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Center Director
At best, 2020 will be remembered as a different year: a 
year strongly affected by the global COVID19 pandemic. 
Although the full consequences of the pandemic are not yet 
known, it has strongly impacted many industries. Although 
the solar cell (PV = photovoltaic) industry is no exception, 
this industry maintained a high pace of new installed 
capacity also in 2020. Although the numbers for 2020 
are still coming in, it is clear the PV industry maintained its 
relatively newfound role as a large, mainstream source of 
electricity. By the end of 2020, the annual added power 
production capacity of solar power plants exceeded the 
annual additions of any other energy technology for five 
successive years. This is expected to remain the case 
for years to come, as the already cost-competitive solar 
electricity becomes cheaper and cheaper. 

The Research Center for Sustainable Solar Cell Technology 
(FME SUSOLTECH) is set up to make a difference in PV 
science and technology. The center was established 
in 2017 and is one of a total of now 12 Centers for 
Environmentfriendly Energy Research (FME) awarded 
funding from the Research Council of Norway (RCN). It is 
the only FME center with a sole focus on PV technology. 

The most important basis for FME SUSOLTECH is the 
Norwegian PV industry. Norway holds a surprisingly 
strong position in export-oriented manufacturing and has 
for years delivered sustainable products of high quality 
with competitive prices to an ever more quality and cost-
conscious, global PV industry. This stands in stark contrast 
to the situation in the rest of Europe, where manufacturing 
for the PV industry is only now again picking up pace. 

The research performed in FME SUSOLTECH is to a large 
extent defined and performed in close collaboration between 
research groups and industry, and builds on a long, tight 
and fruitful tradition for collaboration. The main technologies 
researched by FME SUSOLTECH are silicon-based or 
silicon-compatible PV technologies. Approximately 95 % of 
all PV modules produced world-wide today are based on 
these technologies. 

The domestic producers of silicon feedstock, ingot and 
wafers, who are all members of FME SUSOLTECH, 
make up an important export-oriented industry. For these 
companies, sustainability is an increasingly important 
factor for competiveness, in addition to material quality and 
cost. The large growth in installed capacity of PV systems 
in Norway continued in 2020. FME SUSOLTECH aims 
to support this increasingly important segment of the PV 
cell industry well into the future. In 2020, the partners of 
FME SUSOLTECH were Code Arkitektur AS, Dynatec 
Engineering AS, Equinor, Solenergi FUSen AS, Glass- og 
Fasadeforeningen, IFE, NMBU, Norges Bondelag, NorSun 
AS, Norwegian Crystals AS, NTNU, Omsorgsbygg, PVA 
Crystal Growing Systems GmbH, The Quartz Corp, REC 
Solar Norway AS, SINTEF, Steuler Solar Technology AS, 
the University of Agder and the University of Oslo.

In order to shed more light on the future opportunities 
and challenges facing the domestic PV industry, FME 
SUSOLTECH, in collaboration with the Norwegian Solar 
Energy Cluster, published a roadmap for the Norwegian PV 
industry towards 2030. A brief summary of this roadmap is 
given later in this report. 

Combined, the partners of FME SUSOLTECH form an active 
Center with unique access to world class competence 
and infrastructure for high quality and industry-relevant 
PV research. Across the following pages, you will find a 
presentation of FME SUSOLTECH and its main activities 
in 2020. 
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What is FME SUSOLTECH?
The Research Center for Sustainable Solar Cell Technology 
(FME SUSOLTECH) was started in 2017 and joins the 
leading Norwegian research groups with a strong cluster of 
companies from Norway and abroad. The anticipated future 
growth of the solar (PV = photovoltaic) industry will lead to 
huge commercial opportunities. Norwegian companies, 
many of which specialize in sustainable production of high 
quality silicon materials for export, are well placed to take 
place in this growth. In order to strengthen their position in 
a fiercely competitive industry, new production processes 
combining further reductions in costs with improved material 
quality are needed. The center research targets both cost 
reduction and solar cell efficiency increases by innovation 
along the full value chain of production. 

The center monitors the performance of solar power plants 
to demonstrate the effect of materials and processes on the 
overall cost and environmental footprint of solar electricity. 
This activity also supports sustainable and cost-effective 
growth of a growing domestic industry in installation and 
operation of solar power plants. This industry will grow in 
the coming years because of cost reductions and stricter 
environmental regulation, particularly in buildings. 

In addition to solar companies, the center also includes large 
Norwegian energy companies and organizations drawing 

upon the partner’s broad competence to develop entirely 
new business. The resulting center is the most important 
competence and innovation platform for a growing and 
broad domestic solar cell industry towards 2025.

The center has substantial and established activity within all 
its four work packages. These are

• WP1: Sustailable silicon feedstock production
• WP2: High quality silicon ingots and wafers
• WP3: Highly efficient silicon solar cells and modules
• WP4: End use and impact 

In addition to PhD students and post.docs, a large part 
of the research is performed by researchers from the 
research and industry partners of FME SUSOLTECH. An 
important aim of the center remains to increase the volume 
of collaboration, dissemination and publication. A related 
important task for FME SUSOLTECH is to arrange meeting 
places for the Norwegian solar cell community, including 
the Norwegian Solar Cell Conference (NSCC) and the 
Solar Industry Forum (SIF) meetings, an important arena for 
discussion and development of ideas and projects. 

For more information about the Center and ongoing 
activities, see www.susoltech.no.

A group of participants in the Center on the roof of ASKO Vestby, home of Norway’s largest PV installation 
(Photo: Jon Arne Wilhelmsen)
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Center partners
In 2020 FME SUSOLTECH had 6 Research Partners, 
1 Public Partner, 1 International Partner and 11 Industry 
Partners. IFE is the host institution of FME SUSOLTECH 
and employs the Center director Erik Stensrud Marstein. 
Together, the Center partners span out large parts of the 
PV industry value chain, from silicon feedstock production 

Research Partners Public Partner International Partner Industry Partners

IFE (HOST)  Omsorgsbygg Oslo KF PVA Crystals Growing Systems GmbH Code arkitektur AS
NMBU Dynatec Engineering AS
NTNU Equinor AS
SINTEF Glass og Fasadeforeningen
UiA Norges Bondelag
UiO Norsun AS

Norwegian Crystals AS
REC Solar Norway AS
Solenergi FUSen AS
Steuler Solar Technology AS
The Quartz Corp

through ingot, wafer, solar cell and module fabrication to 
design and operation of PV systems. Through its partners, 
FME SUSOLTECH has access to world class expertise, 
laboratory infrastructure and production capacity along the 
entire value chain. 

The list of partners in FME SUSOLTECH in 2020 is as 
follows:

Partner list:

Key personnel in FME SUSOLTECH. From the left: Deputy head, H. Haug (IFE), Leader of WP3 Dr. K Bergum (UiO), Leader of WP4, 
Dr. S. E Foss (IFE), Leader of WP2 Dr. M. Juel (SINTEF), Center Director Prof. E. S. Marstein (IFE), Leader WP1 Ass. Prof. J. Safarian 

(NTNU), Center Coordinator M. Estensen (IFE), Chairman of the Executive Board Dr. R. Spooren (SINTEF).
(Photo: Jon Arne Wilhelmsen)
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General assembly

Executive board 
Chairman: Dr. R. Spooren (SINTEF)

WP1:
Dr. J. Safarian 

(NTNU)

WP2:
Dr. M. Juel 
(SINTEF)

WP3:
Dr. K. Bergum 

(UiO)

WP4:
Dr. S E. Foss 

(IFE)

Center director
Prof. E. S. Marstein (IFE)

Deputy head
Dr. H. Haug (IFE) 

Center Coordinator
M. Estensen (IFE)

Center management team

Center organization

In order to reach the overall goals of FME SUSOLTECH, 
good governance and an efficient organization is required. 
The upper decision making body of FME SUSOLTECH is 
the General Assembly, where all partners are represented. 
The more frequent direction of the center is ensured by a 
9 member Executive board. Dr. Rudie Spooren (SINTEF) 
is Chairman of the Executive Board. Prof Erik Stensrud 
Marstein (IFE) is the Center director of FME SUSOLTECH. 
In the daily direction, management and operation of FME 
SUSOLTECH, he is supported by a Center management 
team consisting of the Center Director, the Center deputy 
head, the Center coordinator and the four Work Package 
(WP) managers. The four largest research partners of FME 
SUSOLTECH, IFE, NTNU, SINTEF and the University of 
Oslo are represented in the Center management team.

The Work package managers are each responsible for the 
research activities described in the following pages, which 
are structured into the following 4 Work Packages: 

•	 WP1: Sustainable silicon feedstock production 
– WP manager Ass. Prof. Jafar Safarian (NTNU)

•	 WP2: High performance silicon ingots and 
wafers – WP manager Dr. Mari Juel (SINTEF)

•	 WP3:	High	efficiency	silicon	solar	cells	and	
modules – WP manager Dr. Kristin Bergum 
(UiO)

•	 WP4: End use and impact – WP manager Dr. 
Sean Erik Foss (IFE) 

The Center organization is shown in the figure below: (T. Kjeldstad replaced H. Haug as the Deputy head in the fall of 2020) 
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Education and 
dissemination 
Education and training
Education and training of candidates at M.Sc, PhD and 
postdoctoral levels with relevant competence for the PV 
industry and research community is an important task of 
FME SUSOLTECH. The growing, domestic and global 
PV communities need increasing access to competent 
candidates. The first generation of PhD and post.doc 
candidates is already hired and operational, and two PhD 
candidates have defended their thesis works. In addition to 
the PhD and post.doc candidates, a substantial number of 
M.Sc students also perform their thesis work in the Center. 
The full list of candidates performing their thesis work in 
FME SUSOLTECH in 2020 is found in the attachments.

Dissemination
Renewable energy is a topic that is of very broad interest 
and the subject of much public debate. Among the 
renewable energy technologies, PV technology is emerging 
as a winning technology globally. 

FME SUSOLTECH plays an important role in dissemination, 
both by putting important trends and movements on the 
agenda, but also by supplying updated information on the 
role of research in developing new solutions and industry, 
as well as on the potential of solar energy to contribute 
greatly to a sustainable future. These topics are at the core 
of the plans of FME SUSOLTECH and its partners. The 
Center is visible in scientific journals and at international 
conferences, as well as in popular media. 

FME SUSOLTECH arranges selected conferences 
and the Solar Industry Forum meetings to shape the 
agenda of the PV community. With the aim of increasing 
awareness, supporting domestic industry generation, as 
well as improving the conditions for solar cell research, 
center colleagues have given lectures and presentations 
for various audiences, as well as participated in meetings 
and processes, including lectures for policymakers and a 
broader energy industry, and important strategy processes 
like the Norwegian Energi21 and the European Energy 
Research Alliance. FME SUSOLTECH has built up a strong 
collaboration with the Norwegian Solar Energy Cluster 
(Solenergiklyngen). Together, the two have arranged several 
meetings and conferences and also produced a Roadmap 
for the Norwegian PV industry towards 2030. This caught 
much interest in the media and is followed up in numerous 
Center initiatives in 2021. 

A full list of publications and presentations from the FME 
SUSOLTECH in 2020 is given in Appendix 3.

Norwegian Solar Cell 
Conference 2020 
The research Center FME Solar United, the predecessor 
of FME SUSOLTECH, started to arrange the Norwegian 
Solar Cell Conference (NSSC). This has now turned into an 
established and important annual meeting arena for the PV 
community in Norway, with participants from the PV industry 
and research institutions in both Norway and Europe. 

Due to the COVID pandemic, we had to cancel the 
physical conference due to the Corona pandemic. FME 
SUSOLTECH already plans for a next NSSC conference 
in November 2021 and we hope that the situation has 
change into that time. The center arranged a well-visited 
Annual meeting on-line.

Research activities in 
FME SUSOLTECH in 2020
The research in FME SUSOLTECH is a joint undertaking by 
all partners and addresses important topics for the further 
development of solar cell technology as a competitive 
energy technology. In the following sections, a brief overview 
of the main research activities within each of the four Work 
packages in FME SUSOLTECH is presented. A list of 
the resulting scientific and popular science presentations 
based on this research is found at the end of this report.
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Work Package 1 – 
Sustainable silicon 
feedstock production
In work Package 1 in FME-SUSOLTECH the research 
focus is on sustainable solar silicon feedstock production 
by metallurgical and chemical processes. The majority 
of solar silicon feedstock available in the market is being 
produced through the chemical processes; the Siemens 
process and Fluid Bed Reactor (FBR) process. Dynatec, 
the Centre industrial partner owns a technology to deposit 
high purity solar silicon from silane gas. The metallurgical 
rout, however, is an emerging technology and there have 
been significant developments in this route in recent years. 

The main metallurgical process for solar silicon production is 
the ELKEM Solar process that is run by REC solar Norway, 
and the company has recently developed a new process 
for the recycling of silicon waste from the PV industry. The 
researches in WP1 are conducted to establish fundamental 
knowledge and new technologies to produce solar grade 
silicon feedstock through both primary and secondary raw 
materials.

The metallurgical route for solar silicon production 
consumes less energy and produces lower CO2 emission 
compared to the chemical route. A part of the WP1 activities 
is on developing more sustainable metallurgical processes 
through more efficient and environmentally friendly acid 
leaching processes. In 2020, it was found that the leaching 
purification efficiency of the novel Si-Ca-Mg ternary alloy 
system increases with increasing Ca/Mg mixing ratio 
but considerably decreases with fast cooling due to the 
suppressed impurity segregation. The effect of alloying 
metal concentration and metal-phosphorus affinity was 
further quantified by establishing the phosphorus removal 
model for the ternary Si-Ca-Mg and Si-Ca-Al systems. In 
addition, slag refining experiments were carried out to study 
the alloying effect on impurity distribution and together with 
the slag structure study by molecular dynamics simulations.

Fig 1: (a) P removal model for the Si-Ca-Mg ternary system, (b) P removal results after leaching of Si-Ca-Al alloys, 
(c) Obtained P removal model for Si-Ca-Al system. (Made by PhD candidate Mengyi Zhu)

The researches in the Centre on vacuum refining of 
silicon indicated that the rate of phosphorus evaporation 
is significantly higher at temperatures higher than 1750°C. 
Phosphorus mainly evaporates in the form P and P2 when 
temperature is low, i.e. 1500 °C, while  silicon phosphides 
like SiP, Si2P, and Si3P become the dominant phases in the 
gas phase above 1750°C. In addition to these phosphides, 
a major part of P removal at elevated temperatures is by 
means of tetratomic P4. Studying the effect of process 
gases like H2, He, and Ar on P evaporation from molten Si 
in reduced pressures indicated that P is more effectively 
removed under the partial pressures of H2 with insignificant 
Si loss compared to treatment under the reduced pressures 
of He and Ar.

As the development of new routes for solar silicon production 
is a main goal in WP1, research activities in the WP1 about 
the magnesiothermic reduction of silica have been done 
to develop carbon free process for silicon production. 
Experimental results in 2020, have indicated that the 
process is affected by the reactants mixing analoges and 
also quartz particle size. The high temperature reactions 
yield Si and Mg2Si, and the generation of SiH4 from Mg2Si 
will also be studied in later.

Figure 2: Azam Rasouli (PhD candidate) measures the SiO2+Mg 
mixture in glove box (a), the reactants in a ceramic container (b), 

and products after high temperature synthesis (c).
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For more information, contact Work Package Manager
Dr. Jafar Safarian (jafar.safarian@ntnu.no)

Characterization of materials, solar silicon in particular, by 
the advanced techniques is an important activity in WP1. 
In this respect SIMS analysis performed at UiO provides 
a unique possibility to get mapping of impurities of the 
interest as well matrix elements to see impurity segregation 
and their lateral distribution. The measurements performed 
in imaging mode using CAMECA IMS 7f microanalyzer give 
a two-dimensional distribution of the elements with a lateral 
resolution as low as 1-2 µm. As an example, the figure 
shows 2D plots of the 11B, 24Mg and 30Si images obtained 
by SIMS in the Si sample containing SiMg inclusions. It 
might be seen that B is distributed nonuniformly with a lower 
concentration in the MgSi inclusions. Furthermore, it is 
clearly seen that preferential segregation of B atoms occurs 
at the grain boundaries between Si and MgSi phases.

Dissemination
In early 2020, PhD candidate Guro M. Whyller defended 
her PhD about the deposition of silicon from silane via 
the chemical route. Four journal publications were made 
from the obtained results in the WP1 research activities. 
The researchers joint the “Silicon for the Chemical and 
Solar Industry XVI” conference that was hosted by NTNU, 
Trondheim, and presented three speeches and published 
three papers. Collaboration with the Jülich Research Centre 
were initiated in molten silicon thermodynamic studies, 

and the centre hosted researchers from the WP1. Two 
master students at NTNU completed their master projects/
thesis in the area of solar silicon production. No physical 
courses and seminars were organized in 2020 regarding 
the COVID-19 issue, and we are looking forward for the 
year 2021.

Figure 4: Photo from the public defense of Guro M. Wyller (right) 
in discussion with her 1st PhD examiner

Figure 3: SIMS analysis of Mg-doped silicon and the distribution of 
elements (made by PostDoc researcher Alexander Azarov)
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Work Package 2 – 
High performance silicon 
ingots and wafers 
The material quality of silicon ingots and wafers depends 
on the silicon feedstock, crucible, furnace materials and the 
parameters of the crystallization process. The combination 
of reduced costs and the demand for increased efficiencies 
of industrial Si solar cells makes it critical to develop 
sustainable and cost-effective crystallization processes 
that produce silicon ingots of high quality. This can only 
be done through a strong understanding of the root cause 
for how harmful impurities are transported into silicon and 
how defects in the material are formed as well as develop 
processes which can reduce either the concentration or 
effects of them. In FME SUSOLTECH this is done by a 
close interaction between experimental tests, theoretical 
knowledge and numerical simulations.  

Development and understanding the effect of new 
production processes for Czochralski (Cz) silicon and is 
the main task in this work package. In addition, research 
questions related to propagation of defects and in high 
performance multicrystalline silicon (HPMC-Si) has been 
addressed.  Kerfless Si technology which enables Si 
wafer production without sawing-related material losses 
are targeted by epitaxial growth of silicon wafer by e-beam 
sputtering.

Monocrystalline silicon
The research on monocrystalline silicon involves many 
of the center partners from both research and industry 
in FME SUSOLTECH. NorSun and Norwegian Crystals 
both operate production facilities for this type of materials 
in Norway and PVA Crystal Growing Systems and The 
Quartz Corp supply important equipment and materials to 
this branch. The research in FME SUSOLTECH related to 
the production of monocrystalline silicon addresses key 
aspects related to the Cz process for producing ingots 
and wafers for solar cells with the highest efficiencies in the 
industry.

The research topics include understanding the formation 
of microdefects in high productivity Cz crystallization and 
develop routines for limiting such defects, developing a 
complete understanding of the role of the crucible in the 
Cz process and using this understanding to determine the 
parameters defining a good crucible, as well as solving 
the problem of yield-limiting structure loss during Cz Si 
production.

In 2020 the method developed in the center in 2019 for 
characterization of hydrogen in multi-crystalline silicon was 
successfully used to study evolution of H-related point 
defects in hydrogenated p-type monocrystalline wafers 
upon dark annealing. The results show that prolonged 
dark annealing at 160 °C converts hydrogen molecules 
into hydrogen-boron complexes. The passivation of boron 
acceptors by hydrogen is a consistent explanation for both 
the FT-IR (direct observation) and resistivity measurements 
(indirect observation). Furthermore, although both as-cut 
and hydrogenated wafers contain similar concentrations 
of hydrogen-boron complexes, there is a considerable 
difference in their behaviors with respect to annealing. 
Indeed, the increase in the concentration of hydrogen-
boron complexes after prolonged dark annealing is about 
5 times higher in hydrogenated wafers compared to as-cut 
wafers. This work highlights how deeper insights into the 
evolution of hydrogen in silicon can be gained by combining 
FT-IR and electrical measurements on similarly processed 
wafers.

One route source of structure loss in Cz-Si is believed to 
related to trapped gas bubbles in the silicon melt which 
can result in structure loss when they hit the solidification 
front during Cz pulling. Ultrasonic degassing during the 
stabilization phase of the melt is considered as a promising 
method to remove the trapped gas bubbles, and this year 
potential industrial scale set ups for this method is reviewed. 
The reviewed methods will be followed up in 2021 with 
small scale laboratory tests. 

FT-IR work in the laboratory
(Photo: Jon Borgersen, UiO)
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A high priority in the center is to better understand how the 
quality of the quartz crucibles influence the productivity and 
material quality for production of Cz Siingots. In 2020 the 
close collaboration between The Quartz Corp and NorSun 
and research partners which resulted in large industrial 
scale tests of crucibles in Cz-Si production at NorSun in 
November 2019 has been followed up by an extensive 
characterization of both used and unused crucibles. This 
resulted was summarized in the Thorleif Stensvold’s Mater 
Thesis, NTNU, and shows that there is a clear relationship 
between the sand quality and crucible properties such as 
viscosity and hydroxyl content.

High performance multicrystalline (HPMC) silicon
The research on HPMC silicon also involves several 
centre partners with REC Solar Norway, a producer of 
such materials, as a main stakeholder. The research aims 
at improving the understanding and control of impurity 
transport during crystallization, developing models of the 
generation and effect of crystal defects and their interaction 
with impurities, establishing a fundamental understanding 
of how mechanical strain results in wafer breakage during 
subsequent solar cell processing and developing concepts 

For more information, contact Work Package Manager
Dr. Mari Juel (mari.juel@sintef.no)

that enable semi-continuous production of HPMC silicon.
In 2020 three tasks were prioritized. Synchrotron in-situ 
x-ray measurements of dislocation generation at grain 
boundaries performed in the researcher project INSIDES 
were analyzed, showing how strain at the grain boundary 
was released through dislocation generation when the 
boundary changed CSL character. Other results on 
dislocation interaction with twins were also analyzed, 
showing how the dislocations were pinned and prevented 
from migrating through, which resulted in an accepted 
publication in Acta Materialia in 2021. Lastly, method 
development for low temperature saw damage and internal 
gettering of grain boundary and dislocation containing 
regions was developed.

Kerfless silion 
In the activity related to developing a process for fabricating 
Si wafers based on electron beam deposition (e-beam), 
epi-growth of p-Si films on Si (100) substrates were 
demonstrated. Fully crystalline Si based layers (~50 
micrometer thick) were fabricated at 1000 °C at a deposition 
rate of ~1.5 micron/min. Future research will be to control 
the defect level in the films.

Industry scale crucible test

Fusion of crucibles
in China Used crucibles for

characterization

Cz ingot standard
characterization

20 of each crucible type
tested in industrial 
production
at NorSun AS

4 quartz sand qualities
delivered by TQC

5 types of crucibles

Crucibles made from four different quartz sand qualities (TQC) were tested in industrial scale 
Cz-Si ingot production (NorSun AS). The properties of the crucibles were characterized 

before and after use in the Cz-puller
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Work package 3 – 
High efficiency silicon 
solar cells and modules
WP3 aim to develop and improve high efficiency silicon-
based solar cell modules, enhancing their competitiveness 
in the long term. This is achieved through:

1. Using novel concepts which can go beyond the 
Schockley Queisser-limit.

2. Exploring and testing approaches for Building 
Integrated Photovoltaics (BIPV).

Novel concepts beyond 
Schockley Queisser

The work on spectral conversion aims at adapting sunlight 
to silicon cells rather than the other way around. Last year 
we deposited luminescent films on larger 10 x 10 cm2 solar 
glass covers. These are being further developed towards 
higher efficiency and better optical properties. In addition, 
an all-oxide multilayer structure has been initiated. In 2021 
we start long term stability testing and incorporation into 
test solar cell structures. The long term aim is to develop 
a solar spectral conversion film material that is long term 
stable in outside conditions with respect to performance. 

 In intermediate band solar cells, the active absorber material 
is designed as to include a band of electronic levels in the 
band gap. Effectively the material obtains three different 
band gaps that absorb solar light, and a solar cell made 
from this material will reach a higher efficiency compared to a 
material with only one band gap. In 2020 titanium oxide has 
been included as a candidate for intermediate band solar 
cell materials investigated at NTNU. The current approach 
is to dope the titanium oxide with chromium and nitrogen. 
This is achieved through two routes, ion implantation of 
single crystals and thin film growth. In 2021 these materials 
will be further characterized.  

Silicon based tandem solar cells is a proven concept, 
where one of the main challenges for commercialization 
is to find suitable materials to match the performance and 
scale of current PV technology. The activity at UiO focuses 
on investigating candidate materials for the absorber of 
the top cell in a tandem structure. Cu2O is an interesting 
material due to its fitting properties – high mobility, suitable 
band gap of 2.1 eV, as well as the fact that the material 
is affordable, stable and abundant. Our work in 2020 
has focused on concluding the work on Li-doped Cu2O, 
resulting in a journal publication, as well as investigating 
single-crystal Cu2O to further understand the defects 
hindering high efficiency.

Building integrated 
photovoltaics (BiPV)

Design of coloured solar cells
The theoretical minimum losses associated with colored PV 
modules depend mainly on the lightness of the color. In 
practice however, the losses may also be highly influenced 
by the production technology used to generate the color. 
A Color Performance Index (CPI) given by luminous 
reflectance divided by relative loss has been proposed as 
a figure of merit, thus allowing for a useful comparison of 
a range of commercially available modules with different 
lightness. The color angular sensitivity of existing opaque 
colored PV modules was tested and surface properties 
such as color techniques, texture and finishing glossiness 
have a strong impact on the PV module’s color angular 
sensitivity. This can be utilized in basic design suggestions 
from an architectural perspective. 

A new method for modelling and production of antireflection 
coatings (ARCs) for solar cells with almost any given 
color has been developed at IFE. The color arises from 
interference effects in the thin film layers on the silicon 
surface, much in the same way as soap bubbles or oil on 
water. Such an approach for producing color has a higher 
efficiency potential compared to using colored front glass, 
as is most common today. The work will continue together 
with architects and researchers at NTNU and SINTEF in 
2021, with the goal of prototyping test modules with a given 
color palette. 

(Left): Photograph of Si wafers of various colors achieved 
by interference of light in thin film surface layers. 

(Right): Red target color, RGB = [165 59 64]
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For more information, contact Work Package Manager
Dr. Kristin Bergum (kristin.bergum@smn.uio.no)

Colored PV facades
Colored PV modules improve aesthetic aspects at the 
expense of loss in efficiency. For a given lightness and 
color, a minimum energy loss due to reflected photons are 
unavoidable. Losses caused by reflectance in the visible 
range depends primarily on the lightness of the color, and 
secondarily on the hue. For a module based on Si cells 
with a lightness (L*) of 50, the losses (compared to an ideal 
black module) vary from 7% to 14%, depending on the hue. 
If we aim for a much lighter facade with a lightness (L*) 
of 80, the losses vary from 16% to 26%, depending on 
the hue. For a given lightness, a green color provides the 
lowest loss caused by the reflectance in the visible range.

However, it should be noted that the numbers above 
represent theoretical lower limits. In practice, additional 
efficiency losses will typically occur from parasitic absorption 
in the color-providing layers and from undesired reflection 
and absorption in the nonvisible wavelength range. The real 
energy losses associated with colored PV may therefore be 
significantly higher than indicated above, depending on the 
production technology used to fabricate the color. 

Façade integration
The solar irradiation conditions in Norway are different from 
countries further south in that the sun is lower on the sky 
and we often have overcast sky conditions. This makes it 
more feasible to integrate PV in building façades in Norway 
compared to countries further south. When solar cells are 
integrated in façades aesthetics aspects become more 
important. Aesthetic evaluation criteria for FIPV has been 
proposed and utilized in a new FIPV design strategy. An 
internet survey with several hundred participants was 
conducted to evaluate the design strategy, which will 
continue in 2021.

Losses (percentage lines) caused by reflectance in the visible range for 
colored Si modules compared to an ideal black module, where a* and 

b* refer to color coordinates. The given lightness (L*) is 50.

A proposed design for FIPV based on pixelated PVs with analogous 
reddish colors in a traditional city center.
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Work package 4 – 
End use and impact
WP4 spans a broad set of topics ranging from sustainable 
production of silicon, circularity of PV products, performance 
of solar modules in the field, and studies on innovation 
facilitation. Although not exhaustive, the list shows the 
complexity in solving the challenges and realizing the 
opportunities of the Norwegian solar energy industry. The 
center and the work package have a holistic approach to 
assisting the industry, with involvement from the industry 
partners through collaboration, discussions and inputs to 
ensure that the center give meaningful contributions to the 
growth of solar energy in Norway.

UiO contributes insights on drivers for innovation and impact 
factors on policy to WP4. A comprehensive literature review 
on innovation in PV has been undertaken in 2020, primarily 
through the efforts of post doc Dimitra Chasanidou. 
Analysis of datasets from 65 different publications have 
been reviewed, and the study is expected to be finalized 
in Q2 2021. Dimitra has also performed a large number 
of interviews with upstream and downstream firms as 
well as support organizations in order to gain a deeper 
understanding of innovation drivers in the PV industry. The 
results from the interviews are structured in a technological 
innovation system framework and presented in a paper 
which will be submitted in Q1 2021. UiO has further 
participated in IEA-PVPS-task 15 – subtask BIPV TIS study, 
and contributed with designing an analytical framework 
based on a technological innovation systems approach.
 
The FME SUSOLTECH PV map has expanded in 2020, 
adding three additional sites: UiA’s outdoor test station, with 
several module technologies and extensive instrumentation, 
a BIPV rooftop system used for research activities by 

SINTEF, and a large-scale system at UNIL’s distribution 
facility in Våler. The webpage now displays the diversity 
in Norwegian PV installations with BIPV systems, ground-
mounted PV installations, BAPV and rooftop systems, and 
installed capacity ranging from small-scale to large systems 
of more than 1 MWp.

The degradation of modules exposed to Norwegian climate 
conditions is an important task for the work package, and 
new insights have been achieved in 2020. PhD Eivind 
Bekken Sveen (UiO/IFE) has analyzed the degradation of 
systems installed at ASKO Vestby. Eivind’s work found 
mean module degradation rates in the range of 0.1-0.2 % 
per year, which is significantly less than what is reported 
for warmer climates. Eivind is continuing his PhD with 
further development of analysis methods, and studies with 
broader scope looking at the degradation of more relevant 
Norwegian PV installations. 

Instrumentation for accurate performance evaluation at 
UiA’s outdoor test station has been expanded in 2020 
with a hand-held I-V tracer for minimodules, EL-camera, 
and UVFL lamp. Previously installed equipment has given 
valuable contributions in 2020, with spectral irradiance 
distribution measurements providing data presented at 
several conferences and workshops, particularly through 
UiA’s participation in the European network PEARL-PV, and 
IEEE PVSC where PhD Basant Paudyal presented work on 
“Analysis of spectral irradiance distribution for PV 
applications at high latitude”. The measurement set up at 
UiA is well equipped for gaining deep insights into solar 
irradiation, its influence on silicon PV modules, as well as for 
gleaning detailed mechanisms for module degradation and 
faults. Investigations into module degradation mechanisms, 
specifically related to solar cell microcracks are ongoing, 
through the work of PhD Oscar Kwame Segbefia in 
cooperation with NMBU. Related work on fault detection 

Ultraviolet fluorescence images of field-aged PV modules showing patterns 
of cracks, moisture ingress and other possible material degradations.

(Photo: Oscar Kwame Segbefia, UiA)
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in field-aged solar modules has also been undertaken 
and presented by Oscar at EUPVSEC.  The creation and 
testing of a relational database to ensure data integrity and 
continuity in the data collection at the University of Agder 
has been realized. The work with the database is being 
extended with automatic data cleaning and analysis of 
data and enabling external access to data according to the 
open science principle. 
     
NMBU continues to develop methodology for measurement 
and analysis of PV systems to understand degradation 
mechanisms. Marija Vukovic (PhD-fellow) is looking at 
methods for outdoor imaging of photoluminescence, 
infrared signatures, and electroluminescence. The method 
gives valuable information about module degradation which 
cannot be detected with, for example, RGB images. When 
collecting PL images, natural sunlight reflected off the 
module surfaces is a significant source of noise. Further, 
synchronizing the image acquisition with inverter operation 
is necessary to capture actual PL signatures. Both these 
challenges have seen progress in 2020, as Marija has 
established practices for robust subtraction of sunlight and 
an innovative solution for WiFi-communication between the 
camera and the inverter. 

Sustainable production of PV products continues to be 
an important effort for the center. Norwegian PV material 
producers, the industry partners in the Center, are the 
cleanest producers of silicon feedstock and silicon ingots 
and wafers for the PV industry in the world. Previous years’ 
activities on sustainability has given valuable contributions, 
and center partners are now in the process of finalizing 
environmental product declarations for their PV products. 
Center partners are active in influencing policymakers 
to put increasing focus on sustainable production of PV 
products, especially through efforts in applying the policy 
instruments Ecodesign, Energy Label, Ecolabel and Green 
Public Procurement to PV modules, inverters, and systems. 

Experimental setup used for capturing image on the right.  
(Photo: Marko Jakovljevic, NMBU)

Difference in PL signal between open circuit and maximum 
power point conditions. The difference in intensity originates 

from photoactive defects (Photo: Marija Vukovic, NMBU)
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Roadmap for the Norwegian 
PV industry towards 2030
In order to shed more light on the future opportunities 
and challenges facing the domestic PV industry, FME 
SUSOLTECH in collaboration with the Norwegian Solar 
Energy Cluster (Solenergiklyngen) developed and published 
a Roadmap for the Norwegian PV industry towards 2030. 
The Roadmap content was developed in close collaboration 
with both research groups and companies in the domestic 
PV community. Many colleagues from FME SUSOLTECH 
made significant contributions.

The Roadmap investigated several segments of the 
domestic PV industry and showed how these combined 
could result in an important domestic industry in 2030 
hiring close to 10 000 people in 2030 and reaching an 
annual turnover well in excess of 100 BNOK. The main 
industry segments that were identified were: 

•	 Installation of smart PV systems in Norway
•	 Development and Operation of Utility-scale PV 

parks internationally
•	 Export	of	floating	PV	technologies
•	 Export of sustainable silicon materials 
•	 Development and Operation of Distributed PV 

systems
•	 Production of Building-Integrated PV (BIPV) 

technologies
•	 Production of solar thermal technologies. 

The Roadmap also showed how PV electricity can play a 
larger role in the domestic electricity mix than commonly 
assumed. With a moderate growth rate, an annual 

production of 4 TWh can be reached by 2030, most of 
which will be produced from PV systems installed in 
buildings. This can be of great importance. As society 
takes large strides towards increased electrification, access 
to low cost, low conflict and renewable electricity will be 
crucial. Here, PV is a very exciting solution. 

The Roadmap finally summarized some of the major 
obstacles to this growth and suggested concrete actions to 
support a rapid growth of this internationally very important 
industry. The Roadmap is downloadable from the FME 
SUSOLTECH website: http://www.susoltech.no.
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Interview with a 
PhD candidate: 
Mengyi Zhu started his PhD at NTNU in August 2017 as 
a part of Work Package 1 in SuSolTech, with the aim of 
improving the silicon purification process through slag 
refining and acid leaching techniques. This an important part 
of REC Solar’s production process and therefore the PhD 
work has naturally been performed in close collaboration 
with REC Solar who is a Centre partner. His thesis was 
successfully defended on the 19th of March 2021.

Why did you choose to start a PhD? 
After finishing my master in Germany, I really felt like taking 
up new challenges and a getting a deeper knowledge of 
metallurgy. However, I never really imagined ending up in 
Norway. But the opportunity of working directly with slag 
refining was too good to give up, and it was the only PhD 
position that I applied for. I have not regretted it!  

Has it been what you expected? 
Yes. Although I expected challenging periods, I am very 
satisfied with the work and my colleagues, and altogether 
it’s been a rewarding process. 

What has been the most challenging aspect of 
taking a PhD?
The most challenging part must be the constant appearance 
of problems related to the experimental work. Things rarely 
go according to plan and then you just have to adjust. 

I remember the most challenging part before summer last 
year, when I only had three months left of my contract. I 
was performing an experiment needed for the final paper. 
We tried one, two, three, then four times without success 
and a whole month went by without results. That was very 
stressful. Luckily, we succeeded in the end. 

And what has been the most rewarding?
Obtaining results that are of interest to my coworkers and 
particularly the partners involved in the project. It is very 
rewarding to see that my research may directly impact an 
industrial production process.

What would you say is your most important result?  
This must be the results related to the Si-Ca-Mg alloy 
leaching system. Both the experimental results, but also 
the models that we developed in relation to this that have 
given us much more knowledge about this system. 

So, what are you going to do now? 
I have just started a three-year Post Doc position here at 
NTNU where I will be working with a new patented silicon 
production process. But for the next months I will probably 
mostly focus on preparing for the coming of my daughter 
who is due in short time

Photo showing the Mengzy Zhu when he was defended his PhD in March 2021 together with work package 
manager Jafar Safarian. The defense was carried out under strict corona restrictions with the committee 

participating digitally from Canada and Norway
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Appendix 1

Personnel working in the Center

Key researchers working in the Center

Name    Institution  Main research area                             
Alexey Koposov   IFE   Sustainable silicon production
Anders Steinsland  IFE   Sustainable silicon production
Arve Holt   IFE   Member of the Executive Board
Bent Thomassen   IFE   Sustainable silicon production
Chang You   IFE   High efficiency silicon solar cells and wafers
Erik Stensrud Marstein  IFE   Center Director
Hallvard Fjær   IFE   End use and impact
Josefine Selj   IFE   High efficiency silicon solar cells and wafers & End use and impact
Dag Lindholm   IFE   Sustainable silicon productionutt
Gaute Otnes   IFE   High efficiency silicon solar cells and wafers
Heine Riise   IFE   End use and impact
Junjie Zhu   IFE   High efficiency silicon solar cells and wafers
Hallgeir Klette   IFE   Sustainable silicon production
Halvard Haug   IFE   High efficiency silicon solar cells and wafers
Rune Søndenå   IFE   High performance silicon ingots and wafers
Sean Erik Foss   IFE   Work package manager, End use and impact
Mari Øgaard   IFE   High efficiency silicon solar cells and wafers & End use and impact
Marie Syre Wiig   IFE    High performance silicon ingots and wafers
Marte Orderud Skare  IFE   Sustainable silicon production
Thomas Joel Preston  IFE   Sustainable silicon production by chemical processes                    
Ørnulf Nordseth   IFE   Sustainable silicon production
Lisa Kvalbein   IFE   End use and impact
Eva Rosenberg   IFE   End use and impact
Alexander Ulyashin  SINTEF   Kerfless-Si
Amin Shahrestani Azar  SINTEF   Kerfless-Si
Arne Røyset   SINTEF   BIPV
Bendik Sægrov-Sorte  SINTEF   End use
Birgit Ryningen   SINTEF   Multicrystalline Si
Birgitte Karlsen   SINTEF   Silicon production by metallurgical  processes
Eivind Johannes Øvrelid  SINTEF/NTNU  Mono and multi Si
Gaute Stokkan   SINTEF   Multicrystalline Si & End Use
Irene Bragstad   SINTEF   Mono Si
Ingeborg Kaus   SINTEF   Research manager 
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Name    Institution  Main research area
John Atle Bones   SINTEF   Monocrystalline Si
Kai Tang    SINTEF   Si production by metallurgical processes
Mari Juel   SINTEF   WP2 Manager   
Marit Synnøve S. Stange  SINTEF   Kerfless Si
Moez Jomaâ   SINTEF   Monocrystalline Si
Mohammed Mhamdi  SINTEF   Mono and multi Si
Paul Inge Dahl   SINTEF   Crucibles for mono Si
Pål Tetlie   SINTEF   End use
Ragnar Fagerberg  SINTEF   Research manager 
Rudie Spooren   SINTEF   Member of the Executive Board
Runar Dahl-Hansen  SINTEF   Kerfless Si
Stein Rørvik   SINTEF   Characterization
Sylvain Gouttebroze  SINTEF   Multicrystalline silicon
Tor Olav Løveng Sunde  SINTEF   Kerfless Si
Tore Kolås   SINTEF   BIPV
Espen Olsen   NMBU   Silicon materials science 
Ingunn Burud   NMBU   Image analysis
Barbara Matusiak  NTNU   BIPV
Fride Vullum-Bruer  NTNU   Silicon crystallization and defects
Espen Undheim   NTNU    
Gabriella Tranell   NTNU   Solar silicon production by metallurgical processes
Jafar Safarian   NTNU   Work package manager: Sustainable silicon production
Marisa Di Sabatino  NTNU   Silicon crystallization and defects
Mari-Ann Einarsrud  NTNU    Silicon crystallization and defects
Randi Holmestad   NTNU   Intermediate band cells
Turid Reenaas   NTNU   Intermediate band cells
Anne Gerd Imenes  UiA   PV performance, field testing, monitoring, irradiation    
       measurements, system analysis and end use, BIPV
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Name    Institution  Main research area
Tor Oskar Sætre   UiA   Silicon material, crystallization, electron microscopy
Alexander Azarov   UiO   Impurity analysis in solar silicon by SIMS
Andrei Kuznetsov  UiO   Wafer texturing
Dovile Meskauskaite  UiO   Oxygen rings in silicon
Edouard Monakhov  UiO   Oxide-based tandem solar cells 
Jens Hanson   UiO   Strategies for Norwegian Solar Cell Industry 
Kristin Bergum   UiO   Work package manager: High efficiency silicon solar cells and  
       wafers
Ola Nilsen   UiO   Photon conversion
Per-Anders Hansen  UiO   Photon conversion

Postdoctoral researchers with financial support from the Center budget 

Name    Nationality Period  Sex M/F Topic 
Dimitra Chasanidou  Greek  18´05-22´02 F  Analysis of innovation    
          system and end use
Phillip Weiser   USA  17’08-20’07 M  Oxygen complexes in Si
Mohammed Bilal   Pakistani 18´10-20´05 M  PV performance, field testing,   
          monitoring, system analysis

Post.docs working on projects in the Center with financial support from other 
sources 

Name    Nationality Period  Sex M/F Topic   
Guro Marie Wyller  Norwegian 19´11-21´10 F  High performance silicon    
          ingots and wafers
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PhD students with financial support from the Center budget

Name    Nationality Period  Sex M/F Topic    
Marija Vukovic   Croatian  18’08-21’08    F   Spectral imaging of         
          degradation in solar panels
Mengyi Zhu   Chinese  17´08-20´07 M   Silicon purification by acid   
          leaching and slag refining    
          techniques
Martin Nyborg   Norwegian 17’08-20’07 M  Oxide-based tandem cells
Hogne Lysne   Norwegian 17´08-21´07 M  Intermediate band cells
Chaniying Xiang   Chinese  18’09-21’09 M  BIPV architectural issues
Eivind Bekken Sveen  Norwegian 19’08-22’08 M  End use and Impact
Vegard Rønning   Norwegian 19’05-22’04 M  Photon conversion
Azam Rasouli                   Iranian               19’09-22’08        F             Silicon production by  
                                                                                                            metallothermic reduction
Amalie Berg   Norwegian 19’11-22’11 F  Spectral PL in silicon Wafers 
Gabriela Warder   Polish           20’11-23’11 F  Quartz crucibles for   
          Czochralski silicon production

PhD students working on projects in the Center with financial  
support from other sources

Name    Nationality Period  Sex M/F Topic    
Arman Hoseinpur          Iranian               17´08-20´07    M               Purification of solar grade    
          silicon via the gas and vacuum   
          refining processes
Basant Raj Paudyal              Nepal  18´01-21´01 M  Monitoring the Performance and   
          Degradation of Solar PV Systems   
Oscar Kwame Segbefia  Ghana  19´05-22´05 M  Solar Cell Degradation: defect 
          analysis and mitigation schemes
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Master students

Name    Sex M/F Topic     Supervisor 
Elin Dypvik Sørdahl  F  Materials for tandem solar cells  Kristin Bergum
Ingeborg Høiaas   F  Degradation effects in solar cells   Ingunn Burud
      studied with spectral imaging
Ingvil Bergsbak   F  Simulations of tandem solar cells  Halvard Haug, Kristin Bergum
Linn Tabita Milde F  F  A study of the performance of two wall  Espen Olsen
      attached PV systems in a Nordic climate
Magnus Johansen  M  Materials for tandem solar cells  Kristin Bergum
Hailu Asmare Libassie  M  PV Installation System: Analysis of   Terje Finstad/Josefine Selj
      Performance and Degradation 
      Mechanisms
Aksel Pettersen   M  The performance of household   Espen Olsen/Josefine Selj
      PV systems in Southeastern Norway
Osama Zariouh    M  Tandem cells    E. Monakhov, K. Bergum
Nathan Roosloot   M  Optimixation of colored antireflection Albert Pullman, Erik Marstein,
      coatings for silicon solar cells  Halvard Haug
Ole-Kristian M Nese  M  Investigation of a PV System Using a Anne Gerd Imenes
      Mathematical Model and Available Data
Safia Hassan   F  Utilisation of Silicon-Kerf from Solar  Gabriella Tranell
      cell Wafering
Inger Fygle   F  Utilisation of Silicon-Kerf via Micro arc  Gabriella Tranell
      Melting
Torleif Stensvold   M  Effect of sand treatment on the quartz  Marisa DiSabatino
      crucible properties
Gabriala Warden   F  Effect of pulling speed on oxygen   Marisa DiSabatino
      related defects and electrical properties 
      of CZ silicon ingots
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Publication list – report 2020

The activities have resulted in the following public information 
about research (articles, books, exhibition): 

The activities have resulted in the following presentation in mass media:

1. Det er ikke økonomisk lønnsomt å produsere de mest miljøvennlige solcellene, Birgit Ryningen, Tyke Naas, Ronny Gløckner,  
Trude Nysæter:1. april 2020  
https://www.tu.no/artikler/det-er-ikke-okonomisk-lonnsomt-a-produsere-de-mest-miljovennlige-solcellene/488967

2. Norway delivers the best raw materials for solar cell production, Erik S. Marstein.TheExplorer.no 6/3

3. Flere og flere solcelleprodusenter går over til N-type celler – Hvorfor det? Erik S. Marstein, tu.no 21/3 (2020)

4. Silisiumbaserte solceller, Erik. S. Marstein, GLASS OG FASADE 1 (2020)

5. Bygningsintegrerte solceller, Erik. S. Marstein, GLASS OG FASADE 2 (2020)

6. Krisepakker som forsterker krisen, Erik. S. Marstein, forskning.no,23/6 (2020)

7. Solcelleteknologier0, Erik. S. Marstein, GLASS OG FASADE 3 (2020)

8. Slike vinduer kan bli framtidige kilder til strøm, Eivind Johannes Øvrelid,  
https://www.nrk.no/viten/slik-kan-man-bruke-vinduer-som-solcellepanel-1.15173636

The activities have resulted in report, lecture, articles, presentations in 
meetings/conferences for public sector, business, and industry: 

1. Creation of Product Category Rules (PCR) for Solar Modules:  
https://www.epd-norge.no/pcr-register/npcr-029-2020-part-b-for-photovoltaic-modules-article2642-353.html

2. Facade integrated PVs/FIPV, Changying Xiang, Report, NTNU Energi og miljø Gruppe 

3. PV fargepalett for Trondheim, Changying Xiang, Barbara Szybinska Matusiak, Oral Presentation, NTNU lys og farge senter 

The activities have resulted in the following publications 
in refereed journals:

1. Phosphorus separation from metallurgical-grade silicon by magnesium alloying and acid leaching, Mengyi Zhu, Alexander Azarov, 
Eduard Monakhov, Kai Tang, Jafar Safarian:  Separation and Purification Technology, 240 (2020), 116614.  
doi.org/10.1016/j.seppur.2020.116614 

2. New Insights into Silicon Purification by Alloying–Leaching Refining: A Comparative Study of Mg–Si, Ca–Si, and Ca–Mg–Si Mengyi Zhu, 
Alexander Azarov, Eduard Monakhov, Kai Tang, Jafar Safarian, ACS Sustainable Chem. Eng. 2020, 8, 15953−15966.  
doi.org/10.1021/acssuschemeng.0c05564

3. Kinetic study of vacuum evaporation of elements from ternary melts; case of dilute solution of P in Si-Al melt, Arman Hoseinpur, Kai 
Tang, Jafar Safarian, Separation and Purification Technology, 235 (2020), 116264. doi.org/10.1016/j.seppur.2019.116284

4. Mechanisms of graphite crucible degradation in contact with Si–Al melts at high temperatures and vacuum conditions, Arman 
Hoseinpur, Jafar Safarian, Vacuum, 171 (2020), 108933. doi.org/10.1016/j.vacuum.2019.108993 

5. Design of experiments approach to luminescent CaMoO4 by atomic layer deposition, JN Kvalvik, PA Hansen, O Nilsen, Journal of 
Vacuum Science & Technology A: Vacuum, Surfaces, and Films, p 52408, 38/5/2020, https://doi.org/10.1116/6.0000327, American 
Vacuum Society

Appendix 2
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6. Area-selective atomic layer deposition of molybdenum oxide, Julie Nitsche Kvalvik, Jon Borgersen, Per-Anders Hansen, Ola Nilsen, 
Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, p 42406, 38/4/2020, https://doi.org/10.1116/6.0000219, 
American Vacuum Society.

7. The Jahn-Teller active fluoroperovskites : thermo- and magneto optical correlations as function of the -site, FLM Bernal, F Lundvall, S 
Kumar, PA Hansen, DS Wragg, OM Løvvik, H Fjellvåg, arXiv preprint arXiv:2005.06212, 2020, arXiv:2005.06212, Cornell University

8. Single-step approach to sensitized luminescence through bulk-embedded organics in crystalline fluorides, Per-Anders Hansen, Tomas 
Zikmund, Ting Yu, Julie Nitsche Kvalvik, Thomas Aarholt, Øystein Prytz, Andries Meijerink & Ola Nilsen, Nature Communications 
Chemistry, 3, article nr.162, 2020, https://doi.org/10.1038/s42004-020-00410-0, Nature Research

9. Hydrogen-related defects measured by infrared spectroscopy in multicrystalline silicon wafers throughout an illuminated annealing 
process, Philip M. Weiser, Eduard Monakhov, Halvard Haug, Marie Syre Wiig, and Rune Søndenå, Journal of Applied Physics, 065703, 
127/2020, 0021-8979, American Institute of Physics

10. Donors and polaronic absorption in rutile TiO2 single crystals, Philip Michael Weiser, Christian Zimmermann, Julie Bonkerud, Lasse 
Vines, and Eduard V. Monakhov, Journal of Applied Physics, 145701, 128/2020, 0021-8979, American Institute of Physics

11. Electrically-active defects in reduced and hydrogenated rutile TiO2, Julie Bonkerud, Christian Zimmermann, Philip Michael Weiser, 
Christoph Seiffert, Espen Førdestrøm Verhoeven, Lasse Vines, and Eduard V. Monakhov, Semiconductor Science and Technology, in 
press/2020, 1361-6641, Institute of Physics

12. Acceptor complex signatures in oxygen-rich ZnO thin films implanted with chlorine ions, A. Azarov, A. Galeckas, V. Venkatachalapathy, 
Z. Mei, X. Du, E. Monakhov, and A. Kuznetsov, Journal of Applied Physics, 125701, 128 (2020), 

13. Effects of annealing on photoluminescence and defect interplay in ZnO bombarded by heavy ions: Crucial role of the ion dose, A. 
Azarov, A. Galeckas, C. Mieszczyński, A. Hallén, and A. Kuznetsov, Journal of Applied Physics, 025701, 127 (2020)

14. Detecting hydrogen impurities in multicrystalline silicon wafers - synopsis of new results published in the Journal of Applied Physics, 
Philip Michael Weiser.2020

15. Coloured Building Integrated Photovoltaics: Influence on Energy Efficiency, Energy and Buildnings artickel, Vol 208.  2020, Røyset, Arne 
Karstein; Kolås, Tore; Jelle, Bjørn Petter 109623, https://doi.org/10.1016/j.enbuild.2019.109623

16. Photovoltaic system monitoring for high latitude locations Sol. Energy, M.B. Øgaard, H.N. Riise, H. Haug, S. Sartori, J. Selj, Sol. Energy 
207, 1045-1054 (2020).

The activities have resulted in the following publish books, 
(educational books, anthologies):

The	activities	have	resulted	in	the	following	published	presentations	from	international	scientific	conferences:

1. Analysis of spectral irradiance distribution for PV applications at high latitude, 1. B.R. Paudyal, A.G. Imenes, IEEE PVSC 2020 (digital), 
poster presentation and paper.

2. Outdoor fault diagnosis of field-aged solar modules, O.K. Segbefia, A.G. Imenes, T.O. Sætre, EUPVSEC 2020 (digital), poster 
presentation.

3. The Impact of Surface Properties on Photovoltaics’ Colour Angular SensitivityA Comparison Study for Facade Integration, Changying 
Xiang, Phil Green, Barbara Szybinska Matusiak, International Colour Association 2020 konferanser  

4. PV System Degradation Rates in the Nordics, E.B. Sveen, M.B. Øgaard, J.H. Selj, G. Otnes, Proceedings of 37th European Photovoltaic 
Solar Energy Conference and Exhibition 1563 – 1566 (2020)
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The activities have resulted in the following reports, 
lecture, presentation at technical meetings:

1. Outdoor PV performance monitoring: Results from UiA, Grimstad, Basant R Paudyal, FME SUSOLTEH Annual Meeting 2020. 

2. Outdoor fault detection in old photovoltaic solar modules, Oscar K Segbefia, FME SUSOLTEH Annual Meeting 2020.

3. Norway country report” to the PEARL-PV, A. G Imenes, submission of report to the PEARL-PV committee, 2020 (to be published).

4. Embedded Organics in Crystalline Fluorides, Per-Anders Hansen, Oral Presentation ALD/ALE2020

5. Quinizarin: A Large Aromatic Molecule Ideal for Atomic Layer Deposition, Per-Anders Hansen, Poster, ALD/ALE2020

6. Detecting hydrogen-related defects using IR spectroscopy in commercially- available silicon wafers, Philip M. Weiser, Eduard Monakhov, 
Halvard Haug, Marie Syre Wiig, and Rune Søndenå, FME SUSOLTECH Annual Meeting 2020

7. Aesthetic Evaluation Criteria for Façade Integrated PVs in Urban Context, Changying Xiang, Barbara Szybinska Matusiak, Claudia 
Moscoso, Report, FME SUSOLTECH Annual Meeting 2020

8. Coloured, transparent and pixelated BiPV, Tore Kolås, Arne Røyset, FME SUSOLTECH Annual Meeting 2020

9. Tandem solar cells and acceptor levels in Cu2O, Martin Nyborg, FME SUSOLTECH Annual Meeting 2020

10. Lanthanide-based thin films for light conversion, Vegard Rønning, FME SUSOLTECH Annual Meeting 2020 

11. The effect of Ti and Y addition on the microstructure and leaching purification of Ca alloyed metallurgical silicon, Mengyi Zhu, Jafar 
Safarian, Silicon for the chemical and solar industry XV, Trondheim, Norway, June 15-18, June 2020

12. Phosphorus and Boron removal from Si by vacuum and gas refining processes, Arman Hoseinpur, Gabriella Tranell, Jafar Safarian, 
Trondheim, Norway, June 15-18, June 2020

13. Characterization of quartz crucibles used in industrial scale test for production of Cz-Si, Marisa Di Sabatino, Thorleif Stensvold, Daniel 
Cheung, Yu Hu, Mari Juel, John Atle Bones, FME SUSOLTECH Annual Meeting 2020

14. In-situ observations of dislocations during directional solidification, Gaute Stokkan, Maria Tsoutsouva, Birgit Ryningen, Pål Tetlie, 
Nathalie Mangelinck Noel, FME SUSOLTECH Annual Meeting 2020

15. High Rate Deposition of Epitaxial Silicon by E-beam, Marit Stange, Tor Olav Sunde, Runar Dahl-Hansen, Amin S. Azar, Joachim S. Graff, 
Alexander Ulyashin, FME SUSOLTECH Annual Meeting 2020

16. Sustainable production of high silicon material in Norway, Carsten Rohr, FME SUSOLTECH Annual Meeting 2020

17. Sustainable production of high silicon material in Norway, Olav Holta, FME SUSOLTECH Annual Meeting 2020

18. Si purification by acid leaching and slag refining at NTNU Recent activities and outlook, Mengyi Zhu, FME SUSOLTECH Annual Meeting 
2020

19. Thermodynamics of Si Ca Mg P for Si dephosphorization, Kai Tang, FME SUSOLTECH Annual Meeting 2020

20. Mechanism of magnesiothermic reduction of SiO2, Azam Rasouli, FME SUSOLTECH Annual Meeting 2020

21. Kinetics of gas phase silane pyrolysis; focus on disilane , trisilane and tetrasilane , Anjitha Geetha, FME SUSOLTECH Annual Meeting 
2020

22. Characterization of segregated impurities by 2D and 3D SIMS, Alaxander Azarov, FME SUSOLTECH Annual Meeting 2020

23. Sustainability transitions and solar PV, Dimitra Chasanidou, FME SUSOLTECH Annual Meeting 2020

24. Outdoor Photoluminescence Imaging, Maria Vukovic, FME SUSOLTECH Annual Meeting 2020

25. PV System Degradation Rates in the Nordics, Eivind B. Sveen, FME SUSOLTECH Annual Meeting 2020

26. Thermodynamics of the Si-Ca-Mg-P system for Si dephosphorization, Kai Tang, Trondheim, Norway, June 15-18, June 2020

27. Experimental investigations of monosilane pyrolysis: The importance of cyclic silanes, Guro M. Wyller, Thomas J. Preston, Marte O. 
Skare, Hallgeir Klette, Anjitha S.G, Erik S. Marstein, Silicon for the Chemical and Solar Industry XV, Trondheim, Norway, June 15 – 18, 
2020
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The activities have resulted in the following communication 
effort for relevant target group: 

1. Spectral Measurements in the Nordics” during parallel workshop session S5, A.G. Imenes, Presentation, Assessment of spectral 
irradiance differences” at the PEARL-PV meeting in Utrecht 26/2 2020.

2. Solar silicon production by metallurgical route, Jafar Safarian, Meeting with researchers at Jülich Research Centre, 2020

3. Veikart for den norske solbransjen mot 2030, Erik S. Marstein, foredrag ved Solenergiklyngens kick-off, Oscarsborg 15/1-2020

4. Solceller, Erik S. Marstein, foredrag ved Naturfagssenterets seminar for Lektor 2, Lillestrøm 30/1-2020

5. Et veikart for den norske solbransjen mot 2030, foredrag ved International Solar Day, Norwep, 26/5-2020

6. Welcome and introduction, foredrag ved FME SUSOLTECH’s årsmøte 19/8 (zoom) 2020

7. Solar cell technology,, Erik S. Marstein,  foredrag ved NORRENs sommerskole 20/8 (zoom)-2020

8. Digitalization of solar power,, Erik S. Marstein, foredrag ved Norsk Regnesentral 24/9-2020

9. Veikart for den norske solbransjen mot 2030, Erik S. Marstein,foredrag ved Solenergiklyngens Clean Tuesday 27/10-2020

10. Solkraft – på rask vei mot toppen, Erik S. Marstein foredrag for Tekna 28/10-2020

11. Teknologiutvikling innen solkraft, Erik S. Marstein foredrag for Teknas Fagdag 2/11 2020

12. Bygningsintegrerte solcellepaneler - Hvordan redde verden på en vakker måte, blogg-post by Erik S. Marstein on Fusen.no 30/6 2020

13. UiA PV system represented in SUSOLTECH PV map / IDIUM database, https://susoltech.no/solarpanelmap/uia-grimstad/

14. Detecting hydrogen impurities in multicrystalline silicon wafers, Philip M. Weiser,  
https://susoltech.no/detecting-hydrogen-impurities-in-multicrystalline-silicon-wafers/

Scientific/scholarly publications (monograps publications)
- Master/PhD thesis:

1. Investigation of a PV system using a mathematical model and available data, O.-K. M. Nese, Master thesis, University of Agder, 
Grimstad, 2020. https://uia.brage.unit.no/uia-xmlui/handle/11250/2679634

2. Influence of random upright pyramid substrate surface texture on the colour appearance of dielectric thin film coated silicon PV, 
Nathan Roosloot, Master thesis, University of Amsterdam 2020

3. Characterization of Silica Crucibles for the Czochralski process, Thorleif Stensvold, Master thesis, NTNU, 2020

4. Study and Investigations of Oxygen Related Defects in Czochralski silicon ingots, Gabriela Warden, NTNU,2020
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Statement of Accounts

(All figures in 1000 NOK)

Funding source Amount Amount
The Research Council 14319
The Host Institution, IFE 4778
Research Partners* 9637
Industry partners* 6037
Public partners* 350

Total Founding 35122

Cost element Amount
The Host Institution, IFE 8957
Research Partners 19275
Industry partners 5187
Public partners 350
Equipment 1353

Total Costs 35122

*Give names for each group of partners

Funding

Costs

Appendix 3



Center partners

Contact information - Center Management
Contact person:  Erik Stensrud Marstein  
  (Center Director)
Tel:   (+47) 90 11 77 62
E-mail:  erik.stensrud.marstein@ife.no
  www.susoltech.no
 

Address:  The Research Center for Sustainable 
    Solar Cell Technology
    IFE
       Instituttveien 18
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