhabit a 
maximum population of 65 persons during the Antarctic summer and about 30 persons in the 
Antarctic winter. The power generation is based on conventional diesel generators, and has 
been so since the start in 1989. Apart from the usual disadvantages (emissions, noise 
pollutions etc.) when using diesel generators, other problems such as a limited performance of 
the generators as a result of sub-zero temperatures and interferences of research apparatus due 
to emissions and noise, have been experienced. To avoid these problems and to secure clean 
power generation for the future, one has looked into the possibilities to replace the existing 
diesel generators with renewable energy. During the XVI Antarctic expedition in 96/97, a 
1kW wind turbine was installed as a supplementary energy source. Throughout this period, a 
500W PEM fuel cell was also developed, and it was installed during the XVII Antarctic 
Expedition. The performance of this wind-H2 hybrid system has since the installation been 
undergoing a thorough investigation. The following text is meant to highlight important 
experiences and results of the implementation of the PEMFC on the Maitri station [59].
 
Technical description of the system 
 
The weather and the location are as mentioned before, two very important parameters that has 
to be considered in all activities in Antarctica. The climate is very rough and demanding. The 
location and the lack of infrastructure make transports both expensive and difficult. These 
parameters will evidently also be of importance when choosing what type of energy 
generating equipment one should apply. The Indians chose to install a PEMFC due to its high 
power density and good performance at low temperatures. 
 
The PEMFC installed is a Nafion-117 polymer fuel cell, i.e. it contains Nafion-117 
electrolytes. It is one of three fuel cells developed in a project that involves several Indian 
actors, as for example Research & Development Establishment Engineers, Government of 
India, SPIC Science foundation, Centre for Electro-Chemical & Energy Research and a few 
more. The stack consists of 18 fuel cells with a voltage potential of 0,5 each, connected in 
series to achieve a good overall voltage. The catalysts consist of the precious metal platinum, 
and between every two cells there is a cooling-plate. The stack is fed with clean hydrogen and 
oxygen, which makes fuel reformers unnecessary. Yet, the fuels are stored in high-pressure 
steel cylinders and therefore the fuel must be reduced and regulated before it can be utilized. 
A two-stage pressure regulator is doing this. The two storing tanks have a capacity of 7m3 of 
fuel at a pressure of 150kg/cm2 each. In an ordinary PEMFC the fuels must also be 
humidified to make the fuel cell work in a preferable way. Hence humidifier has been 
installed on each side of the fuel cell to secure accurate water content in the fuels. 
 
Apart from the PEMFC system described above and the wind turbine mentioned earlier, they 
have also been testing a battery system containing a DC-DC converter and a stack of batteries 
as supplementary energy storage. 
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Problems, experiences  
 
The chemical reaction that occurs within the existing fuel cell is exothermic, i.e. heat is being 
released during the process. This has in one sense been an advantage, and in one sense a 
disadvantage. An advantage is that the heat released makes the fuel cell easy to start-up even 
at sub-zero temperatures. However, the heat must in some way be cooled of for maximum 
stack performance, which could be done by having air or water flowing outside the fuel cell 
stack. But since water freezes at zero degrees Celsius, water is a poor cooling-medium at 
these conditions. In addition, the water will also freeze in the humidifiers, which in turn must 
be heated to avoid ice or ice slurry. The problem with freezing of water could also occur 
within the fuel cell stack. To avoid this the stack must be flushed with nitrogen when not in 
use. Because of this, a good point of attack would be to study the possibilities of eliminating 
or decreasing the dependence on water in the fuel cell system. 
 
As mentioned before, the first system consisted of two external humidifiers, which uses 
electrical heaters, isolation on pipelines and bottles, and connectors etc., to maintain an 
accurate humidification temperature. Because heat must be supplied to the humidification 
process the efficiency will decrease in the system and the system will be more complex and 
difficult to handle. Therefore, the best thing would be to try to decrease the dependence of the 
existing humidifiers or try to eliminate them from the system. 
 
Another problem is that storing the hydrogen in large tanks are both risky and space 
consuming. Consequently it would be much better to find more convenient ways to store the 
fuels.  
 
Experiments and results 
 
To further elucidate the problem with heating or not heating the humidifiers, some tests were 
performed on the old system with the humidifiers connected. In this experiment, the heating 
of the humidifier bottles was turned off. This resulted in that the cell voltage started to 
decrease after 2h of operation, mainly due to the huge difference between the stack 
temperature and the temperature of the humidification water. To avoid this sudden decrease of 
cell voltage, the heating had to be increased to match the temperature of the stack. However, 
because of the low efficiency of the humidifier-heater, the maximum temperature achieved 
was 40°C. And thus the stack with a working temperature of 70°C had to be cooled in some 
way.  
 
The first thing that had to be done to solve the problems with the external humidifiers was to 
completely remove the water from them in order to test the arrangement without humidifying 
the fuels. The initial testing showed that the system could be operated for 10 days without 
using the humidifiers. Throughout the test, no changes of the fuel cells performance could be 
detected. But to secure the durability of the system, the experiments on the modified fuel cell 
were continued during the winter season. Yet in the long run, a fuel cell working with 
humidified gases has still a better performance than one that works without humidification. 
Thus the best solution is to have a fuel cell that has some kind of humidifier that works 
relatively independent of the ambient temperature and the solution in hand is to construct 
some kind of internal humidifier that could be heated by the fuel cell. For experimental 
purpose a temporary construction consisting of a membrane placed between two graphite 
plates was developed. The principle of such internal humidifier is to let the gases pass through 
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the graphite plate and over one side of the membrane, and let the water take a similar path but 
on the other side. The membrane will then absorb the water, which in turn will humidify the 
gases. The experiments showed that the new humidifier had obvious advantages compared to 
other solutions even at low water temperatures, and thus it was suggested that a permanent 
internal humidifier should be designed.      
 
Experiments on the first installation showed that the maximum power output of 500 W could 
only be obtained if the stack temperature was kept at 40 °C, according to reasons stated 
above. To be able to keep the stack temperature on a fairly constant level the stack had to be 
cooled in some way. In the first installation water was used as a coolant, despite the risk of 
freezing. But problems did soon occur, and therefore one had to find different ways of cooling 
the stack. The fuel cell was initially designed for a warmer climate, and such climates make 
the need for cooling the stack higher. But in a climate like Antarctica the cooling need is 
much lower. Still, the water has to be pumped in order to circulate through the cooling 
system. This could either be done by gravity or by a circulation pump. Experiments on using 
air-cooling as replacement for the existing water-cooling system was suggested. In the 
experiments a small blower, Bosch Taiwan GBL 550 was used. By adjusting the airflow 
depending on the instant need for cooling, the stack temperature could be maintained around 
40°C. Yet, an electric fan needs additional power and thus despite the positive aspects of 
using air as cooling, the solution is still not optimal. The suggested final solution was to 
modify the stack so that the available chilled wind in Antarctica could be utilized for cooling. 
This solution might be a good thing to have in mind when discussing how to design the future 
stack. Another solution could be to mix the water with some type of anti-freezing liquid like 
for example glycerol. 
 
To solve the problems encountered with handling and storing of hydrogen, studies on metal 
hydride vessels have been made. The studies showed clearly predominantly benefits when 
using hydride vessels as storage compared to the existing pressurized cylinders. The charging 
of a hydride unit is an exothermic process, i.e. heat is being released when charging the 
vessel. The relatively low temperatures in Antarctica will in some extent cool the vessel 
during charging. Hence it takes a shorter time to charge the vessel in Antarctica compared to a 
warmer climate. It is also preferable from a safety point of view compared to pressurized 
cylinders, because it makes the handling of the hydrogen much easier due to how the 
hydrogen is stored. A metal hydride has a huge specific area that could attach hydrogen 
molecules, which in turn will make the storing process more stable. When stored in 
pressurized cylinders the hydrogen will be in a more volatile state. To make a more detailed 
picture on the behaviour of the metal hydride, experiments on charging and discharging of 
such a vessel was carried out. The experiments showed that the charging time was increased 
and the pressure in the vessel was decreased after every discharging-charging loop. However, 
when the tests were performed during a colder day, the number of possible discharging-
charging loops was increased. Thus in order to diminish the number of discharging-charging 
times, one has to make the vessel volume optimal for the application in hand.     
 
Suggestions on constructing a re-circulating loop for the excess gases from the fuel cell were 
also proposed. The existing PEMFC has no such equipments and thus around 30% of the 
reactant (O2) passes through the stack without reacting. Such construction would increase the 
overall efficiency of the fuel cell. 
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The suggestions proposed in order to improve the PEMFC at the Indian Antarctic station 
Maitri was as follows, 
 

• Construct internal humidifiers and eliminate the old external ones 
• Utilize the wind in Antarctica for cooling of the stack or use some kind of anti-

freezing liquid in the existing water-cooling system. 
• Implement a metal hydride vessel for storage of hydrogen. 
• Construct a re-circulating loop for the fuels, especially for the reactant. 

 
4.3.7 Different Technical Solutions 
 
It is obvious that the main technical problems of applying fuel cells for power generation in 
Antarctica lies in the properties of the thermal management system. The car manufacturers 
Opel and Honda have independent of each other come-up with some interesting solutions to 
the thermal problems of cold operations. Apart from the simple procedure of heating the fuel 
cell by electric heating, the Opel model [60] uses a fan for blowing air through the stack every 
time the fuel cell is switched off. As a result the fuel cell dries and thus the problem of frozen 
water during standby mode is avoided. In addition, the work at Maitri shows that a fan could 
also be used for air-cooling of the stack by utilizing the chilled wind, which would diminish 
the need of water in the system. However, both solutions, fan and electrical heaters, are 
energy consuming and thus they make the system less efficient. In turn, Honda [61] has 
developed a fuel cell with a better electrolyte membrane performance compared to state-of-
the-art PEMFC, by abandoning conventional fluorine electrolyte membranes. This has greatly 
improved the power generation at temperature ranging from -20°C to +95°C. How the 
improved fuel cell is constructed is not told, but it shows the possibilities of development for 
future applications. Still, in some cases it might be preferable to stick with the state-of-the-art 
techniques, e.g. because of the access and/or the widespread knowledge. In those cases a 
simple modification of the common fuel cell could be preferable. Both the work with the 
Sanyo 1kW fuel cell and the PEMFC at Maitri are examples of modifications that could 
increase the fuel cell performance at cold climates. It is foremost the work of replacing 
external humidifiers with internal ones that could improve the risky operation in cold 
climates. To further improve the performance it was in the Indian work, among other things, 
also suggested that some kind of re-circulation loop for the fuels should be constructed that 
would improve the fuel utilizing efficiency of the stack.  
 
A study investigating the nature of internal humidifiers for PEMFC has been made [62]. 
Figure 31 below shows the interior of a PEMFC fuel cell with an internal humidifier. The 
purpose of the separator is simply to separate the internal humidifier from the membranes. 
The principle is to only humidify the reactants and not the membranes to easier obtain the 
right humidity in the electrolyte and thus the electrolyte will be humidified by the reactants 
flowing through the structure. The higher amounts of gases flowing through the fuel cell the 
higher the humidification rate, which is crucial as the reactions are also increasing. 
 

 69



RENEWABLE POWER FOR THE SWEDISH ANTARCTIC STATION WASA  
__________________________________________________ 

 
 

[H2 + O2 + H2O] out

[H2 + O2 + H2O]In

Internal humidifier

Separator
Cooling Plate

Stacks of cells

[H2 + O2 + H2O] out

[H2 + O2 + H2O]In

[H2 + O2 + H2O] out

[H2 + O2 + H2O]In

Internal humidifier

Separator
Cooling Plate

Stacks of cells

 
Figure 31 – The interior of a PEMFC fuel cell structure. 

 
4.3.8 Discussion 
 
As been investigated throughout this chapter, fuel cells are very interesting alternatives to 
more commercialised techniques for secondary power applications. They possess many of the 
qualities that are needed in order to secure a constant access of back-up energy. But as shown 
above all techniques, including fuel cells, have both advantages and disadvantages.  A 
favourable implementation of fuel cells could only be carried out providing there exists a well 
functioning hydrogen system on the specific site. Therefore the strength and weaknesses of 
implementing hydrogen systems must also be accounted for when investigating the 
possibilities of fuel cells. It has been stated that fuel cells have a high power density, which 
also is the case. However, the high power density of fuel cell system will when combined 
with additional equipment like storage tanks, humidifiers, electrolysers and compressors, be 
heavily reduced. These additional equipment combined with necessary control systems and 
water management systems will also make the system much more complex and costly, 
something that makes them less attractive.  
 
In a study [58] dealing with the design of a 1 kW PEMFC system, it was stated that batteries 
is needed for supplying electricity to the control system during the start-up phase of the fuel 
cell. Hence, even with the use of fuel cells as secondary energy sources, the utilisation of 
batteries might be inevitable. 
 
The rate of development for fuel cells has increased widely in the last years. Attempts on 
implementing hydrogen systems in different locations in the world has been made, like for 
instance as power generating in Iceland and for use in public transportations in Stockholm, 
Sweden. These heavy developments and attempts make fuel cells very interesting for future 
use as secondary power sources. Still, the technique must mature before it can reach a higher 
level of commercialisation, approximately 3-5 years according to Pointing at the AAD [40]. 
Antarctica constitutes a very interesting area for implementation of new and untested 
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techniques including fuel cells, but these are very rare elements in the present energy systems 
in Antarctica and there is little experience of running such systems in cold climates. As with 
hydrogen system in general it might be a good idea to further study the work and 
developments of other nations in the field of fuel cell systems. 
 
The most crucial strengths and weaknesses of fuel cells are listed below. 
 
Strengths 
 
One of the important advantages of fuel cells is their high power density, that is the amount 
of power they generate compare to the size and weight of the stacks. Yet, it should be noted 
that fuel cells often need additional equipment, e.g. hydrogen storage, electrolysers etc. 
 
Fuel cells contribute to almost no emissions of environmental harmful substances during 
operation. Only water, heat and electricity are produced. Discharge of metals and other 
substances might worsen the environmental performance of fuel cells nevertheless. 
 
They could be applied as CHPs because of that both heat and electricity are generated in the 
process. 
 
A variety of sizes and areas of applications are available, some more suitable than others. 
Fuel cells like PEMFC and AFC have the prerequisites that are needed to perform in small 
SAPS and in cold and harsh climates. 
 
Fuel cells have no moving parts and thus there is a limited need for maintenance and 
therefore limited costs. 
 
 
 
Weaknesses 
 
Many fuel cells are expensive mostly due to the use of expensive materials. Combined with 
hydrogen storage equipment or other additional equipment, the costs are increased even 
further. 
  
The reactions that take place in a fuel cell are exothermic and thus they must be cooled in 
some way, which is energy consuming. 
 
There are many parameters that influence the performance of the fuel cell like operating 
and surrounding temperatures, operating pressure, humidity and flow characteristics. It is 
therefore important that the system is controlled so that optimum conditions exist to obtain 
maximum performance. 
 
It is likely that the need of humidification and thermal control systems will cause problems 
in cold environments.  
 
Fuel cell systems have a tendency to be very complex because of the need of additional 
equipment and control systems. 
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Metals and plastics that might have bad impacts on the environment are used in fuel cells. 
The highest risk of discharging of harmful substances occurs during the disuse and production 
phases, not during operation.  
 
Because of the fact that the techniques are under heavy development and many of them aren’t 
as commercialised as other types of back-up systems, there is a lack of experience and 
knowledge of operating such systems. 
 
 
4.4 Battery Systems 
 
A chain is not stronger than the strength of its weakest part. This is to a great extent also true 
for energy systems, i.e. the limitations of an energy system could be defined by the qualities 
of its weakest link. Because of the rather finite lifetimes of batteries they usually represents 
one of the weakest parts of energy systems, and thus the nature of batteries is of great 
importance when studying the performances of systems containing such equipment. Despite 
uncertainties of the performance of batteries, they are nevertheless one of the most important 
and easiest way of storing energy that exists on the market today, and in addition there is a 
variety of possible applications for them. 
 
4.4.1 Basic Description 
 
Fuel cells are as mentioned earlier based on the principle of a galvanic cell, and this is also the 
case for batteries [37]. The main components of a battery are two electrodes and an 
electrolyte. In the first battery created by the Italian inventor Alessandro Volta, zinc and silver 
plates were used as electrodes and the electrolyte consisted of a layer of paper soaked in salt 
water. A stack of such cells is called a voltaic pile, which when used in an application is 
called a battery. A chemical reaction within the battery produces free electrons (electricity), 
which in turn is one of the purposes of a battery.  
 
For a simple zinc/carbon battery with a sulphuric acid (H2SO4) electrolyte, the chemical 
reactions that occur inside every cell could be described as follows [63]. 
 

Z n

2 H + +  S O 4
2 - +-

C

Z n 2 + +  S O 4 2 - Z n S O 4 +  2 e -

e -

2 H + +  2 e - H 2

L o a d

 
Figure 32 - Physical properties of a battery cell [63] 
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1. In a sulphuric acid water solution there are positive hydrogen ions (H+) and negative 
sulphur oxide ions (SO4

2-). The sulphur oxide reacts with the zinc rod and forms 
ZnSO4 molecules and thus the Zn rod is in a way slowly ‘corroding’. 

 
2. During the reaction between the zinc and the sulphur, electrons are emitted which 

results in an electric potential between the zinc side and the carbon side. 
 

3. If the cell is connected to some kind of load, the electrons start to flow from the zinc 
side towards the carbon side and a current occurs.  

 
4. On the carbon side, the electrons will react with the hydrogen ions from the solution 

and hydrogen gas is formed. 
 

5. If the load is reversed and the battery is being recharged the opposite reactions take 
place. 

 
 
All different types of batteries have somewhat different qualities but they all in principle share 
the same basics described above, yet with different components. An ideal battery is in theory 
completely reversible in that sense the chemical reactions that occur inside the battery are 
completely reversible, i.e. the zinc sulphur will become pure zinc again etc. However, things 
are in reality seldom ideal and that is unmistakably also the case for batteries.  
 
4.4.2 Important Parameters 
 
Every battery no matter what kind has an internal resistance. The internal resistance is a 
measure of the battery’s ability to transport electrons within the battery cells, a low internal 
resistance means that a huge amount of electrons could be transported, whereas a high 
internal resistance means the opposite. A high internal resistance also means higher losses in 
form of heat from the battery cells. Another important aspect of batteries is their discharging-
charging characteristic. For a rechargeable battery it is vital that the recharging-charging 
procedure has minimal influence on the battery’s performance, in terms of level of voltage 
and lifetime. These occurrences are somewhat similar for all types of batteries, yet every type 
of battery has its own characteristic as will be shown in more detail below. For a battery 
system to work in a preferable way, the user must continuously be provided with performance 
data concerning the battery systems capacity, state of health (SOH), state of charge (SOC), 
depth of discharge (DOD) and the discharge reserve time [64]. The capacity is evidently the 
amount of energy that the battery could store and SOH is a measure of a specific battery’s 
instantaneous maximum capacity compared to the rated maximum capacity for the specific 
type, e.g. an older battery might have lost in capacity compared to a unused battery and thus it 
will have a lower SOH. SOC describes the actual energy stored compared to the battery’s 
capacity, the DOD is a value describing to what level the battery is discharged (DOD = 
Capacity-SOC) and the discharge time illustrates the time for which the battery could supply 
the maximum load before it must be recharged (Figure 33). There are many things that could 
influence these parameters like the ambient temperature, the working temperature, 
discharging-charging times, the age of the battery etc. As a result two batteries could differ in 
performance compared to each other even though they are of the same type and perhaps of the 
same age. Apart from the parameters described above that illustrate different qualities of 
batteries, there is also one more important parameter that ought to be mentioned, the c-rate. 
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The current that occur when a battery is being discharged or charged is measured in c-rate. 
With c-rate means how much electricity (current) the battery is providing with respect to the 
discharge capacity of the battery or in other words, a 1000 Ah battery is providing 1000 A for 
1 hour at 1 C discharge rate. In addition, the same battery could for 5 hours provide 200 A at 
0,2 C discharge rate or 4000 A for 15 minutes at 4 C discharge rate. Different batteries prefer 
different c-rates in order to work efficiently and therefore manufacturers often rates batteries 
regarding their ability to work at specific c-rates. All these factors describe and/or influence 
the performance of a battery and they are for that reason necessary tools when studying and 
illustrating the performance of a battery system [65]. 
 

Fully Loaded

Rated Actual

New Old Full Discharged

Discharging

SOC DOD

SOH Capacity (full) = DOD + SOC

Fully Loaded

Rated Actual

New Old Full Discharged

Discharging

SOC DOD

SOH Capacity (full) = DOD + SOC
 

 
Figure 33 - State of Health, State of Charge and Depth of Discharge illustrations 

 
The ageing of batteries is also an interesting and very important aspect to consider when 
designing how a battery based power system should be designed. It is of special importance in 
remote stand-alone power systems where there is no possibility of connecting the system to an 
external grid and consequently the demands on the batteries are in those cases higher. Studies 
and experiences have shown that the ageing of batteries is foremost due to corrosion, 
sulfatation and things that in other ways complicate the chemical processes within the battery 
cell. These errors are, if not due to natural ageing, often caused by incorrect using of the 
batteries, like keeping batteries in low states of charge for long times or by overcharging the 
batteries for instance. A model describing the ageing of batteries in stand-alone PV systems 
have been presented (Cherif, Jraidi, Dhouib) [66]. In the referred paper the ageing and 
performance of lead-acid batteries (ASSAD/TV90) were studied of four different ages, new, 4 
months old, 13 months old and 30 months old. Calculations for different state of charges 
(SOC) and different currents among others was made for each battery, and some clear 
tendencies could be drawn from the results during charge and discharge as follows. 
 
The discharge resistance has a tendency to increase more rapidly for an older battery, i.e. the 
losses during discharge are higher for older batteries. Similar tendencies could also be shown 
for the opposite, when the battery is being charged, i.e. it is a higher resistance and 
consequently higher losses when recharging an older battery. In addition more voltage is 
needed when the resistance increases in order to discharge and recharge older battery if the 
current stays unchanged. The performed study also showed that the capacity is the most 
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sensitive factor in ageing, evidently the losses are higher in an older battery compared to a 
newer one and therefore the capacity is decrease with the battery age, i.e. an older battery has 
a lower SOH. It is consequently also true that these tendencies will sooner occur if the battery 
is used incorrectly and thus it is of great importance to monitor and control the battery 
performance at all times. 
 
4.4.3 Choosing the Right Type of Battery 
 
If a battery system is going to be used in a specific power system, there is an assortment of 
important issues that have to be considered in order to select the right type of battery system.  
It is also important to evaluate the different aspects for the specific application, i.e. what are 
the most important issues and what issues needs less consideration. For the sake of simplicity, 
some examples of important aspects that usually must be considered are: 
 

• Type of installation, autonomous system or none autonomous system 
• Constant or fluctuating operation 
• Needed total load coverage, and the size and duration of load peaks and periods when 

there is a power outage from the primarily power source  
• Ambient conditions like temperatures, humidity etc. 
• Cost limitations 
• Environmental aspects 
• Lifetime of the batteries 
• Service life of the batteries 
• Possible charge rate of batteries 
• Maximum and minimum discharge/charge currents 
• Maximum and minimum voltage  
• Control of system 

 75



RENEWABLE POWER FOR THE SWEDISH ANTARCTIC STATION WASA  
__________________________________________________ 

 
 

When considering these issues, one must consider a worst-case scenario in order to secure an 
accurate performance of the system. It must also exist a safety margin against such worst-case 
scenarios and therefore the considered system must be oversized. In addition, when discussing 
the implementation of a battery system for a research station in Antarctica with its relatively 
harsh climatic conditions, it will put the demands of the system to its climax. In the following 
table some important aspects and proposed qualities of the battery system for Antarctic use 
are suggested:   
 

It must: Suggestions: 

Be able to withstand extreme climatic conditions Use battery with a wide operation temperature 
range, insulated battery pack, heated. 

Be maintenance free as far as possible Use batteries with high durability at given 
conditions. Preferably sealed cells. 

Not be used at unsuitable conditions Controlled and monitored system. 

Be able to operate reliably 

Use batteries that are able to withstand heavy 
fluctuations in power in-/output, that are able to 

withstand deep discharging and that are resistant 
against system failures. 

Have a long life time Able to withstand a high amount of 
charge/discharge cycles, low self-discharge rate. 

Be harmless to the environment Must not release any harmful substances during 
operation or when being replaced. 

Table 5 - Favourable design aspects for battery systems. 

In all considerations the performance and behaviour of the battery system must be 
investigated and thus the following sections will discuss these subjects more thorough. 
 
4.4.4 Different Types of Batteries 
 
There are a variety of different types of batteries for a variety of different kinds of 
applications. Some applications might need a battery that could be completely discharged in 
seconds like in cars, so called cranking type batteries, and other applications might need 
batteries that could supply a continuous stream of electricity like in energy storage systems 
for hybrid power systems, so called deep cycle batteries. But batteries could also be divided in 
subgroups depending on the different designs they possess as follows. 
 

• Lead-acid batteries 
 

• Alkaline batteries (NiCd and NiMH) 
 

• Lithium Batteries 
 

• Zinc-air fuel cells 
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Lead-acid batteries  
 
Lead-acid batteries [37, 65, 67] are the most common battery types in power system 
applications today and they are also among the oldest commercial battery types on the market. 
Despite the age of the technology, lead-acid batteries have undergone major developments 
during the last fifty years that have improved their performance as well as made them cheaper 
and lighter. The area of applications for these types of batteries is mostly for automotive 
purpose, but even households, industries, and SAPS could find use for this technique. The 
popularity of the lead-acid battery could be explained by the simple principle and the 
continuous developments, nevertheless the competition from other types of batteries has 
increased in recent years. The design of a basic lead-acid battery is the same as for a basic 
battery. It has two electrodes with an acid electrolyte in between. The electrodes are made of 
lead and lead-oxide with sulphuric acid as electrolyte. In recent years new designs has 
emerged on the market that is as far as possible completely maintenance free, these batteries 
are called VRLA (valve regulated lead-acid battery) and SLA (sealed lead-acid battery), 
nevertheless they are both in principle of the same type with a slight difference in shape. In 
these types of batteries, moistened separators have replaced the liquid electrolyte and the 
battery has been sealed. Because of the fact that these batteries are sealed, there must be a 
safety limit against overcharging which would decrease the lifetime of the battery. Every 
overcharging of a battery will lower the maximum charging limit and thus also the 
performance of the battery, and consequently maintenance free batteries could never be 
charged up to the maximum charging limit otherwise they will not be maintenance free for 
long. Likewise a fully discharged lead-acid battery will lose in capacity and thus there must 
also be a limit against too much discharging of the battery. If the battery is left in a discharged 
state, this will cause an unwanted sulphation of the battery cells, which in turn will complicate 
further recharging/discharging of the battery. A typical sealed lead-acid battery could manage 
approximately 200 to 300 discharge/recharge cycles before it has to be removed, depending 
on the working temperature, the ambient temperature etc. The most optimal operation 
temperature for lead-acid batteries are around 25°C, an increase of the temperature with 8°C 
will decrease the battery lifetime with 50%. They also have a somewhat limited performance 
in low temperature applications and applications that demands high power density due to the 
size of the batteries. 
 

Advantages Disadvantages 

 
• Relatively long lifetimes and high 

reliability 
 

• Inexpensive 
 

• No maintenance, easy to use 
 

• High discharged rate, i.e. it could be 
applied as a cranking battery with quick 
and deep discharging 

 
• Long lifetimes because low self-

discharging 

 
• Low energy density 

 
• Too long discharge times will damage the 

battery 
 

• Suitable for a limited temperature range 
 

• Environmental unfriendly if leakage 
occurs due to the lead and the acid 
electrolyte. 

 
• Endures a limited amount of 

discharge/charge loops 
 

Table 6 - Lead-acid batteries 
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Nickel-cadmium batteries 
 
The most common alkaline battery is the nickel-cadmium (NiCd) battery [65], which contains 
an electrolyte of potassium hydroxide and electrodes of nickel oxides. The NiCd battery is 
probably the most durable battery that exists on the market today. It can manage a variety of 
operation conditions with no or small limitations in performance. If the lead-acid battery 
could manage long periods with no discharging or charging, a nickel-cadmium battery needs 
to be discharged and recharged continuously. In fact, a nickel-cadmium battery needs to be 
completely discharged occasionally to last, otherwise it will gradually lose in performance 
due to that crystals will form on the electrodes. This phenomenon is called a memory effects 
[68]. Other disadvantages with the NiCd batteries are that they have large self-discharging 
rate, they need much water maintenance, and many NiCd batteries has a relatively huge 
internal resistance compared to other batteries. However, the high durability and reliability 
makes them more suitable than most other batteries in many applications like for example in 
remote and temperature extreme environments, they could be recharged-discharged many 
times before they have to be replaced, they are tolerant against overcharging, and it is a well 
know technique. Some advantages and disadvantages with nickel-cadmium are listed below. 
 

Advantages Disadvantages 

 
• Easy and quick to recharge 

 
• Manage a huge amount of 

discharge/recharge loops 
 

• Relatively good performance at many 
different ambient conditions (reliable) 

 
• Long lifetime when used correctly 

(durable) 
 

• Not as expensive as most other batteries 
 

• Available in a variety of different shapes 
and sizes 

 

 
• Low energy density 

 
• Must be recharged-discharged 

occasionally 
 

• Unfriendly to the environment because of 
the toxic heavy metal cadmium 

 
• (Could have a high self discharge rate, 

depending on the given conditions) 
 

• (Could have a high internal resistance, 
also depending on the given conditions) 

 
 

Table 7 - Nickel-cadmium batteries 

 
Nickel-metal hydride batteries 
 
Because of environmental concerns regarding the use of cadmium in the nickel cadmium 
batteries, there has been research of ways to eliminate the cadmium. One solution is to 
exchange the cadmium anode with a metal hydride plate. Other advantages with using a metal 
hydride anode are that it makes the battery operate without memory effects, and it has a 
higher power density compared to nickel-cadmium batteries. Yet, using a metal hydride 
instead of cadmium as anode will cause the durability to decrease, it will also make the 
battery more sensitive to extreme operation conditions and make the self-discharge rate 
increase. Another side effect is that nickel-metal hydride batteries are massive and requires 
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high-pressure storage cylinders that will make them costly and bulky. Some advantages and 
disadvantages with Nickel-metal hydride batteries are, 
 

Advantages Disadvantages 

 
• High capacity 

 
• Harmless to the environment 

 
• Limited lifetime 

 
• Gives a limited discharge current 

 
• Generates much heat during charge and thus 

have a somewhat longer charge time 
 

• High self-discharge 
 

• Far from maintenance free 
 

• Sensitive to extreme temperatures, mostly high 
temperatures. 

 
• Costly 

 

Table 8 - Nickel-metal hydride batteries 

 
Lithium-ion batteries 
 
Lithium-ion batteries have existed since the beginning of the 1900-century, but it was not 
until the seventies that these types of batteries became commercialised. Today, lithium 
batteries and especially lithium-ion batteries are the most common batteries in modern cell 
phones. The electrodes of a lithium-ion battery consist of materials that act like host 
structures, which in turn can hold lithium-ions and electrons; in addition the electrolyte 
contains lithium salt (lithium-ions) dissolved in an organic liquid. The nature of the electrodes 
are such that they attract lithium-ions differently, i.e. one electrode attracts during charging 
and the other during discharging and thus the lithium ions will travel back and forth during 
the discharge/charge loops. Because of the design, these types of batteries have a high power 
density and they are much safer than the previous solid lithium batteries, because solid 
lithium electrodes have a tendency to be unstable. The discharge behaviour of the lithium-ion 
battery is similar with the nickel-cadmium battery, it needs low maintenance, it has a low self-
discharge rate and they are relatively harmless to the environment when being exposed 
compared to older types of batteries. Still, there are some hindrances to overcome before they 
can be more widely available. Lithium-ion batteries are somewhat more fragile than the 
previous mentioned types and consequently they need some type of protection against 
extreme operations in form of high or low operation temperatures, to heavy peak voltages, to 
low discharging levels etc. Large lithium-ion batteries for larger power systems have also 
been developed, but so far these systems have been costly and technically unstable. However, 
the continuous development of the lithium-ion batteries makes them very interesting for the 
future, even in large applications. Here are some advantages and disadvantages with lithium-
ion batteries. 
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Advantages Disadvantages 

 
• Very high power density 

 
• Low self-discharge rate and thus capable 

of preserving its capacity for a longer time
 

• Low maintenance 

 
• Needs protection to maintain the voltage 

and current within safe limits 
 

• Problems with too rapid ageing 
 

• Expensive 
 

• Needs more time to mature due to 
continuous developments of existing 
technique 

Table 9 - Lithium-ion batteries 

 
Lithium-polymer batteries 
 
The lithium-polymer battery is an offspring from the lithium-ion battery; the difference lies in 
the nature of the electrolyte. A modern lithium polymer battery contains a gelled electrolyte 
that does not conduct electricity and consequently all current will flow through the load 
circuit and not through the battery, which diminish the losses and increases the ion 
conductivity within the battery cell. Yet, the capacity of the lithium-polymer battery is not as 
high as for the lithium-ion battery and developments are progressing slowly. The advantages 
and disadvantages are as follows. 
 

Advantages Disadvantages 

 
• Could be constructed very small in size 

and with different shapes 
 

• Light weight 
 

• Improved safety compared to solid lithium 
and lithium–ion batteries 

 

 
• Somewhat lower power density 

compared to lithium-ion batteries 
 

• Expensive 
 

 

Table 10 - Lithium-polymer batteries 

 
Zinc-air fuel cell (Zinc-air battery) 
 
The Zinc-Air fuel cell (ZAFC) [69] is an example of a regenerative fuel cell that could be 
described as a hybrid between a fuel cell and a battery. Zinc-air fuel cells work like PEMFC 
fuel cells but with somewhat different elements. Free air is supplied to a GDE (gas diffusion 
electrode). A GDE works like a filter that allows atmospheric oxygen to be passed through 
and the rest will be filtered. The oxygen will there react and form hydroxyl ions that in turn 
will be transported through an electrolyte to a zinc anode. On the anode side the hydroxyl ions 
react with the zinc and forms zinc oxide, i.e. the anode zinc plate will slowly be eroded. 
During this process an electrical potential will arise. This process is similar to the principle of 
a PEM fuel cell except the eroding part. But when it comes to refuelling there is a clear 
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difference between them. The refuelling procedure for a ZAFC could be compared to the 
refuelling of an ordinary lead-acid battery. When electricity is supplied to the fuel cell the 
zinc oxide will be dissolved into oxygen and zinc. The oxygen will when mixed with water 
form hydroxyl ions and in addition the zinc will form so-called zinc pellets. Zinc pellets could 
in turn easily be stored.  Zinc-air fuel cells are examples of the similarities between fuel cells 
and batteries. A zinc-air fuel cell has more similarities with batteries than with common fuel 
cells, like in the way the fuel is used for example. Today zinc-air batteries are mostly used in 
small-scale applications, but developments are opening for possibilities of large-scale zinc-air 
batteries. By changing the design of the separator, the content of the electrolyte or the 
catalyst, the battery could be suited for different areas of applications.  
 
The advantages of using zinc-air fuel cells instead of ordinary batteries are that they have a 
shorter recharging process, they have a high power density and the generated fuel is relatively 
easy to store. Still, they are not yet commercially available to any greater extent. An example 
of a company developing zinc-air fuel cells is the Californian company Powerzinc [70]. Some 
advantages and disadvantages are:  
 

Advantages Disadvantages 

 
• Very rapid recharging times 

 
• Relatively good durability 

 
 

• Low material costs 
 

• Relatively constant discharge voltage 
 

• High power density compared to most 
other batteries 

 

 
• A relatively new and untried technology 

 
• Very dependent on ambient conditions, 

air humidity etc. 
 

• They easily dry out 
 

• Limited power output 
 

• Short active life 
 

• Zinc expands when forming zinc oxide, 
i.e. extra space is needed 

 

Table 11 - Zinc-Air fuel cells [71] 
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4.4.5 Battery Comparison 
 
As a comparison the properties for the most common batteries in SAPS applications at low 
temperatures are listed below [65]. The Zinc-Air fuel cell has been left out because of its 
relatively different design and technology.   
 

 Lead-Acid NiCd Ni-MH Li-ion Li-Poly 

Cycle life  Low High Moderate Moderate Moderate 

Operating temp. 
(°C) -20 to 60 -50 to 70 -20 to 70 -10 to 50 -10 to 50 

Maintenance 
need (20°C) Low7 High Moderate No No 

Capacity (at low 
temp.) Very low High Low Low to 

moderate Low 

Cost Relatively 
inexpensive Inexpensive Expensive Moderate Moderate 

Table 12 - Battery comparison 

 
Note that the operating temperatures are without any heating or isolation and the maintenance 
need is listed for batteries at room temperature. Also, the properties are for low temperatures 
and consequently they may be entirely different for higher temperatures. 
 
 
4.4.6 Environmental Impacts  
 
Most of the environmental impacts throughout the lifetime of battery storage system happen 
during the production phase and the dismantling phase. During the operation phase there are 
almost no impacts due to the usually low amount of leakages from the battery cells. Release 
of harmful substances might be higher from batteries using fluidised electrolytes like Lead-
Acid batteries or other “none solid” batteries. The following aspects are based on some 
interesting papers dealing with these issues [72, 73]. In the last decades the most common 
type of rechargeable battery for SAPS applications has been the NiCd battery. As seen earlier 
NiCd batteries can obtain the highest capacity in cold environments, nonetheless the 
development of other batteries like NiMH and Li-ion batteries are increasing. One of the 
reasons for the replacements of NiCd batteries is that they contain the heavy metal cadmium. 
Cadmium constitutes in conjunction with lead and mercury a group of very toxic metals that 
will have negative impacts on the environment when released. Thus the utilization of batteries 
containing these metals has to be limited as much as possible. Still, many new batteries 
contains metals whose environmental properties one know very little about, and thus the 
uncertainty of implementing such battery systems are high. The highest risks of metal 
leakages usually happen when the batteries have reached their maximum age, during the 
dismounting and recycling phase. It is therefore important that the batteries has a high recycle 
rate, which for NiCd batteries is 5-50% compared to 2-10% for Li-ion batteries [74]. In 

                                                 
7 Note that VRLA and SLA batteries are almost completely maintenance free. 
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Antarctica 100% of the obsolete batteries will be removed, thus it is a matter of collecting and 
handling these batteries in an appropriate way. It is therefore important to construct and use 
systems with high durability. In addition, batteries with high service life, high 
discharge/charge capability and a high energy density are favourable. 
 
4.4.7 Performance in Harsh Climates 
 
At the Swedish stations in Antarctica the temperatures could fall below -40°C in extreme 
cases, and it is therefore crucial that the battery system can withstand such conditions. The 
main problem with using batteries in cold environments is that the interior of the battery will 
change. Many of the problems that occur can be related to the changes that the electrolyte will 
undergo in forms of higher density, change in viscosity, lower ionic conductivity, 
crystallization of the electrolyte on anodes or cathodes, or complete freezing of the cell etc. 
The change in the quality of the battery often results in a voltage increase in the cells that 
further complicates the nature of performance. In addition, it is of outmost importance that the 
batteries could be charged and discharged independent of existing ambient conditions in order 
to secure the energy supply and to secure the ability to store energy at all times. Evidently, the 
batteries do not often function like they was designed to do at extreme conditions, and it is 
therefore difficult to predict the behaviour of batteries under such conditions. Even though a 
battery is said to function at some specific conditions, the preferable conditions might be 
entirely different, e.g. at low temperatures the internal resistance of a battery will increase due 
to the reduced ionic conductivity of the electrolyte. An increase of the internal resistance is 
one of the reasons why the battery capacity is reduced at low temperatures [75, 76]. The 
preferable discharge temperature might also differ from the preferable charge temperature and 
thus a battery that is supplying energy in a cold climate might have to be heated when being 
recharged. Figure 34 shows the minimum daily temperature variations for the worst months in 
2001. 
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Figure 34 - Minimum temperature of the worst month (June) at Wasa, year 2001 

Source: FINNARP 
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Note the large variation in temperature over short time periods. In five days (23 of June to 28 
of June) the temperature dropped from –9.9°C to –33.2°C. Variations like these will have 
major impacts on the final system design. It is important to construct a system that could 
withstand heavy fluctuations in temperature, humidity, wind speeds etc., and subsequently the 
demands on the system will be high. For a battery system in harsh environments the most 
crucial problem lies in the recharging of the batteries, especially during heavy fluctuations. At 
low temperatures the level of voltage will increase within the battery cells and as a result the 
charge voltage must be increased. Another problem at low temperatures is that the charge 
acceptance is much lower and thus the charge rate must be limited.    
 
It has been shown earlier in this chapter that different battery types have different abilities to 
work in extreme ambient conditions. Among the more common types of batteries, it is clear 
that NiCd is the most suitable to work at extremely low temperatures. But continuous 
developments of especially lithium batteries might compete with the NiCd in the near future. 
Figure 35 illustrates the operating temperature range for the most common types of batteries. 
Almost all types of batteries could in theory be used at temperatures below -20°C, but with 
reduced capacity.  
 

-20

-50

-20

-10

-10

-20

60

70

70

50

50

60

-60 -40 -20 0 20 40 60 80

Temperature [°C]

Zn-Air

Lithium-Polymer

Li-ion

Ni-MH

Ni-Cd

Lead-Acid

 
Figure 35 - Temperature range for secondary batteries [65, 76, 78] 

 
NiCd in harsh climates 
 
NiCd battery could be discharged at temperatures as low as -50°C in extreme cases without 
loosing too much in performance, yet to recharge such batteries at below freezing is a bit 
more difficult. If a NiCd is being recharged at an ambient temperature below 0°C without any 
heating of the battery pack, the charge rate must be reduced to 0,1 C [77], i.e. 10 % of its 
maximum charging capacity per hour. Otherwise the battery will experience too high internal 
pressures, which in turn will result in leakages within the battery cell. For NiCd batteries the 
optimal operation temperature range from 0°C to 30°C [78]. However, the lower temperature 
limit could in extreme cases be set to -50°C, as seen before. If the battery is used at 
temperatures below this recommended lover limit, it will drastically decrease the capacity and 
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operating voltage of the battery. Therefore strongly advised by the manufacturers not to use 
their batteries under such circumstances. 
 

 
Figure 36 – NiCd battery enclosures at Wasa 

Photo: SWEDARP 

 
According to Dr. Klaus Gutzeit at Hoppecke Battery Systems [79] the most suitable type 
among the Hoppecke NiCd cells for cold climates is the so-called FNC H (high) type cells 
designed for high loads with preferable discharging times ranging from a few seconds to 30 
min. FNC M (medium) could also be used if the discharge rate (C-rate) is far below that of 
the nominal 5 hour current. At temperatures down to –50°C the capacity of the FNC H type 
will drastically be decreased, but still less then the decrease for most other batteries. The 
available capacity at such circumstances ranges from 20% to 50% of the optimal capacity 
depending on the discharge current and on the supposed working scheme of the battery. As 
mentioned earlier, the ageing of the battery is also an important characteristic. In Figure 37 
the number of cycles versus the depth of discharge before the battery capacity degrades to 
80% of the nominal capacity is illustrated. The curve is valid for temperatures around 20°C, 
but the trend is clear.  
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Figure 37 - Number of cycles versus DOD for Hoppecke FNC H Batteries. [82] 

 
 
Modified Lithium-ion batteries in cold climates 
 
Maybe the most interesting type of battery today is the Li-ion battery. With its increasing use 
in mobile phones and radio equipment it has found its way towards future use and 
developments. Li-ion technology can also be used in secondary batteries, i.e. as backup in 
remote power systems. Therefore the developments of the Li-ion technology ought to be 
mentioned somehow in this survey. Modified Li-ion batteries have also been tested at 
temperature down to -40°C [80, 81]. 
 
 As mentioned in the earlier section, a battery’s performance is very dependent on the 
qualities of its electrolyte. In state-of-the-art Li-ion batteries, LiPF6 salt is used as a solute in 
the electrolyte. Li-ion batteries using LiPF6-based electrolyte have a relatively high ionic 
conductivity, i.e. a low internal resistance in the cell. They also have poor low temperature 
performances, and as a result the capacity and the cell voltage will decrease very rapidly at 
temperatures below 0°C.  The reason for this lies in the increasing formation of solid 
electrolyte on the anode surface, and also in the decreasing diffusivity of lithium ions. 
Research is made on developments of low temperature Li-ion batteries; one approach 
presented [82] is investigating the possibility to improve the low temperature performance by 
switching the Phosphorus (P) with Boron (B) in the salt so that LiBF6 salt is used instead.  It 
was shown that using LiBF6 or LiBF4 salts lowers the ionic conductivity within the 
electrolyte. Due to an increasing internal resistance, this usually means a reduced capacity. It 
was also noticed that the earlier mentioned formation of solid electrolyte on the anode was 
decreased and the battery’s ability to receive and emit charged particles was substantially 
increased. As a result a higher capacity at lower temperatures was obtained when using the 
new solute. The study shows that a reduced ionic conductivity within the cell doesn’t usually 
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mean a reduced capacity, and thus it is possible to construct Li-ion batteries with increased 
low temperature performance. Figure 38 shows how the capacity varies with the temperature 
for LiPF6-based and LiBF4-based Li-ion cells at the same voltage and the same discharge rate. 
The rated capacity is in percentage of the rated capacity at 20°C. Note that the figure is an 
approximation and therefore the authors will not take any responsibility of the accuracy of the 
graphs. Still, they show some clear tendencies.  
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Figure 38 - Capacity-temperature curve for Li-ion batteries at 2.5 volt [82] 

 
Consequently it is possible to construct Li-ion batteries for a wide temperature range. But 
there are some hindrances that must be solved in order for this technology to be a fair 
competitor to NiCd batteries. Li-ion technology is still developing very rapidly and this brings 
uncertainty to it. Evidently it is not profitable to install a battery system that in a few years 
must be exchanged to obtain best performance. Another obstacle is that new developments of 
Li-ion batteries tend to make them even more expensive, and there is still a problem with 
premature ageing of Li-ion batteries. Therefore Li-ion technology still doesn’t feel as reliable 
as the NiCd technology in cold and rough conditions.   
 
4.4.8 Test Installations and Permanent Installations 
 
NiCd at the Swedish station Wasa 
 
At Wasa, the energy storage system consists of 80 1.2 volt NiCd battery cells of Hoppecke 
FNC type (Figure 39). The system is a 24 V system and a regulator that allows a maximum 
charge voltage of 28.5 V and a minimum discharge voltage of 22.8 V regulates it. The 
batteries are stored in insulated containers, situated underneath the station’s main building. 
The insulation limits the influence on the battery module from the surroundings to some 
extent. Yet, it is uncertain if the insulation withstands extreme temperatures. It should also be 
noted that no monitoring of the system is done and thus the only control of the system is the 

 87



RENEWABLE POWER FOR THE SWEDISH ANTARCTIC STATION WASA  
__________________________________________________ 

 
 

on/off-switch control done by the regulators. Because the station is only used during the 
Antarctic summer, the existing battery system has only been in operation during the warmer 
part of the year. Since the installation of the battery system in 1996-1997, there has been 
neither any testing of eventual loss in capacity nor any exchange or maintenance apart from 
refuelling of distilled water to the batteries.  
 

 
Figure 39 - Battery bank at Wasa 

Photo: SWEDARP 

 
During the 2003/2004 it was discovered that an ordinary cranking Lead-Acid battery in an 
adjacent VHF repeater station had frozen during the winter season due to a too small state of 
charge (SOC) when not in service. A low SOC result in a higher amount of water and a lower 
amount of ‘active’ electrolyte within the battery cell and evidently water freezes at below zero 
degrees. It is therefore more likely that a discharged battery will freeze than a battery with a 
high SOC when not used. It should be highlighted that it is preferable to store fully charged 
batteries in a colder climate due to a lower shelf-discharge rate at such conditions. The 
lifetime of batteries when not in use will increase when stored at low ambient temperatures.  
 
Because no monitoring of battery performance has been done at Wasa, it is difficult to 
estimate the ageing (SOH) of the present NiCd based system. Subsequently, there might be a 
risk that even the NiCd batteries will freeze sooner or later. Yet, according to the 
manufacturer, a vented FNC Hoppecke battery has a service life of 20 years at normal 
conditions [83]. It is likely that the existing batteries will last for many years to come despite 
the risk of freezing, providing they are controlled and regulated in a right way. 
 
Australian remote radio installations  
 
The AAD, Australian Antarctic Division, has deployed several remote radio installations in 
Antarctica, for example near the Australian station on the Macquire Island between Tasmania 
and the Antarctic continent [84]. Macquire Island is actually a part of the state of Tasmania, 
but it is also a subantarctic island with similarities in climate compared to the Antarctic 
continent, i.e. strong winds and relatively cold temperatures. Yet, even though the length of 
day differs over the year, the average temperature is almost constant, e.g. the average 
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temperature in the winter and summer is 3.3°C and 7.0°C respectively. Consequently the 
design temperatures are not as extreme as for many locations in Antarctica but still very 
interesting.       
 
The radio repeaters installed operate on energy supplied from Rutland FM910 wind 
generators and from Solarex LX145G solar panels.  The energy is stored in battery packs 
consisting of Saft Sunica 31 NiCd batteries rated at 12 volt and each with a capacity of 322 
Ah. The boxes containing the battery packs are, like at Wasa, insulated in order to minimize 
the influence by the ambient conditions on the battery capacity and performance. Two types 
of regulators, Plasmatronic PL20 and PL40, regulate the batteries for best performances. 
 
Saft Sunica batteries [85] are foremost designed for use in photovoltaic applications and they 
are also suitable for use in remote SAPS. Because they are of a similar type, they also share 
many of the characteristics and principles of the Hoppecke batteries used at Wasa. Like for 
the Hoppecke type they must possess many of the qualities listed in section 4.4.3. The Saft 
Sunica batteries are therefore excellent examples of the benefit of using NiCd batteries in 
remote applications. 
 
They are constructed on a supporting steel structure hosting the electrode material that is able 
to withstand the corroding electrolyte. Consequently they do not suffer from failures due to 
corrosion of the electrodes, in comparison with Lead-Acid batteries that contains electrodes 
only consisting of active material. The nature of the electrolyte in NiCd batteries is also an 
important and interesting aspect to consider. The electrolyte is the most important component 
with respect to the quality and behaviour of a battery. The Sunica battery electrolyte consists 
of a mixture of potassium hydroxide and lithium hydroxide that simplifies the optimisation of 
the battery parameters such as the performance, the efficiency, the temperature range (as low 
as –50°C) and the lifetime. It is possible to construct the battery cell so that it could contain a 
larger amount of electrolyte than necessary and perhaps construct the sealing to minimize 
losses so that the maintenance need could be lowered. All these facts together make these 
types of NiCd batteries very interesting for remote installations at extreme conditions when 
comparing them to other battery technologies.  
 
However, for a fully charged Saft Sunica battery, the capacity is decreased with 40% at an 
operating temperature of –40°C and the capacity curve starts to decrease already at operating 
temperatures of 20°C. At lower SOC the tendencies are even clearer. This may seem like a 
significantly large decrease, yet it is small compared to the decrease of capacity for other 
battery types at the same conditions. It is very important to consider this fact when designing 
a battery system to work in extreme conditions, otherwise problems will most likely occur 
when the temperature falls below the normal operation limit. The limited performance of 
batteries in cold climates and some solutions to these problems will be presented in the 
following sections. 
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Hybrid power systems for American seismic sites in Antarctica 
 
In 1998 and 1999 Northern Power Systems in conjunction with Geophysical Services and 
Products Company (GSP) installed two hybrid power systems to supply power for seismic 
monitoring stations, located nearly 160 km from McMurdo [86]. It was shown that the two 
hybrid power systems: one consisting of diesel generators, solar arrays and Deka Unigy II 
valve regulated lead-acid batteries, and the other consisting of diesel generators and 
NorthWind HR3 wind turbines had an 100% system reliability despite experienced 
temperatures as low as –50°C and wind speeds as high as 80 m/s. Another impediment is that 
the sites are only accessible 3 month per year and thus the systems require complete remote 
control capability that further increases the importance of reliability. An advantage of using 
valve regulated batteries is that they are almost completely maintenance free. However lead-
acid batteries has poor low temperature performance compared to other types of batteries. 
Figure 40 shows the temperature dependence of lead-acid batteries compared to NiCd 
batteries. As seen there is a clear distinguish between the two types. Hence, both the 
durability and performance could be increased with the use of other more temperature 
consistent batteries. 
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Figure 40 - Temperature dependence for NiCd and Lead-Acid deep cycle batteries 

 
Note that the chart is an approximation of data from several sources and thus the accuracy of 
the graphs is uncertain. The chart is only for clarifying the differences. It should also be 
highlighted that the graphs are generated from data based on batteries at the same conditions, 
C-rate, age etc. [87, 88, 89, 90]. 
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4.4.9 Different Solutions 
 
Insulation and heating 
 
In the previous sections it was stated that many batteries, especially those who contain 
aqueous electrolytes, has finite performances at temperatures below -10°C. This is often by 
reason of deteriorated ionic conductivity within the battery cells as a result of a changed 
quality of the electrolyte. Some batteries perform better than others at such conditions, but all 
batteries no matter what kind will have a reduced capacity at low ambient temperatures. To 
maintain batteries at operating temperatures, a common method is to keep the battery pack in 
insulated containers. However, modern batteries are so efficient that only a small amount of 
heat is generated during operation, and thus it is uncertain if only insulation is sufficient to 
keep batteries at preferred operating conditions.  At extreme conditions when the temperature 
drops below –10°C and remains there for long periods, the heat produced from the batteries 
might be much less than the emitted heat from the walls of the container, and consequently 
the battery pack will continuously be chilled until an equilibrium state below the normal 
operating range is obtained. To avoid this, some kind of heating of the battery pack might be a 
good solution. There are two potential heat sources for such an installation; possible heat from 
the primary energy generation process for fluid heating, or surplus electricity from the overall 
process. An assortment of different conceivable solutions is available [91]: Internal core 
heating; external electric heating; internal electric heating; and external and internal fluid 
heating, respectively are some examples.  
 
External fluid heating 
 
External fluid heating is the simplest way to heat batteries with respect to the design criteria 
and thus it will be treated separately in this survey. According to a proposal for small electric 
power systems in cold environments [92], it was suggested that the spare heat generated from 
photovoltaic cells could be utilized as external fluid heating. A typical photovoltaic cell has 
an electric efficiency of 5 to 25 percent, and thus a large extent of the generated energy is in 
form of heat. The heat generated by the solar cell must in many cases also be removed for the 
cell to work properly and thus by using this removed heat, the gain will be doubled. There is 
no doubt that there is a great potential for heating in such applications. Another advantage is 
that no new technology needs to be introduced or developed since all the technology needed 
is widely known.  
 
The simplest configuration is the combined solar array – battery bank module (Figure 41) 
with a well insulated battery enclosure. The solar arrays are mounted on top of the battery 
core and a highly heat-conductive material separates these two components. The result is a 
compact, “easy to carry”-module. 
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Figure 41 - External fluid heating of batteries 

 
But in some installations it might be preferable to separate the battery core from the solar 
arrays. This is much more convenient in applications were the solar panel is situated in 
relatively inaccessible locations, like on a roof or a wall for instance.  An example of such a 
configuration is the separated battery bank - solar array system (Figure 42). The system 
could be of one-circuit or two-circuit type. In a two-circuit type the two parts (circuits) are 
separated by a heat exchanger, an accumulator to regulate the flow of medium is in some 
cases also used. An important aspect of two-circuits and one-circuits, respectively, is that the 
first one is less sensitive to leakages, but because of the configuration it is also more bulky. 
However, by using two circuits two different mediums could be used in the system, and thus 
it would be easier to design such a system for best efficiency. This is because different 
mediums have different cooling or heating abilities depending on what part of the system that 
is intended.     
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Figure 42 - Separated battery bank - solar array heating system 

 
An important disadvantage is that during the Antarctic winter month when the heating 
demand is high, there is almost no solar irradiation and thus no heat coming from the solar 
panels. Consequently it is most uncertain if the technique is favourable for installations in 
Antarctica.  
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Electric and internal fluid heating of the batteries 
 
In applications where no photovoltaic cells are present like for instance in a wind power-
based scheme, a possibility is to use electric coils or other types of electrical heaters for 
heating the battery core. This will however reduce the electric efficiency of the overall system 
because less electricity is then supplied for the main purpose of the system, and that is to 
cover the load.  
 
 
In the referred study by Vlahinos and Pesaran [91], the efficiency of four different types of 
battery heating (internal core heating, internal and external jacket heating, and internal fluid 
heating) was investigated. The different designs are shortly described as follows. 
 
Internal core heating uses contact resistance in the space between the battery cores in a 
battery pack, see Figure 43. When the temperature in the battery pack increases, the resistance 
will decrease and so will the generated heat and vice versa. I.e. the internal core heating uses 
the electrical energy generated within the battery, it does not supply energy from the outside.  
External jacket heating on the other hand, uses electrical heaters in form of a jacket around 
the battery module, enclosing the whole battery system like a shell, see Figure 44, whereas 
Internal jacket heating applies the electrical heaters around each cell.  
The Internal fluid heating works like the internal jacket heating, but uses some kind of hot 
fluid instead of electricity in-between the cells. 
 
It is obvious that some modifications of the battery container are necessary if these techniques 
are to be applied, and this is something that has to be reckoned with when designing such a 
system.  

Battery core Contact resistance

Insulated enclosure

 
Figure 43 - Internal core heating of battery pack 
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Figure 44 - External core heating of battery pack 

 
By performing thermal analysis of each case in similar conditions some important conclusions 
could be made. Electrical heating is more efficient and faster than fluid heating. Of the 
different types using electrical heating, the internal core heating proved to be the most 
efficient for the same amount of supplied energy. It is shown that using AC in internal core 
heating could further improve the heating performance.  
However, manufacturing, cost, packaging and design issues were not considered in the 
analysis. It is also hard to exactly predict how the internal core heating will influence the 
battery performance in long-term. Another important aspect is that using electricity for 
heating will to some extent decrease the overall efficiency of the system. 
The result of the study shows some interesting aspects when using batteries in cold climates, 
and using some kind of battery heating could be an efficient solution in many cases. 
 
 
4.4.10 Discussion  
 
Throughout this chapter, some significant specifics about battery behaviour in harsh climates 
has been stated and investigated. The question to be answered according to the purpose of this 
study is: Could batteries be used in the specific system? 
 
Motor vehicles using batteries as an engine start-up are being used world wide, even in cold 
and otherwise harsh climates. However, it is a huge difference between such batteries and 
batteries that are being used as secondary power sources in energy systems, especially with 
respect to the demands on such a system. It is crucial that a secondary battery could secure an 
instant and constant access of back-up power, compared with the so-called cranking batteries 
that are being short-circuited once in a while. This makes high demands on the batteries to be 
chosen. The temperature is obviously the most crucial parameter for the battery performance 
in Antarctica. 

 94



RENEWABLE POWER FOR THE SWEDISH ANTARCTIC STATION WASA  
__________________________________________________ 

 
 

The following characteristics are significant for batteries at low temperatures, 
 

- Increase of the internal resistance 
- Lower preferable c-rate 
- Reduced operating voltage/cell 
- Reduced discharge capacity 

 
+ Better storage conditions 
 

The types of batteries that best corresponds to a good performance in cold climates are NiCd 
batteries. They possess many of the qualities needed for favourable operations in Antarctica, 
see Table 5. Evidently such batteries are therefore being used in present installations in 
Antarctica today including Wasa. Another example of an implementation of NiCd batteries in 
Antarctica are the Australian weather stations mentioned in this chapter. Yet, modifications of 
for example lithium batteries could prove to be a useful solution in the future. Developments 
of batteries today are primarily focusing on an increased quality of the electrolytes. 
Electrolytes with increased ionic conductivity (i.e. decreased internal resistance and increased 
capacity) might improve the poor low temperature performance of many batteries in the near 
future. 
 
To prevent failures and undesirable fluctuations in the system, some type of equipment that 
regulates and controls the systems must exist. The increased operating voltage at lower 
temperatures will also cause an increase of the recharge voltage, something that could cause 
serious damages on the connected components. To prevent this one has to have either two 
separate battery systems, one that is discharging when the other is recharging, or a DC-DC 
transformer that could obtain the right levels of voltages. 
 
To answer the question stated in the beginning of the discussion: 
 
Yes, it is favourable to use batteries in Antarctica. The most suitable battery type is the NiCd 
type because of the good low temperature performance of such batteries. Yet, to increase the 
reliability of the system it must be controlled and regulated at all times. Components like 
regulators, DC-DC transformers and control equipment are therefore inevitable in battery 
systems.   
 
Down below some important strengths and weaknesses of battery systems are listed. 
 
Strengths 
 
Most types of batteries are reliable in that sense that they can quickly and easily provide 
back-up power when needed. 
 
They are easily charged and discharged, even though the preferable charging rate is slower 
in cold climates. 
 
Secondary batteries have a high power density, but not as good as fuel cells. 
 
There are no emissions of greenhouse gases. 
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Normally, due to the simplicity of battery systems, the maintenance cost are very low. 
 
The only additional equipment needed is for regulation and control of the system, which 
results in a simple system. 
 
Cold environments have a tendency to prolong the lifetime of batteries due to lower self-
discharge rates. 
 
Batteries are used as secondary power sources in present SAPS all over the world, even in 
Antarctica. Thus the experience and knowledge of the systems are widely spread. 
 
 
 
Weaknesses 
 
Batteries are very sensitive to incorrect use, e.g. they have a tendency to age rapidly if used 
incorrect. 
 
To avoid incorrect usage the batteries must continuously be controlled and regulated due to 
the risk of overcharging etc. 
 
Some batteries are composed of toxic materials that if released will have negative impacts 
on the environment, like cadmium in NiCd batteries. 
 
The capacity is reduced at low temperatures. Yet, there exist batteries with relatively good 
performances in cold climates. 
 
The recharging ability at low temperatures is limited. 
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5. Limitations in the Performances of Renewable Power Systems 
 
Limitations in power systems based on renewable energy have been studied by Baring-Gould, 
Newcomb et al [93]. The studies are based on experiences from the installation and design of 
more than eighteen hybrid power systems throughout the world. All investigated power 
systems are so-called DC-based systems, i.e. all renewable energy is connected to the DC bus. 
Typical DC-based hybrid systems consists of the following main components, 
 

• A wind turbine. 
• Solar cells, (photovoltaic array). 
• Some type of power inverter (AC/DC inverter, rectifiers etc.). 
• Lead acid batteries. 
• A control system. 
• And sometimes diesel generators are used 

 
A typical remote hybrid power system uses wind turbines or photovoltaic arrays for power 
production, and sometimes both of them are used. When dimensioning such systems for 
certain applications, one considers climate conditions at the specific locations, e.g. wind 
turbines need specific wind speeds in order to work properly. Consequently the potential 
maximum output of a system is very dependent on the weather conditions, and evidently 
optimal conditions must prevail for optimal performances. Yet, despite right conditions the 
optimal performances of the systems are seldom achieved, mostly due to problems with 
utilising all energy produced. The somewhat finite performances of hybrid systems could 
depend on the following [93], 
 

• The performance of the back-up systems versus the power potential of the wind/solar 
system 

• System control losses 
• Finite efficiencies due to for example undesirable climate conditions 

 
Several of the problems arise in the transition between the primary power source (wind 
turbines, solar power) and the back-up system (battery, fuel cells etc.), and thus a major task 
is to make these components more compatible. The most common way of storing energy in 
hybrid systems today are batteries. A problem with batteries is that they have an internal 
resistance, the weaker the battery the higher the internal resistance. When a battery stack is 
being recharged the internal resistance will increase with the voltage. An increase in the 
internal resistance within a battery stack limits the possibilities of charging the batteries 
further, and this might cause problems of utilising all the excess power from the primary 
power source. If a battery is charged above a certain limit there is an imminent risk that the 
battery will fail. Therefore to protect the battery from overcharging, the power from the 
primary power source must be regulated at high battery voltages, and a control circuit placed 
between the power sources does this. However, during periods of high renewable power 
output, i.e. a high level of charging, the increased internal resistance might cause the battery 
voltage to reach the regulation voltage and in addition the charge controller will turn the 
charging process off. In other words, the voltage level in a battery might reach the maximum 
level even though it is not fully charged and consequently all existing excess power might not 
be used, i.e. some excess power will be dumped. Because batteries are sensitive to too high 
charging voltages they must also be protected against fluctuations in power output and load. 
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This makes high demands on the design of the battery system. Another problem is that during 
periods of strong wind or/and much solar irradiation, the battery stack may become fully 
loaded very rapidly and thus all the energy from the wind or solar irradiation can’t be utilized 
by the primary power source, since there is no need for more energy. 
 
Sometimes, in remote renewable energy systems, there is a need for extra back up in the 
system when the battery system is insufficient in some way, e.g. at heavy peak loads or long 
periods of high loads and less energy to exploit. As secondary back up system diesel 
generators are still mostly used even though they are not preferable. Experiences have shown 
that there can be complications in the control systems of such systems. In many applications 
the control systems doesn’t register if there is renewable energy in access and therefore 
energy is supplied from the diesel generators and the primary power source at the same time. 
When the system can’t make use of all energy generated in the system, the net energy will be 
dumped. For example, in almost all applications one of the most important aspects of the 
system is to protect the battery system because it is the primary back up system that secures 
the possibility to supply energy at all times. Let’s say that there is an instant need for 
recharging the batteries in a wind hybrid system, and there is no access of wind energy at that 
time, then the control system will start up the diesel generators to secure the energy supply 
and the recharging of the batteries. But if the wind instantaneously starts to blow and the wind 
turbine starts to produce power, there will be a total supply of power that exceeds the load and 
charging power. In this case the control system may not register if the electricity is produced 
from the diesel generators or the wind turbine, and in addition there is a great risk that 
renewable energy will be dumped. 
 
Inefficiencies in a power system are always an issue. Inefficiencies due to losses could occur 
in all components of a power system and it is important that the system is designed in a way 
that minimizes these losses. All the problems discussed above are examples of such 
inefficiencies, but there are more aspects that have to be considered: is the system utilizing the 
wind/ solar irradiation in an optimal way?, are there any unnecessary losses in rectifiers, 
transformers, transmissions etc, could there be system components that are more suitable in 
the system than existing ones?. As a complement to batteries fuel cells could be the solution 
for example. But there are obvious disadvantages with such techniques as well.    
 
5.1 Limitations Related to the Swedish Activities in Antarctica 
 
One could, based on the discussion above divide the limitations of renewable power system 
into three categories: limitations in the relation between the surroundings and the energy 
system, limitations in the relation between the different power sources that are being used in 
the energy system, and limitations in performance due to heat release, inefficient fuel 
consumption etc. 
 
It is evident that the primary and secondary systems must be compatible for the energy system 
to work properly and thus an increased understanding on this subject is needed. To obtain this 
the system and especially the connection between the primary and secondary circuit must be 
monitored and controlled regularly. As stated, the Swedish research facilities in Antarctica are 
uninhabited for long periods. Thus only remote monitoring of the system is possible, and 
subsequently this makes high demands on the system control. 
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It is also important to use the right type of equipment suitable for the weather conditions, grid 
accessibility, storage potential etc. In the case of an energy system based on renewable energy 
it is a matter of using the right components based on meteorological data and component 
behaviour, but also to use a backup system that could handle much excess energy with a high 
efficiency, e.g. using batteries with a low internal resistance. It is in reality often a wide 
difference between the power potential of a system and the produced power. In Baring-Gould 
et al. [93] a reduction in energy capture as high as 78% was measured in some of the cases. In 
Antarctica the weather patterns are widely fluctuating, which makes it difficult to optimise the 
system configuration. Hence the probability of a reduced energy capture in Antarctica is high. 
Therefore a system with a high energy potential of utilising the natural energy is needed, 
combined with either an limited storage potential only covering the load at times with no 
energy yield or an oversized storage potential to utilise as much energy as possible. In the first 
case much of the generated power would be lost due to the limited storage potential. This 
could be an advantage if the load fluctuations are corresponding to the fluctuations in weather 
patterns, which is unlikely. Therefore there is an imminent risk of an overproduction of 
power. 
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6. Modelling 
 
This survey is only studying a combination of wind turbines, PV cells, hydrogen systems and 
batteries as potential energy sources for the given location. Modelling the different possible 
designs of the hybrid system for the location considered requires choosing the most feasible 
components and optimising the size and number of such components. Some important 
requirements on the design must also be accounted for, the load must be covered at all times 
and the excess electricity must either be used or be minimised etc. All considered design 
parameters are listed below starting with the most important: 
 
1. Cover the load even if a part of the system fails to work. 
 
2. Minimise superfluous production, i.e. optimise system efficiency 
 
3. Maximise the durability of the system 
 
4. Minimise installation, operation and maintenance costs. 
 
5. Avoid any negative impacts on the environment 
 
In order to evaluate different options of system configuration it is necessary to have a tool for 
simulation and optimisation. This can be done either by encoding a calculation spreadsheet in 
MS Excel® or other mathematical programs or by using other specific software focused on 
energy calculations. Encoding an appropriate model was declined since the effort was not 
within the time scope of this project. Simple models can be achieved in a short time but most 
likely at the expense of accuracy and freedom of optimisation. With these aspects in mind it is 
decided to use some established software for more true simulations. From various reports it is 
found that a common tool used for the purpose of renewable energy system optimisation is 
the HOMER simulation program. Other models were considered as useful but not chosen, 
since they appeared not being as user friendly or adjustable as the HOMER simulation tool. 
HOMER is provided for free from the National Renewable Energy Laboratory, US. The 
program had its last update 15th of January 2004.  
 
6.1 HOMER Simulation Tool 
 
When designing a new energy system there are many criterions that need to be fulfilled. 
Power demands must be met within the budget. Evaluating different system configurations 
can be quite an effort. One needs to consider what types and sizes of components that are 
suitable for use at the location of interest. HOMER [94] is intended to run each simulation for 
lowest net present cost. For each run the program calculates the energy delivered by the 
system and compares with the user-defined load patterns. After finishing the simulation, the 
program lists the cheapest option along with corresponding capacity shortage. The program is 
made for use on both grid-connected and off-grid connected system configurations. 
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6.1.1 User Options 
 
In order to control the behaviour of the program, the user must define some important 
properties on the different system components. To simulate energy produced by wind and 
solar power, HOMER needs to be fed with weather data. The user can get calculated weather 
data provided by NASA [29], or the program allows the user to import data from recorded 
measurements taken at the chosen location. HOMER requires 8760 values – one for each and 
every hour of the year. These inputs are used for energy balance calculations. HOMER also 
needs inputs on size and properties of the different power sources. The user can specify its 
own type of wind turbine, PV module, diesel genset, fuel cells etc. under the condition that 
their properties are well known. There are some turbines and PV modules loaded and ready 
for use on default.  
 
In order to find the factors with the highest impact on the system performance and economy, 
HOMER runs the simulation not only with respect to sizing of equipment, also for sensitivity 
analysis of other parameters, such as cost for fuel, equipment and maintenance.  
 
The following figures are screenshots from the program. Figure 45 shows the dialog box were 
the user enters the load patterns. If known, it is possible to enter the load characteristics for 
every hour of the year by importing load data. To simulate fluctuations, some optional noise 
is added by default. 
 

 

 
Figure 45 - Load inputs 

Courtesy: NREL 

 
Figure 46 is the dialog box for wind turbine properties. Pick a default type or add a user-
defined turbine. This is where the capital, replacement and maintenance cost for wind turbines 
are entered. For a new turbine, all technical specifications are entered under category details. 
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Figure 46 - Wind turbine inputs 

Courtesy: NREL 

 
As mentioned, HOMER needs weather data to run energy calculations for each power source 
respectively. The wind resource dialog box is shown below in Figure 47. Data is either loaded 
for every hour or entered as monthly average wind speeds. The procedure is similar for solar 
resource data. But the properties for PV’s have more parameters, such as tilting, tracking and 
slope of the panels. Battery properties are defined in line with manufacturer specifications, 
such as values for charge and discharge qualities. All sizes and quantities of each system 
component can easily be changed in a common dialog box, displayed in Figure 48. 

 

 
Figure 47 - Wind resource inputs 

Courtesy: NREL 
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Figure 48 - Optimisation inputs 

Courtesy: NREL 

 
6.1.2 Simulations 
 
The program calculates energy balances for each hour, comparing each participating power 
source running to the user-defined electrical and/ or thermal load patterns. It is therefore 
possible to find out capacity and power shortages from hour to hour. The behaviour of the 
program and the equipment is strictly ruled by the weather data specified in conjunction with 
the equipment properties. For the systems containing batteries and fuel-powered generators, 
the program determines for each hour how battery charge/ discharge actions are formed. 
HOMER runs every simulation from the configurations defined by user and calculates its 
specific feasibility in terms of energy and load capacity as well as for the cost of each project 
configuration. If the user defines sensitivity variables, such as changing levels of solar 
irradiation or wind speed, HOMER will calculate and present each scenario according to the 
range specified. Every simulation is listed in a result table, shown in Figure 49. The table 
ranks the simulation result in cost ascending order (total net present cost, NPC). 

 

Total NPC 

 
Figure 49 - Simulation result table 

Courtesy: NREL 
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6.1.3 Limitations 
 
No software can ever be considered a complete wizard for every application. All programs 
have their limitations, which must be kept in mind when analysing the outcome of various 
simulations. HOMER does not account for: 
 

Parameter Simulation impact 

Temperature effects 

 
Battery performance is extremely 

dependent on temperature. 
 

PV modules output increase at low 
temperatures. 

 

Hydrogen storage compressors. 

 
Extensive energy consuming component. 

Power for compressing hydrogen is 
missing in the energy balance. 

 

Intra-hour component performance Cancels the ability to simulate short term 
(< 1 hour) impacts on the system. 

Combination of wind turbine types 
Could only use one type of wind turbine 

or one type of battery in the same 
simulation for example. 

Table 13 - Limitations in the simulation 

 104



RENEWABLE POWER FOR THE SWEDISH ANTARCTIC STATION WASA  
__________________________________________________ 

 
 

6.2 Model Prerequisites and Assumptions 
 

 
Figure 50 - System scheme chart 

Courtesy: NREL  

 
6.2.1 Resources 
 
The accurate amounts of solar radiation and the wind speeds for each hour of a year (8760 
values) was obtained from the weather data received from the University of Utrecht [31]. The 
data is for the year 2000 and from the Dutch weather station AWS 5 adjacent to the station 
Wasa. To get a fair picture of the circumstances, the existing figures were compared with data 
from the Finnish station Aboa also adjacent to Wasa. Data for several years was received 
from both AWS 5 and Aboa. Yet, due to absence of solar irradiation figures, the data from 
Aboa couldn’t be used for the simulations. In addition, the wind data for AWS 5 is not 
reliable before 2000 due to a programming error and a later unknown correction error.  
 
The daily average solar radiation for 2000 was 3.11 kWh/m2/day and the clearness index for 
the given latitude was 0.662 calculated by HOMER. The annual average wind speed was 
calculated to 6.33 m/s for the same period. Normally the wind speeds are slightly higher at 
Wasa and Aboa compared to the wind speeds at AWS 5 and the standard deviation of the 
yearly average Aboa data are approximately 0.5 m/s. 
 
In the limitations it was stated that HOMER does not account for the influence of temperature 
on the components performance, thus no temperature data is used in the simulations. 
However, the temperature effects will be accounted for in the final results and discussions.  
 
6.2.2 Load 
 
According to the thesis specifications the load was assumed to be 1 kW constantly. Therefore 
no operating reserve to compensate for heavy fluctuations of load or resources was specified 
in the simulations. Hourly power shortages are assumed to be compensated by an instant 
increase of power output from the secondary power system. In such a system the backup 
system will only be charged at times with a superfluous power output from the primary power 
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sources. To compensate for fluctuations of weather patterns and the slightly higher wind 
speeds at Wasa, a maximum capacity shortage of 3% was allowed. This agrees with the 
expecting increase of average wind speeds and solar irradiations from one year to another.    
 
6.2.3 PV Modules 
 
The PV module used in the simulations was fixed at a direction straight to the north, and the 
slope of the panel(s) was assumed to be 90°, i.e. they are mounted completely vertical. The 
cost of installing a PV array was assumed to be around $8/W [95], and the lifetime of the PV 
system was specified to 20 years. The PV modules were modelled with a power output of 1 
kW each, and thus the total power potential of the PV system was defined by varying the 
amount of modules used.  
 
6.2.4 Wind Turbines 
 
It was suggested that a turbine with a power-output of approximately 1 kW at the given 
average wind speed was going to be most suitable according to the given load ratio. Two 
different wind turbines were considered in the simulations, a Bornay Inclin 3000 turbine and a 
North Wind HR3 turbine. The costs of the two turbines including necessary equipment are 
approximately $ 8200 for the Bornay [96] and approximately $ 15000 for the larger North 
Wind Turbine [97, 25]. A lifetime of 20 years was stated for each of the wind turbines. In 
some cases a smaller Bornay Inclin 1500 XL.1 turbine is used as a comparison. The cost for 
the smaller Bornay turbine including towers and control systems is approximately $5550. 
 
6.2.5 Batteries 
 
It has been shown that NiCd batteries have the best performance in cold and harsh climates, 
but they are also much more expensive compared to the more common Lead-Acid batteries. 
Yet, the durability and functionality of the NiCd systems at cold temperatures makes them 
more suitable, and consequently only deep-cycle NiCd batteries are being used in the 
simulation. The type of battery used is Hoppecke FNC 308 H with a nominal capacity of 160 
Ah/cell and a lifetime of 20 years at normal conditions (+20°C) [98]. Every ten cells each 
with a voltage of 1.14 V are connected in parallel to obtain the right level of voltage in the 
system, 12V slightly modified. The cost for each cell was assumed to be $150. Prices ranging 
from $100 to $220 [99] have been found for this size of NiCd battery cells.  
 
6.2.6 Hydrogen Systems 
 
Hydrogen systems are without a doubt more complex then the previous component systems. 
A functional hydrogen system for RAPS applications must contain an electrolyser, a 
hydrogen storage system and some kind of hydrogen combustion unit. The electrolyser used 
is a 1.2 kW HG600 caustic-free PEM electrolyser with a lifetime of 20 years, an assumed 
efficiency of 95% and a cost of $7850[100]. The hydrogen “combustion” unit is a 1 kW 
Ballard AirGen PEMFC [101] with an assumed operating lifetime of 30000 hours and a cost 
of approximately $6000/ kW [102]. The efficiency of the fuel cell are held constantly at 45%, 
normally this is ranging from 40 to 45%. The costs of fuel cells vary widely depending on the 
type of application and configuration. The cost used is for the worst-case scenario. 
Compressed gas storage is the most feasible and common way of storing hydrogen today. 
Normally the costs for compressed gas storage tanks are estimated to around $1320/kg stored 
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gas [103]. The calculations are made for a wide range of different sizes of storage tanks, 
which will have a great influence on the feasibility of the system. Note that possible 
compressors and pressure regulators are not included in the simulation, and thus both the cost 
and the energy consumption will in reality be higher.  
 
6.2.7 Converters/Inverters 
 
The considered converter-inverter is a 2kW unit with an assumed efficiency of 90% in both 
directions and a lifetime of 15 years. The cost of the unit is neglected due to the fact that all 
system designs will need a converter/inverter unit and thus the cost is independent of the 
configuration of the system.  
 
6.2.8 Other Assumptions 
 
Please note that operating and maintenance costs have been neglected for all of the 
components. Yet, in reality these costs will vary depending on the component. E.g. a wind 
turbine will need more maintenance than PV cells due to its moving parts, and thus it will also 
have a higher operating and maintenance cost. The costs for supplementary equipment such as 
control systems and regulators are also neglected, as these equipments will be needed for all 
systems independent of the system configuration. Interest rates and depreciations of 
investments and equipments are also not accounted for, as this is more interesting when it 
comes to annual reports after a possible implementation.  
 
6.3 Simulation Results 
 
For every system configuration, HOMER performs a simulation for every hour of the year 
and eliminates solutions that cannot meet the required load at some part of the time series. It 
is therefore crucial that there are a variety of possible system configurations to obtain a 
functional and optimum solution. To obtain a rough estimation of feasible system solutions, 
the first simulation task was to study optimum system configuration at varying wind speeds 
and solar irradiations using the two most interesting wind turbines separately, Bornay Inclin 
3000 (Figure 51) and North Wind HR3 (Figure 52). The following results were obtained,  
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Figure 51 - Optimal system design using Bornay Inclin 3000 turbines 
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Figure 52 - Optimal system design using North Wind HR 3 turbines 

 
Note that the system configuration is shown in terms of number of wind turbines, number of 
battery cells, kW photovoltaic and kW fuel cell for the most interesting wind speeds and solar 
irradiations. The highlighted configuration represents the optimum solution for the average 
wind speed (6.33 m/s) and solar irradiation (3.11 kWh/m2/d) of the imported data. Also note 
that every given diamond-shaped point represents the least-cost type of system and all other 
points are coloured using interpolation.  
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It is obvious that wind turbines and batteries are the most dominating system components in 
the two charts. In the simulation using North Wind HR3 turbines there is also a need for PV 
in most of the sensitivity cases. The huge difference between the two simulations could be 
explained by the wide difference in cost for the different turbines. The cheaper Bornay turbine 
makes PV cells less feasible, and it is only at very modest wind speeds that PV cells are 
considered.  In Table 14 different optimum performance and cost parameters are listed for the 
current weather conditions and for the different system configurations (cases). 
 

No. System 
config. Wind turbine PV 

(kW) 
No. of 

turbines FC(kW) No. of 
batteries

COE 
($/kWh)

Capacity 
shortage 

(%) 

Excess 
electricity 

(%) 
1 W B Bornay 3000 - 3 - 80 0,41 2 69 
2 W FC Bornay 3000 - 2 1 - 0,44 3 37 
3 W B FC Bornay 3000 - 2 1 20 0,45 2 39 
4 PV W B Bornay 3000 2 2 - 80 0,49 2 59 
5 PV W FC Bornay 3000 2 2 1 - 0,60 0 44 
6 PV W B NW HR3 2 2 - 80 0,66 3 51 
7 W B NW HR3 - 3 - 120 0,71 3 63 
8 W B FC NW HR3 - 3 1 10 0,76 1 51 
9 PV W B FC NW HR3 2 2 1 10 0,78 1 34 

10 PV W FC NW HR3 2 2 1  0,79 2 32 
11 W FC NW HR3  4 1  0,89 0 63 

Table 14 - Different performance and cost parameters for existing conditions 

(PV = Photo voltaic cells, W = wind turbines, B = Batteries and FC = fuel cell) 

 
The most interesting cases are the first four in the table all with a COE less than 0,5 $/kWh 
and all using the cheaper Bornay turbine. And thus the continuous modelling will be 
evaluated and refined focusing on these cases. All solutions with a capacity shortage 
exceeding 3% have deliberately been left out according to the model prerequisites. The table 
shows that case 1 consisting of 3 Bornay wind turbines and 80 battery cells has the lowest 
COE (cost of utilised energy). Yet, it has also the highest amount of excess electricity. The 
following will evaluate different aspects using this case as a reference and showing the 
impacts of changing to another set of components.  
 
 
6.3.1 Wind-Battery Case (reference case) 
 
The wind-battery scenario has a good potential considering both economical and operational 
aspects. One particular benefit from this type of configuration is its simplicity. Only one type 
of primary energy source is present and thus easy system control is obtained. HOMER does 
not account for reliability of each system component why the user has to judge these aspects. 
Some of the crucial events in terms of system reliability and optimisation are explained 
below. 
 
What happens if one of the three turbines fails to work? 
 
Lets say that one of the three Bornay wind turbines fails to work already in the beginning of 
the year and that an exchange of turbine could not be performed until the following season. 
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The primary energy must then be supplied from the existing two turbines for the rest of the 
year. Table 15 shows the COE, capacity shortage and excess electricity for a system of two 
turbines compared to case 1, with three turbines. 
 

No. of Bornay 
Inclin 3000  No. of batteries Capacity shortage (%) Excess electricity (%) 

3 80 2 69 
2 80 5 55 

Table 15 - Difference between two and three turbines 

There are no dramatic difference in capacity shortage between the three-turbine case and the 
two-turbine cases. But, a system only operating on two turbines will not have the 
advantageous of a surplus capacity in case of a system failure. In appendix 1 the served 
primary load are shown for 3 and 2 turbines respectively. One third of available power will be 
lost, which result in a maximum load not served of about 200 W for the worst periods. The 
battery system will in turn diminish the power outage to some extent. The simulation shows 
that it is possible to run the system on two turbines during the most favourable periods, but 
not for the year-round. For a scheme running on one turbine the capacity shortage will be 
20%, i.e. almost two months of no electricity.  
 
Could the high amount of excess electricity be used in some way? 
 
In appendix 2 the amount of excess electricity for different months are shown. Evidently the 
amount of excess electricity is less in the Antarctic summer months and unfortunately this 
corresponds with the time when the station is inhabited. Thus the highest amount of available 
energy are at times when there is a limited need for it.  A larger battery bank and less wind 
turbines will on the other hand result in less excess electricity, but with a reduced margin for 
error. 
 
Excess electricity must be used or dumped in some way. The last option would mean highly 
reduced total system efficiency, but it might be an inevitable consequence. It would be 
advantageous if the electricity could be used for heating of equipment and batteries in a way 
that would increase their function and performance. Cheaper batteries with a reduced low 
temperature performance could be used that would result in a more feasible system. During 
the Antarctic summer months when the station is inhabited the electricity could be used for 
heating and cooking purposes, which would lead to a decreased propane usage.  
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What about the usefulness of smaller turbines? 
 
Table 16 shows some performance parameters of systems using the smaller Bornay Inclin 
1500 turbine.  
 

No. of Bornay 
Inclin 1500 

No. of 
batteries COE ($/kWh) Capacity shortage (%) Excess electricity (%) 

4 140 0,53 3 55 
5 100 0,53 3 64 
6 80 0,57 3 70 
7 70 0,63 3 74 

Table 16 - Performance using smaller Bornay turbines 

 
Using several smaller wind turbines would substantially increase the COE of the system. The 
benefit of using such a system would be the higher reliability of the system. If one of the 
turbines would fail to work the loss in system capacity would be less compared to schemes 
using larger turbines. 
 
6.3.2 PV-Wind-Battery Case 
 
PV has a higher COE compared to most wind turbines and thus the feasibility of using PV 
cells is highly depending on the qualities of the wind turbine to be investigated. As seen in the 
system optimum (Figure 51 and Figure 52) the first chart is suggesting a system only 
consisting of wind turbines and batteries, whereas the second chart shows that a PV-wind 
turbine- battery scheme would be preferable when using a more expensive turbine. It should 
again be highlighted that no operating and maintenance cost have been used within the 
simulations. In addition, the COE of wind turbines will in reality be higher than what is 
stated. This shows that an implementation of PV cells can be advantageous. 
 
What would the benefits be of using PV compared to case 1? 
 
In terms of system reliability, installing PV will reduce the probability of severe system 
failures. As seen in chapter 2.2, the period of high solar energy yield occurs during the 
Antarctic summer whereas the winds are quite modest during the same period. If one wind 
turbine would fail within this period, the power outage would not have a too big influence on 
the system performance. However, the margin against failures would be reduced. Hence, PV 
would increase the reliability of the system. Figure 53 shows the monthly average energy 
output for a case 4 system (PV-Wind-Batteries) compared to case 1. 
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Figure 53 - Monthly average energy output for Case 1 and Case 4  

Not only is case 1 the most favourable system configuration, as seen in Figure 53 the energy 
output is higher for case 1 almost all months of the year compared to case 4. 
 
A system with a large PV capacity will have a higher power output during the Antarctic 
summer months, i.e. the amount of available power is unevenly divided throughout the year. 
To be able to use this excess electricity more regularly the amount of batteries must also be 
increased. A higher amount of PV cells and batteries will result in a more expensive system 
that makes it less feasible. However, an optimum system design of PV cells and wind turbines 
will make the power supply less sensitive to weather shifts, and thus more stable (Figure 54). 
Note the difference in power supply between the two cases. It is evident that fair winds in 
December have impacts on the overall system behaviour.  
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Figure 54 - Served load for Case 1 and Case 4 (with PV) 

 
6.3.3 Fuel Cell Cases 
 
By introducing a hydrogen-system the excess electricity could be decreased with only a 
slightly increased COE, due to the modest amount of hydrogen needed (10 kg storage 
capacity). In Figure 55 the amount of supplied power are illustrated for case 1 and case 2 
(Wind and fuel cell with 10 kg storage capacity). Evidently, the fuel cell system corresponds 
to load demands in the Antarctic winter months, but as the wind decreases (Feb, March and 
Dec in diagram) the system have difficulties to meet the load. To avoid these dips in served 
load, a higher hydrogen system capacity is needed. To produce enough hydrogen the system 
would then need a higher power output from the wind turbines, and thus more turbines must 
be added. A higher demand for hydrogen implies larger storage capacity and more wind 
turbines, which results in much higher costs.    
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Figure 55 - Served load for Case 1 and Case 2 (with fuel cell) 

 

 114



RENEWABLE POWER FOR THE SWEDISH ANTARCTIC STATION WASA  
__________________________________________________ 

 
 

7. Concluding remarks 
 
The results from the computer simulations together with experience gathered from various 
reports and documentations forms the base upon which a system proposal can be made. In this 
context the system is referred as a power system aimed at only supplying power for the extra 
research equipment involved in the future. Simulation results show that utilising wind power 
is inevitable and that hydrogen technology is still too expensive and inexperienced for use in 
Antarctica. The idea of using hydrogen for power is something to stick to, but not presently. 
The statement “is hydrogen ready for Antarctica? Yes! …but is Antarctica ready for 
hydrogen?” [40] is still valid. Batteries are by far the most reliable way of storing energy, as 
the technology is well tested. 
 
7.1 Necessary qualities of the system 
 
Based on these basic aspects presented and more thoroughly described in the thesis, some 
concluding remarks about the final system solution could be stated, 
 

• The system must be reliable, i.e. it must be suitable as a remote area power system 
 

• It must stand the heavy strains generated by the harsh climate 
 

• There must exist safety margins allowing system failures 
 

• It must be able to operate at times when the station are uninhabited 
 

• The system must be able to utilise a large amount of the abundant supply of natural 
energy that exists at the specific location, and it must be able to deal with heavy 
fluctuations in energy yield.  

 
• It must be easy to serve and preferably not in need lots of maintenance 

 
• It must not have a large impact on the surrounding 

 
• The system must be relatively profitable in an economic view 

 
• The different system components must be compatible 

 
• It is preferable if experience on running similar systems in Antarctica exists 

 
7.2 Proposal for a system solution 
 
The somewhat irregular solar irradiation suggests that an implementation of wind turbines is 
much more favourable than PV cells. A possibility is to use PV cells as a complementary 
power source. On the other hand the final system must be designed for the worst months, that 
is May to October, when there is an absence of solar irradiation. Hence it might seem strange 
to invest in something that is only going to be used sporadic throughout the year. The 
economic and environmental issues are also important to consider. Evidently, PV cells have a 
high COE (cost per produced kWh) compared to wind turbines. Yet, the environmental 

 115



RENEWABLE POWER FOR THE SWEDISH ANTARCTIC STATION WASA  
__________________________________________________ 

 
 

benefits of PV cells exceed those of wind turbines, mainly due to the impacts from the 
installation of the wind turbines. In an overall perspective wind turbines are nevertheless 
unavoidable as the main power source for the new system and thus the work on the 
implementation should in full be focused on them. Figure 56 and Figure 57 shows the 
optimum primary power source and type of storage respectively, considering different 
important aspects.  
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Figure 56 - Optimal primary power source 
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Figure 57 - Optimal type of energy storage 
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In order for the wind turbines to work in a preferable way they must posses some important 
qualities. The most important one is that whenever the wind speeds exceeds the cut-in wind 
speed of the turbines, the system must provide at least the minimum amount of power to 
cover the load (1 kW). It is also preferable if the maximum power output corresponds to the 
most common wind speeds. To further elucidate the usefulness of wind turbines, the 
performed simulations prove that the case consisting of Bornay Inclin 3000 wind turbines and 
batteries are the most suitable in an economic perspective. Throughout the text, two types of 
wind turbines showed the best promises for use in Antarctic-like environments, the B3000 
turbine and the North wind HR3 turbine. The cheaper B3000 has advantages in the sense that 
it reaches the maximum power output more rapid than the HR3 turbine and it has a higher 
overall power output. The COE of the HR3 turbine is 60 % higher than for the B3000 and is 
most likely related to the higher production cost since the HR3 is not produced in series. 
However, even though the B3000 posses the necessary basic conditions, it is uncertain if it 
has the ability to withstand the existing harsh climatic conditions. The implementation of 
Bornay turbines at the Spanish Antarctic station Juan Carlos I show that these turbines have 
some problems operating in Antarctica. However, Juan Carlos I is located in the coastal 
regions where the wind speeds and the humidity are higher compared to the conditions at 
Wasa, and thus the possibilities of implementing Bornay turbines might be better at Wasa. 
Despite the technical advantages with the B3000, and because of the well-documented cold 
climate performance of the HR3 turbine, the choice of turbine will be the last mentioned. Yet, 
the most suitable turbine would be one that has the technical properties of the B3000 turbine 
with the mechanical properties of the HR3 turbine.  
 
As secondary power source, batteries are still the most favourable. The experience of using 
batteries in Antarctica, the durability, the reliability and the simplicity are things that highly 
contribute to the usefulness of batteries. Hydrogen systems have a higher potential as 
secondary power sources but they are unfortunately still too costly and there is little 
experience in operating such systems in cold environments and especially in Antarctica. With 
the increasing developments and commercialisation of especially fuel cells there is no doubt 
that there is great promise for future use, but there is still some progress to be made. Fuel cells 
are very dependent on a good water management system with a constant supply of clean 
water, and need of humidifiers and water distribution equipments. The need for favourable 
but volume consuming storage systems is something that combined with supplementary 
equipment makes hydrogen system very complex compared to battery systems. Another 
disadvantage is that batteries are inevitable as technical support in the start-up phase and 
controlling of the fuel cells. All these aspects are in favour of an implementation of a battery 
system at Antarctica. All different types of batteries could in theory be used; some has better 
qualities than other. The ones with the best potential for use in Antarctica are the ones that 
already are in use in Antarctica that is NiCd batteries. Developments of other battery types 
have proven to increase the low temperature performance to some extent, but not in a way that 
make them compatible with the NiCd battery.  
 
The simulations show that three 3 kW turbines combined with a battery bank consisting of 
approximately 100 battery cells should be sufficient to cover the load in at least 97% of the 
time (3% capacity shortage). Such a system would have nearly 70% excess electricity, which 
must be seen as an awful lot. Yet, a decrease in power output would mean a capacity shortage 
of nearly 5%, that is an increase in power shortage of 2 percentage points or 7 days with no 
power, and thus it is not preferable. A system with two B3000 with additional 2 kW PV 
modules will not pay off due to the lack of solar irradiation, but can increase the reliability of 
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the system. The cost per kWh is about 20% higher than for the three-wind turbine system. So 
it depends on SWEDARP’s willingness to pay extra for the few additional percent of 
reliability and possible value of important research data. Regardless of system configuration 
and in order to preserve the most important and valuable parameters, the system must be 
designed in a way that gives power priority to these and that they as far as possible are 
maintained. 
 
In the simulations, a possible decrease in battery capacity due to unfavourable temperature 
conditions was neglected. This might affect the amount of batteries needed for the system to 
work preferably. Thus it is suggested to install a larger battery system (120-170 cells) than the 
initial 120 battery cells (HR3-turbine case) to avoid unfortunate power losses due to an 
insufficient storage capacity. By heating the battery bank an increased storage capacity would 
be achieved resulting in a decrease of the overall system efficiency. It is also important that 
the system are controlled and regulated continuously. Because no people are present at the 
station for long periods at the time, the system must be remotely controlled and regulated to 
ensure its reliability. Some research equipment might need AC and thus it is also important 
that an AC/DC converter is used for transforming the DC from the power sources to AC load. 
In our suggested system the following components are required, 
 

• Three North Wind HR3 or similar turbines, with a rated power output of 3 kW each 
 

• A battery bank consisting of 120-170 NiCd cells each with a voltage of 1.2 V 
connected in parallel to obtain an overall voltage of 12 V. The overall capacity of the 
system should be in the range 2000 to 2800 Ah 

 
• An AC/DC converter 

 
• Equipments that controls and regulates the operation of the system 

 
• A satellite uplink or other communication equipment that can remotely monitor the 

system 
 

• Excess power dump – snow smelter 
 

• If economically justified, an additional 2 kW PV panel as support for the wind 
turbines can be implemented 
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This system would fulfill the demands stated in the beginning of this chapter. The power 
would be covered for approximately 97% of the time and at times with a power outage some 
of the less important load would be disconnected. The remote controlling and monitoring of 
the system would allow the system to operate at times when no people are present. Wind 
turbines are the primary power source that has the best qualities to utilize the abundant supply 
of natural energy in Antarctica. By de-icing the turbines the need for maintenance could be 
decreased. None of the systems investigated throughout this thesis will have any major 
impacts on the environment. And finally, wind turbines and batteries are presently being used 
in Antarctica and hence the experience already exists. The system solution is illustrated in 
Figure 58. 
 
 
 

Controlling and 
regulating equipment

AC/DC

Controlling and 
regulating equipment

AC/DC

 
Figure 58 - System solution scheme 

 
 

 119



RENEWABLE POWER FOR THE SWEDISH ANTARCTIC STATION WASA  
__________________________________________________ 

 
 

8. Recommendations for further work 
 
In order to manage and concretise the results of the thesis, SWEDARP needs to establish 
contact with suppliers of system components to invite tenders and get more details on their 
products. As a researcher it is often hard to obtain the true component prices unless tenders 
are invited and to the fact that a state of purchase is not established. As this thesis is focused 
on a separate system, an effort on utilising already existing batteries, system control 
equipment etc. could be worthwhile. The benefit is most likely to enlarge redundancies in 
battery capacity and obtain a greater buffer for periods of unwanted weather occurrences.  
 
There is still much to expect from hydrogen systems why these deserve more attention in the 
future. SWEDARP is recommended to stay updated with ongoing research and development 
in these areas of technology and await the work and progress of other nations that dispose 
higher annual budgets, as hydrogen systems are expensive. 
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