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Background

Increasing concerns over energy security and harmful climate change are fuelling interest in
the development of renewable energy technologies. Electric power generation from wind is
generally seen as a key technology in this respect. Already today, wind power is a fast-
growing technology, with installed capacities in Europe growing at an average annual rate of
more than 20% in the last 15 years. Due to, among other things, lack of suitable space on
land, and improved wind conditions when going offshore, in coming decades the wind power
sector is expected to increasingly turn towards development in ocean waters. The North Sea is
one example of an ocean area with a vast resource potential, and for which ambitious plans
for wind power development exists. Offshore power plants require electricity transmission to
the grid on shore. In addition, widespread attention has been devoted mitigating the
intermittency of wind power by exchanging wind power across different regions and utilizing
Norwegian hydropower capacity to compensate for intermittency.

Despite the renewable nature of wind energy conversion, non-renewable resource inputs and
emissions occur in the life cycle of wind energy systems. The life cycle of a wind energy
system includes extraction of raw materials, manufacturing of components, maintenance and,
finally, dismantling and waste handling at the end-of-life. In addition to the actual wind
turbines, an offshore wind energy system comprises connection cables and electrical devices
facilitating power transmission to the onshore grid, and additional grid capacity required to
accommodate this intermittent power. The impacts generated throughout a product’s life cycle
can be quantified and assessed by the method of life cycle assessment (LCA).

In this work, we are interested in evaluating the environmental implications of electricity
transmission associated with large-scale deployment of wind power in the North Sea, in a life
cycle perspective.



Objective

The primary objective is to assess the life cycle environmental impacts of electricity
transmission for offshore wind power development in the North Sea. It is hoped that the work
will result in policy-relevant recommendations for the development of wind power generation
and power transmission in the North Sea.

The study should include following elements:

1) Determination of LCA methodology (process-based LCA or hybrid LCA) to be used.

2) Compilation of life cycle inventories for the electricity transmission infrastructure of a
typical offshore wind park.

3) Compilation of life cycle inventories for power transmission across the North Sea.

4) Quantification and assessment of environmental impacts associated with offshore
wind power generation and power transmission in the North Sea.

5) Discussion on environmental costs and benefits associated with a large-scale
expansion of power generation and transmission in the North Sea. What can be
concluded with respect to system designs and strategies for maximizing net
environmental benefits?

6) Discussion of the role of sea cables on smoothing intermittent wind power and the
challenge of power scheduling and standby requirements.
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Abstract

An integrated approach to climate and energy policy is required to meet the challenges
associated with climate changes caused by anthropogenic emissions. At the same time, the
demand for electricity is increasing. Wind power is considered as part of the solution in
solving these challenges, as this is renewable energy. By relocating wind power production
offshore, stronger winds are achieved that increases electricity production without having
emissions of GHG during power production. Europe's ambitious goals and plans for
development of offshore wind power development in the North Sea have also raised questions
about how to integrate wind power into existing power systems in Europe. In this study the
environmental impacts of offshore wind power production and development of an offshore
grid in the North Sea, have been considered.

To quantify the environmental impacts associated with offshore wind power generation and
power transmission in the North Sea, several LCA’s have been carried out. Four LCA's were
conducted, whereof three of them were analyses of various submarine cables used either in
offshore wind farms or long-distance power transmission. The cables studied were; 33 kV
HVAC cables used internally in offshore wind farms, 132 kV HVAC cables used to transmit
power from a wind farm to the grid onshore and 450 kVV HVDC cables used for long-distance
power transmission between for instance countries. A fourth LCA was conducted of an entire
offshore wind farm, including the inventories of the 33 kV and 132 kV cables.

The emissions from a 390 MW offshore wind farm with bottom-fixed windmills, were
calculated to be 20.6 g CO; -equivalents/kWhg,. Cabling constituted only 1.5 % of the total
impacts to climate change from the wind farm. A larger wind farm of 9000 MW had lower
estimated emissions of 19.8 g CO; -equivalents/kWhg due to a higher electricity production.
The LCA results of the 450 kV cables were used in estimating the environmental impact
caused by different designs of offshore power grids in the North Sea. Several alternative grids
were investigated, both with and without wind farms. For instance, a power grid in the North
Sea where the two wind farms above were implemented, had estimated emissions of 84
million tonnes of CO,-equivalents throughout lifetime. This represents approximately 2% of
the EU-27 countries' total GHG emissions from 2007. In addition to the quantification of
environmental impacts, a qualitative discussion was conducted of the various environmental
costs and benefits associated with large-scale development of power generation and
transmission in the North Sea. The results from this study indicate that the expected
environmental impacts from developing offshore wind farms and power grids in the North
Sea are not insignificant. The positive environmental effects are large because the increased
transmission capacity between power markets allows for increased development of electricity
generation from intermittent renewable energy sources like wind power. Increased share of
renewable energy reduces the need for power generation from fossil fuels, thus there will be
an environmental gain. The study seeks to emphasize the complexity and the important
aspects of the assessment of environmental impacts associated with large power systems.



Sammendrag

En integrert tilneerming til klima- og energipolitikk er ngdvendig for & mate utfordringene
tilknyttet klimaendringer pa grunn av menneskeskapte utslipp. Samtidig er behovet for
elektrisitet stadig gkende. Vindkraft er fornybar energi og ansett som en del av lgsningen. Ved
a flytte vindkraftproduksjonen til havs, vil man oppna jevnere og sterkere vind som gir gkt
elektrisitetsproduksjon uten utslipp av drivhusgasser under kraftproduksjon. Europas
ambisigse mal og planer for utvikling av havbasert vindkraftutvikling i Nordsjeen, har ogsa
reist spgrsmal om hvordan man kan integrere vindkraft i eksisterende kraftsystemer i Europa.
| dette studiet, er de miljgmessige konsekvensene av havbasert vindkraftproduksjon og
utvikling av et offshore kraftnett i Nordsjgen, for a koble sammen offshore vindparker og de
ulike kraftmarkedene i Europa, blitt vurdert.

For & kvantifisere de miljgmessige konsekvensene assosiert med vindkraftproduksjon og
overfgringsnett for elektrisitet i Nordsjgen, er det gjennomfart ulike livssyklusanalyser. Fire
LCA’er ble gjennomfort, hvorav tre av dem var analyser av ulike sjgkabler brukt i enten
havbaserte vindparker eller ved langdistanse kraftoverfering. Kablene som ble studert var; 33
kV HVAC kabler brukt internt i vindparker, 132 kV HVAC kabler brukt for & overfare kraft
fra vindpark til nett pa land og 450 kV HVDC kabler brukt til langdistanse kraftoverfgring
mellom land for eksempel. En fjerde LCA ble gjort av en vindpark utfor Norges kyst, hvor
analysene av 33 kV og 132 kV kablene ble inkludert.

Utslippene fra en havbasert vindpark pa 390 MW med bunnfaste vindmgller, ble beregnet til &
veere 20.6 g CO-ekvivalenter/kWhe hvorav kabling utgjorde kun 1.5 % av de totale
utslippene fra vindparken. En starre vindpark pa 9000 MW, hadde noe reduserte utslipp pa
19.8 g CO,-ekvivalenter/kWhg ettersom mer elektrisitet ble produsert. LCA resultatene for
450 kV kablene ble sa brukt for a lage estimater av miljgpavirkningene fra ulike design av
offshore kraftnett i Nordsjgen. Flere ulike design til kraftnett ble studert, bade med og uten
vindparker. Et kraftnett hvor de to vindparkene over ble implementert pa en kraftlink mellom
Norge og Storbritannia, fikk estimert utslippene til & vaere 84 millioner tonn CO,-ekvivalenter
gjennom livstiden. Dette tilsvarer omtrent 2 % av EU-27 landenes totale klimagassutslipp fra
2007. 1 tillegg til kvantifiseringene av miljgkonsekvenser, ble en lengre kvalitativ diskusjon
gjennomfart av de ulike miljgmessige fordeler og ulemper som er assosiert med storskala
utvikling av kraftproduksjon og overfgring i Nordsjgen. Resultatene fra dette studiet indikerer
at de forventede miljokonsekvensene fra a bygge havbaserte vindparker og kraftnett, ikke er
ubetydelige. Man vil ha store negative og positive ringvirkninger. De positive miljgeffektene
er store ettersom gkt overfgringskapasitet mellom ulike kraftmarkeder gir mulighet for gkt
utbygging av elektrisitetsproduksjon fra uregelmessige fornybare energikilder som vindkraft.
@kt andel fornybar energi reduserer behovet for kraftproduksjon fra fossile brensler og man
vil oppna miljggevinster. | studiet diskuterer positive og negative miljgkonsekvenser ved
utbygging av kraftproduksjon og -overfaring i Nordsjgen, fra ulike innfallsvinkler. Dette for &
fa frem kompleksiteten i og belyse viktige aspekter ved vurdering av miljgkonsekvensene
tilknyttet store systemer som dem betraktet her.
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Chapter 1

1 Introduction

This study will assess the life cycle environmental impacts from power generation and
transmission associated with large-scale expansion of wind power in the North Sea.

Europe and the world are at a crossroad concerning the future of energy. The challenges of
climate changes due to anthropogenic emissions need effective and immediate action. An
integrated approach to climate and energy policy is required given that energy production and
use are primary sources for greenhouse gas emissions (Commission Of The European
Communities 2008).

Development of renewable energy resources is a prioritized assignment in all European
countries. The EU Renewable Energy Directive 2009/28/EC of the European Parliament and
the Council of the European Union, puts national demands on the share of renewable energy
in consumption of electricity (The European Parliament and the Council of the European
Union 2009). EU has decided a so-called 20:20:20 goal in this directive, deciding that EU
shall reduce the CO, emissions by 20 %, decrease energy consumption by 20 % and increase
the share of consumption coming from renewable energy sources from 8.5 % to 20 % before
year 2020 (Landssamanslutninga av Vasskraftkommunar 2009). The national requirements
assume that all member states must increase the renewable share by 5.5 % (Adapt Consulting
AS 2010). The European Wind Energy Association (EWEA) states that this directive calls for
more than one third of the European electricity demand coming from renewable sources, with
wind power expected to deliver 12 -14 % (The European Wind Energy Association 2008).
EWEA predicts that the EU-27 countries have to have 80 GW installed capacity of wind
power, including 3.5 GW from offshore wind power by 2010 (European Environment Agency
2009). EU also have to set a target of 180 GW in installed capacity, including 35 GW from
offshore wind power, to reach this goal by 2020. The directive is relevant for Norway through
the European Economic Area (EEA- agreement). In addition to this directive, EU is obliged to
reduce greenhouse gas emissions under the Kyoto protocol (European Environment Agency
2009a). Also Norway is committed to the Kyoto protocol, and have to reduce the emissions of
greenhouse gases to being maximum 1 % higher than the total greenhouse gas emissions from
Norway in year 1990 (United Nations 1998). The Kyoto agreement came into force in 2008
and ends in 2012.

It is the electricity consumption, and not the production of power from renewable energy
resources, that is important when it comes to establishing goals for the level of electricity that
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should come from renewable energy in a country. This result in countries wanting new
electricity production to come from renewable energy resources, and that import of electricity
should preferably be from renewable energy. To meet demands like these, development of
renewable energy resources such as wind power is expected to be a part of the solution. Great
Britain will for instance have to increase the share of renewable energy in their final
electricity consumption from 1.3 % in 2005 to 15 % within 2020 (Adapt Consulting AS
2010). Great Britain plans to develop 31 GW of new production capacity from renewable
energy between 2010 and 2020. 23.9 GW is wind power, of which 12.1 GW is offshore wind
power. Total production in Great Britain coming from wind power is expected to be nine
times higher in 2020 than in 2009, increasing from 9.3 TWh in 2009 to 78 TWh in 2020
(Adapt Consulting AS 2010). Today, a great share of Europe’s power production is coming
from thermal power, such as coal, but the trend of building more power production such as
wind power, is expected for North Europe in general. This gives a high amount of intermittent
power production in the power system, which is not easy to regulate.

Development of renewable energy resources in Europe, such as wind power, will increase the
demand for regulating power. Hydropower is considered to be best energy resource to use as
regulating power. Wind and hydropower are complementary energy resources. Hydropower
can easily be regulated and stored in reservoirs when it is windy and the wind power
production is good. If the wind power production is reduced, this can quickly be compensated
for by increasing the hydropower production. This can be utilized in the European power
market, and is today already made use of in Denmark (Adapt Consulting AS 2010).
Hydropower will also work well as regulating power in a system of much thermal power
production, as thermal power plants are expensive to switch on and off and it takes some time
to start up these power plants. Regulating power is hence something Norway can offer to the
European power market. The Norwegian electricity production is in a unique position when it
comes to the share of electricity produced from renewable energy resources. The Norwegian
power market is dominated by hydropower. In 2009, the hydropower production made up 96
% of total electricity production in Norway. This means that the Norwegian electricity
production is mainly based on renewable energy resources. Norway is the 6™ largest
hydropower producer in the world (Norges vassdrags- og energidirektorat 2011). In
comparison, around 17 % of all electricity produced in the EU is based on renewable energy
resources. In Sweden, renewable energy constitute about half of the electricity production,
and corresponding share in Denmark is about 29 % (Norges vassdrags- og energidirektorat
2011).

For future development of new renewable energy resources, the countries around the North
Sea are particularly interesting for wind power production. Norway’s long coastline and
excellent wind conditions make it suitable for wind power production, and especially for
offshore wind power. Wind maps for Europe show that Norway and the northern parts of
United Kingdom are the areas having the best wind conditions in Europe. For offshore wind
power production, wind speeds between 4 and 25 m/s are needed. In Norway, wind speeds are
7.5 - 8.5 m/s in coastal areas and >9.0 m/s in open sea areas. Wind conditions at the coast of
the UK, and in open sea, is similar to the Norwegian conditions (Global Energy Network
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Institute (GENI) 2010). For maximum electricity production in wind turbines, wind speeds
between 10 to 14 m/s are desirable, which makes Norway and UK very suitable for offshore
wind power production.

Power connection between the hydro dominated Nordic power system and the European
thermal dominated power system is expected to be both necessary and profitable in the near
future, due to changes in the power market and power demand (Statnett 2010). Many parties
involved mean that development of power transmission capacity between different power
markets is a requirement if EU shall succeed in its energy and climate policy. If European
countries want to concentrate on developing wind power production, security of power supply
will be important as wind power is very intermittent. To handle the problem of intermittency,
hydropower will be an important remedy as explained. Further development of transmission
capacity will be necessary if Norway shall work as an exporter of regulating power to the
continent. A project called “OffshoreGrid” is now being carried out by the Intelligent Energy
Europe program, studying the possibilities of making an offshore power grid in the Baltic and
the North Sea. The objective is to develop a scientifically based view on an offshore grid in
the Northern Europe along with a suited regulatory framework considering economic,
technical, policy and regulatory aspects (Intelligent Energy Europe 2011). A power
transmission grid will make it easier to transmit power between different power markets, and
hence make power production more flexible and easier to plan in different regions. These
topics will be further discussed and analyzed towards the end of this report under chapter 5.

1.1 Objective

In this study an assessment will be made of the life cycle environmental impacts of electricity
transmission associated with offshore wind power development in the North Sea. The main
focus of this study will be on environmental impacts caused by offshore wind power
generation and submarine power transmission between countries across the North Sea.
Quantification and assessment of the environmental impacts associated with offshore wind
power generation and power transmission in this area, will be carried out by using the
mathematical method; life cycle assessment (LCA). LCA is a method which makes it possible
to quantify the environmental impacts throughout the life cycle of a system, from “cradle-to-
grave”. A discussion will also be given on what are the environmental costs and benefits
associated with large-scale expansion of power generation and transmission in the North Sea,
and what the role of submarine cables are on smoothing intermittent wind power.

Wind power is a renewable energy resource and hence does not have any direct emissions
during power production. Non- renewable resource inputs and emissions will nevertheless
occur in the life cycle of wind energy systems. Extraction of raw materials, manufacturing of
components, installation, maintenance and dismantling of a wind farm, will all result in the
need for non- renewable inputs and thus cause environmental stress. In addition to the actual
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wind turbines in a wind farm, a transmission grid both internally in the wind farm and from
the wind farm to the grid onshore is required. This will also call for non- renewable resources
and cause environmental stress. Large- scale expansion of wind power generation in the North
Sea can probably also increase the likelihood of developing a transmission grid across the
North Sea, which will call for great resources. Building a transmission grid of this size,
demand great use of materials, especially metals, and vessels using fossil fuels. In this study,
electricity transmission connected to expansion of offshore wind power in the North Sea will
be focused on, including long distance transmission alternatives interconnecting countries
across the North Sea. The report will contain two parts; one part containing LCA’s of
electricity transmission cables (chapter 4) and one discussion part (chapter 5).

In the first part there will be carried out four LCA’s. Three of the analyses are of different
submarine cables; 33 kV HVAC cables used typically for the collection system in an offshore
wind farm, 132 kV HVAC cables normally used in transmission from an offshore wind farm
and to the grid on shore and 450 kV HVDC cables for long distance submarine power
transmission for instance across the North Sea. A fourth LCA of an entire offshore wind farm
is finally performed. In this LCA, the transmission and collection systems for a wind farm are
included to see what the environmental impacts are from an offshore wind farm. The four
LCA’s are;

Cables for the collection system in the offshore wind farm: 33 kV HVAC cables.
Cables for the transmission system in the offshore wind farm: 132 kV HVAC cables.
Cables for interconnection between Norway and Great Britain: 450 kV HVDC cables.
LCA of an offshore wind farm, implementing data on 33 kV and 132 kV cables.

A

The aim of these life cycle assessments is to assess the environmental impacts associated with
large-scale expansion of power generation and power transmission in the North Sea.
Functional unit for the life cycle assessments of submarine cables will be 1 MW*km, whereas
MW refer to the transmission capacity needed in the cable and km is the length of the cable.
For the life cycle assessment of the entire wind farm, a functional unit of 1 kWh of electricity
delivered to the grid onshore is chosen.

In the second part of this study, a discussion will be performed on environmental costs and
benefits associated with a large-scale expansion of power generation and transmission in the
North Sea, and what can be concluded with respect to system designs and strategies for
maximizing net environmental benefits. Also, the role of submarine cables on smoothing
intermittent wind power and the challenge of power scheduling and standby requirements will
be discussed.

The problem description of this master thesis is to a large extent answered from a Norwegian
point of view. Norway's role in the development of offshore wind power and an offshore
power grid in the North Sea are therefore emphasized.



1.2 Previous work

During fall semester 2010, | carried out a specialization project investigating the
environmental impacts caused by an offshore wind farm located outside the coast of Mare og
Romsdal in Norway. This study delved deeply in what was required of material, energy inputs
to the system throughout the lifetime of the offshore wind farm, and what the environmental
impacts were when delivering 1 kWh of electricity to the grid onshore. The study emphasized
the investigation of the share of environmental impacts caused by the requirements for
installation, operation and maintenance in an offshore wind farm. The present study will be
based on data from this specialization project, but the inventory for the wind farm will be
improved and updated.

Studies performed earlier of offshore wind farms have found that offshore wind farms emits
typically between 5.0- 20.0 g CO; -eq/kWhg (M Lenzen & Munksgaard 2002), (Martinez et
al. 2009). A LCA study undertaken by Vestas found a contribution of 5.3 g CO,-eq/kWhg to
climate change from an offshore wind farm with the Monopile foundation type (Vestas 2006).
Lentzen et al. found an impact of 16.5 g CO, -eq/kWhg, from an offshore wind farm located in
Denmark (M Lenzen & Munksgaard 2002), Martinéz et al. found a contribution of 6.6 g CO; -
eq/kWhe from offshore wind power (Martinez et al. 2009), while a LCA done by Elsam
found a contribution of 7.6 g CO,/kWhg (only contribution of CO,) from the wind farm
Horns Reef in Denmark (Elsam Engineering A/S 2004). Weintzettel et al. found a
contribution to climate change of 11.5 g CO, -eq/kWhg, for a floating windmill, and states that
the largest contribution to climate change comes from the low- alloyed steel in production of
the tower, followed by cable production and chromium steel in production of wind turbine
(Weinzettel et al. 2009). The study done by Weinzettel et al. is of a floating offshore
windmill, and thus there will not be any impacts associated with the foundation. Instead,
much more steel will be used in the tower, thus the large contribution from steel.

Few LCA’s are performed for cables used within an offshore wind farm and cables used for
long distance power transmission across the North Sea. Some LCA work on power cables is
at the moment undertaken by Nexans, but the results are not available yet 1. Hence, this
study will contribute to a better understanding of the environmental effects caused by
submarine power cables both in an offshore wind farm and in a power grid in the North Sea.
In addition the environmental impacts caused by an offshore wind farm are investigated as the
problem description asks for quantification and assessment of environmental impacts
associated both with offshore wind power generation and power transmission in the North
Sea.

! Information given by professionals in Nexans. Dated 16.02.11.
5



1.3 Structure of report

This report will be structured in the following way;

Chapter 1 gives the introduction and objective of this study. Chapter 1 describes the
methodology and what are the technicalities of the life cycle assessments. Both the
methodologies for LCA and IOA are presented. The characterization method ReCiPe and the
10 framework by EXIOPOL are explained briefly, as well as what software tools are used in
order to perform the assessments.

Chapter 3 presents the technical aspects and background information about the power market
and mechanisms for power trade, offshore wind power generation and electrical power
transmission. This chapter explains what happens to the market prices for electricity if a
power cable is installed between two power markets. Also an explanation of offshore wind
power and power transmission with submarine cables is given.

In chapter 4 the different LCA’s that are carried out are presented. This chapter includes the
life cycle inventory analyses, life cycle impact assessments, presentation, analysis and
discussion of the results for all four LCA’s completed. Chapter 4 also gives an account of and
assesses the data quality and uncertainties associated with the analyses. Chapter 5 is the
discussion chapter that seeks to answer part two of the problem description. Questions that are
answered here are; what are the environmental costs and benefits associated with large-scale
expansion of power generation and power transmission in the North Sea? What can be
concluded with respect to system designs and strategies for maximizing net environmental
benefits? What is the role of sea cables on smoothing intermittent wind power? What are the
challenges associated with power scheduling and standby requirement?

In chapter 0 the conclusion of the study, including need of further work is presented.



Chapter 2

2 Methodology

In this study, mainly the framework of Life Cycle Assessment (LCA) is used. Because of lack
in data input for some processes, the monetary Input-Output Analysis (I0A) framework has
been utilized for these processes/sectors. This gives a better coverage of the inputs to the
process, than if only the LCA inputs were included. It is nevertheless selected not to conduct a
full hybrid LCA, due to the difficulties of obtaining the correct prices in basic prices and the
timeframe of this study. Many assumptions would have to be made in order to do a full hybrid
analysis, using both the LCA and 10 frameworks. These assumptions, as for instance
assumptions of prices, would bring new uncertainties into the analyses which could remove
much of the advantage of doing the hybrid analyses in the first place. Doing a full hybrid
LCA would also be very time consuming. This study has a timeframe of 20 weeks, so
conducting a full hybrid analysis in addition to answering the other assignments given would
be difficult to do properly and throughly. To conduct a hybrid LCA within this timeframe,
would call for crude assumptions as the data required were not made available on forehand.
These are the main reasons why a LCA is performed, but using the 10 framework to cover the
processes that are poorly covered by the LCA framework. For these processes, the basic
prices have been obtained. In this methodology part, primarily the LCA framework will be
presented. A short presentation of the basics in the IOA framework will also be given.

While LCA is a tool used to assess the environmental aspects and impacts of a product system
in physical terms, the IOA is a more comprehensive framework built on the possibility to
analyze a system in monetary terms. IOA models the flows to and from all economical sectors
in a region. LCA uses the physical data specific for the system under consideration, but may
suffer from inflexibility, aggregation, data confidentiality and cut-off errors due to defining
the system boundary (Joshi 2000). IOA has the advantage of a more complete system
boundary, but it does not have the same precision level as LCA. By combining these two
frameworks, and making a hybrid LCA, more complete system coverage can be achieved.
The advantages from both frameworks can be exploited (Arvesen & E. Hertwich 2011). The
mathematical formulations of IOA and LCA are the same, derived from the work of Professor
Wassily Leontief in the late 1930’s. He constructed the first 1O tables for the United States for
year 1919 and 1929 (United Nations 1999). His work was based on the work of the French
economist Francois Quesnay, which already in 1758 published a “Tableau Economique”. This
was a systematic way of representing how expenditures could be traced through an economy
(Miller & Blair 1985). LCA and I0A can easily be combined mathematically in an
environmental systems analysis purpose, as the methods are mathematically equally
constructed only with some minor differences.

.



Representation and explanations of the LCA and IOA frameworks are to a large extent based
on lectures given and material supplied by Anders H. Stramman in the courses “Life Cycle
Assessment” (fall 2009) and “Input- Output Analysis” (fall 2010), at NTNU.

In performing the LCA’s in this study, presented in this report, the required models were
made and compiled in excel. The emission intensities calculated for the 10 system were
included in the LCA model as “dummy” processes. Then a Matlab script was written in order
to read the tabulated data properly into the LCA software tool called LCA GUI, developed by
Guillaume Majeau-Bettez at the study program of Industrial Ecology at the Norwegian
University of Science and Technology (Majeau-Bettez 2010). This is a graphical user
interface that performs life cycle impact assessment (LCIA) calculations including Taylor
series expansion and structural path analysis. This software was preferred because it uses the
Ecoinvent 2.2 database, as well as calculating Taylor series expansion and structural path
analysis.

2.1 Tools used

The characterization method used in this study to perform the life cycle impact assessment
(LCIA), is the ReCiPe method. This method is used in LCIA to convert the emissions of
hazardous substances and extraction of natural resources, into impact category indicators. For
further reading about characterization and impact categories in ReCiPe, see (Goedkoop et al.
2009). The results can be offered both at midpoint level (such as Acidification and Eco-
toxicity) or at endpoint level (such as for instance Damage to human health and Damage to
ecosystem quality). Whether it is best to use midpoint indicators or endpoint indicators is a
widely discussed topic in the LCA research community. For further reading see (E. G.
Hertwich & Hammitt 2001).



Lcl

result f Radiation = [FVSRET, PF
P. C. Ozone Form. = Ozone Conc.

Raw mat. Particulate Form. PM10 Conc.

Lam{;;; Climate Change

V05 )/ [ TorEeoor o+ I
502 — Terr. Acidif. Bas i Terrestial

Diamage

g?é | Agr. Land Oce. | 0 nied A Damage

cd |lrb1nL:lnd.Dﬂ: {"—-’rmo
5
.
]}

\ Marine Eutr -
\ ~, g
Frech W, Ecotox M”’ ] ¢
Do e -_,, E

Damage
Minerals Comns. Decreaze Cone.

o >—@>H

Figure 2-1 Relationship between life cycle inventory parameters (left), midpoint indicators
(middle) and endpoint indicators (right) in ReCiPe.

In this study, midpoint indicators are used, having 18 impact categories in the impact
assessment results. By converting emissions and stressors into impact categories, higher
uncertainty is given to the results. For some of the conversion and aggregation steps,
uncertainties have been incorporated in the form of three different perspectives: Individualist
(1), Hierarchist (H) and Egalitarian (E) (Goedkoop et al. 2009);

= Individualist perspective has a short term perspective (100 year or less). Substances
are included if there is complete proof regarding their effects.

= Hierarchist perspective has a long term perspective. Substances are included if there
is consensus regarding their effect.

= Egalitarian perspective has an extremely long term perspective and is the most
conservative. Substances are included if there is just an indication regarding their
effect.

In this study, the hierarchist perspective at midpoint level is chosen.

There is also uncertainty connected to the midpoint impact categories themselves. Especially
the toxicity categories have high uncertainties associated. It is not always evident what the
exposure routes for toxic substances are. For marine eco- toxicity it is hard to find what the
consequences of metals in ocean systems are, and to what extent different processes
contribute. For human toxicity it is difficult to decide the impacts from hazardous substances
on humans, as these substances should not be tested (Althaus et al. 2010). The uncertainties in
impact categories will affect the results in the impact assessment throughout the analysis, and
should therefore be kept in mind when performing the LCIA’s and interpreting the results.
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2.2 Life Cycle Assessment

1ISO14040 named: “Environmental management. Life cycle assessment, principles and
framework”, states that LCA is a tool used to assess, in a systematic way, the environmental
aspects and impacts of product systems, from raw material extraction to final disposal, in
accordance with the stated goal and scope. The relative nature of LCA is due to the functional
unit feature of the methodology (ISO 14040 2006). LCA has the same mathematical
framework, and is built on the same principles, as the IOA framework. While IOA takes a
top-down approach and treats a whole economy as a system boundary (Joshi 2000), the
process-LCA takes a bottom-up approach defining and describing processes relevant for the
system in physical terms (Arvesen & E. Hertwich 2011). This makes LCA more specific than
I0A.

A LCA comprises four phases which are; the goal and scope definition, inventory analysis,
impact assessment and interpretation. These following brief explanations of each phase are
based on ISO 14040.

The goal and scope determine the context for the study. The goal tells us what the reasons for
carrying out this study are and what the intended application is. The scope decides where the
system boundary is set, what the functional unit of the system will be and what assumptions
and limitations that exist. Also potential allocation procedures must be clarified. The
functional unit is a quantified performance for a product system for use as a reference unit.
Hence, all following LCA’s are related to a functional unit. It defines what is studied (ISO
14040 2006). Selecting an appropriate functional unit and a system boundary, including all
important processes, is essential as this may influence the results. One of the main
shortcomings in LCA is the cut-off of system boundaries as it is not possible to include all
relevant processes in detail. This will result in uncertainties throughout the analysis and is
thus important to beware of.

Life cycle inventory analysis (LCI) involves data collection and calculation procedures to
quantify the relevant input and output flows in the production system. The LCI is a time-
consuming and iterative process. Collection of data can result in new knowledge and thus
actuate a new collection process. All data calculations, validation of data and potential
allocation procedures are carried out in the LCI. The material and energy inputs and output,
and related emissions, are calculated and tabulated in order to carry out the mathematical
calculations of the LCIA.

The life cycle impact assessment (LCIA) aims to evaluate the significance of potential
environmental impacts by using the LCI results. These data tabulated in the LCI are in the
LCIA connected with specific environmental impact categories and category indicators. The
emissions and stressors found in calculations are in the impact assessment gathered and
converted to an equivalent quantity of a reference compound, and divided into environmental
impact categories such as for example “climate change” or “marine eco-toxcicity”. Results
(impacts) given from this are then attempted understood and interpreted.
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Eventually, all results from the LCI and LCIA will be interpreted and evaluated. The
interpretation is the phase where findings from inventory analysis and impact assessment are
considered together. Interpretation itself is done throughout all phases in the LCA, but a
unifying presentation of results, understanding and limitations, in accordance with the goal
and scope definition of the study, should be provided. The results are based on a relative
approach, thus it is needed to elucidate that the results indicate potential environmental effects
and do not predict impacts on humans, environment, on safety risks or similar. Interpretation
gives the results and the system meaning and context. A final conclusion about the meaning
of the results, in accordance with the goal and scope, is stated.

2.2.1 Formal framework

Table 2-1 presents the nomenclature for the LCA framework.

Table 2-1. Nomenclature for the different matrices used in the mathematical framework of LCA.

Sets pro Processes
str Stressors
imp Impact categories
Matrices | A (pro x pro) Matrix of inter process requirements
and y (prox 1) Vector of external demand of process
variables | x (prox 1) Vector of outputs for a given external demand
L (pro x pro) The Leontief inverse. Matrix of outputs per unit of external
demand
F (str x pro) Matrix of stressor intensities per unit output
e (str x 1) Vector of total emissions generated for a given external demand
E (str x pro) Matrix of emissions generated from each process for a given
external demand
C (imp x str) Characterization matrix
d (impx1) Vector of impacts generated for a given external demand
Dpo  (imp x pro) Matrix of impacts generated from each process for a given
external demand
Dy (imp x str) Matrix of impacts generated from each stressor for a given
external demand

The LCA model is built upon the assumption that the interdependences between processes in
life cycle assessments can be modeled by linear equations. For each process, information

about requirements of inputs to the production is collected. From this, the requirement matrix
(A) is established which contains the “cooking recipe” for the product’s system outputs. Each
column represents a product and the quantities required from the other processes to produce
one unit output of this product. For instance will the coefficient a;3 tell how much of process 1
is required by process 3 in order to produce one unit of output from process 3. The production
balance for each node in a product network becomes similar to;
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Xy =8, X% +a,X, +aX+ Y, 2.1

X;, 1S the total output from node 1. &, X, +a,,X, +8,X, IS the intermediate demand node 1 has
from node 2 and 3, and vy, is the external demand upon node 1.

Here, the production output, X, and the external demand, y, are introduced. The production
system can be represented by a set of linear equations and thus be systemized into a set of
matrices and vectors, giving;

X=Ax+y<=x=(1-A)'ysx=Ly 2.2

The L matrix is known as the Leontief inverse. Coefficient [;; in the L matrix represents the
amount of output from process i that is required per unit of final delivery of process j. For the
Leontief inverse to be invertible, it has to satisfy the Hawkins-Simon condition which says
that the determinant of (I-A) must be positive and unequal to zero.

Basic contribution analysis

To calculate total emissions from the production system, the stressor matrix (F) has to be
determined. In LCA this is in physical terms. The stressor matrix is multiplied with total
output from the system, which gives the vector of total emissions (e) associated with the
external demand given by the y vector;

e=Fx=FLy=F(1-A)"y 2.3

By relocating the elements of the y vector to the diagonal and put the other elements equal to
zero, investigations of how much the various processes contribute to the total stressor load
can be implemented. This gives the E matrix;
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Then, the vector of total impacts (d) for a given external demand can be calculated;

d =Ce=CFx=CFLy 25

How different processes contribute to the environmental impacts is also important to
understand. This is given by the Dy, matrix;

D,., = CE =CF& 2.6

By using matrix manipulation, it is possible to calculate the contribution to impacts from
stressors as well;

str

d =D, + Dy, 2.8

Structural path analysis

The goal of structural path analysis is to systematically extract important supply chains,
structural paths, which contribute to the various environmental impacts (G. Peters & E.
Hertwich 2006). The resulting structural path analysis will reveal which processes in the
production system are having the main responsibility for the environmental impacts
associated with a foreground process. It will also reveal which processes are causing a
demand on whom. A structural path analysis is mathematically closely related to the Taylor
series expansion, and can be useful in a life cycle assessment. This study only made use of
Taylor series expansion very simple for studying emissions associated with purchases done by
one sector studied (see chapter 4.2.3). It is a tool which can be useful in cases where it is
interesting to study how far downstream emissions occur, and similar.
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Geometric series expansion

The external demand on the system will trigger a chain of processes in the production system.
In this study a demand for 1 kwWh from offshore wind power will trigger the construction of a
windmill, which again will require steel for the tower. To make steel, raw materials need to be
extracted and processed, which put up a demand for energy. Using geometric series
expansion, here Taylor series, reveals the relative amount of impacts associated with each tier
of the production system. It gives the analyst a possibility to investigate whether the majority
of environmental impacts occur upstream or downstream in the production system.

This analysis method is based on basic mathematical expansion of geometric series. Doing an
expansion of the total output gives;

D AY=y+Ay+ ATy + Ay +. + Ay =Ly =(1 -A) Ty =X if p(A) <1 2.9
t=0

Where p(A) is the spectral radius of the matrix A and p(A) =max| 11, 4 is the eigenvalue.

Each term of the series in equation 1.9 represents the output from one tier of the system.
Summing all outputs gives the total output, X.

Calculating impacts associated with the different tiers is done by using the production outputs
in every tier. Output in one tier is given by the product of the external demand and the
requirement coefficients in all previous tiers. The contribution of impacts in each tier is
calculated by;

ZCFA‘y:CFy+CFAy+CFA2y+...+CFA“y:CFLy:d 2.10
t=0

14



2.3 Input Output Analysis

One of the main purposes of the 10 framework is to analyze the interdependence of industries
in an economy (Miller & Blair 1985). Matrices are used to model the economy of a country or
a region. It gives us a tool for modeling the flows from all economical sectors to all other
economical sectors in a given region. The fundamental information with which one deals in
IOA concerns the flows of products from each industrial sector considered as a producer, to
each of the sectors considered as consumers. In recent years the 10 framework has been
extended to deal more explicitly with topics as accounting for environmental pollution,
energy consumption, interregional flows and employment associated with industrial
production (Miller & Blair 1985). This is being used in an Environmentally Extended Input-
Output Analysis (EE-IOA).

The mathematical structure of an 10 system consists of n linear equations with n unknowns as
in LCA. This makes it possible to use matrix representation to solve and analyze the system
mathematically. The main matrices in 10 analysis are; the inter-industry flow matrix (Z), the
inter-industry requirement matrix describing the intermediate inputs required to produce one
unit output (A), exogenous final demand (y) and total output (x). These are all in monetary
units. In an EE-IOA, a stressor and characterization matrix is used to connect the economical
flows to the environmental impacts caused by the system.

The 10 tables are derived from what is called the supply and use tables (SUT) which are a
part of the System of National Accounts (SNA). SNA is an integrated national accounting
structure, and a comprehensive framework including basic statistical data on transactions
among micro-producing units (United Nations 1999).The SUT’s are used to derive the
symmetric 10 coefficient table (SIOT). For further reading on how to derive the SIOT’s, see
(United Nations 1999).
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2.3.1 Formal framework

Table 2-2. Nomenclature for the different matrices used in the mathematical framework of IOA.

Sets Prod (m) Products
Ind (n) Industries
Str Stressors
Imp Impact category
Matrices | A (prod x prod) or (ind x ind)  Matrix of inter industry requirements.
and y (prod x 1) or (ind x 1) Vector of external demand.
variables | x (prod x 1) or (ind x 1) Vector of outputs for a given external
demand.
L (prod x prod) or (ind x ind)  The Leontief inverse. Matrix of outputs per

unit of external demand.

F (str x prod) or (str x ind) Matrix of stressor intensities per monetary
output

z (prod x prod) or (ind x ind)  Inter industry flow matrix.

C (imp x str) Characterization matrix

q (prod x 1) Total commaodity output.

g (ind x 1) Total industry output.

Some of these vectors and matrices are the same as in LCA, and some are only used in I0OA.
In IOA we have the inter-industry flow matrix (Z) which keeps track of the total inter-
industry transaction flows between sectors over a given time period (often a year). The final
demand vector (y) represents the consumption of goods. By normalizing the Z matrix, the A
matrix can be constructed. It is the A matrix that is the core of this framework, as in LCA.
This is the matrix giving the inter-industry requirements. This matrix is constructed by
mapping inter process or - industry flows, Z, in any unit and then dividing each column of
inputs with the total output (x) of the respective industry or process (Stramman 2009). This
gives the relation;

Z=MARs A=Zx" 211

The formal framework of IOA also has, as we see, its basis in the open Leontief model. The A
matrix is a square per unit matrix, having the same number of producers and consumers. It has
to be either a product-by-product matrix or an industry-by-industry matrix. If A is a product-
by-product matrix, the coefficient a;; tells us how much money is needed from i to produce
one monetary unit of output from j. A column in the matrix represents a product technology
and a row represents the distribution of a product to intermediate inputs and as final use
(United Nations 1999). If A is an industry-by-industry matrix, a;; gives how much money from
industry i is required to meet the requirements for output of one monetary unit from industry
J. A column represents an industry technology containing all inputs required by that industry,
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and a row represents the distribution of the industry output to all industries and to final
consumers (United Nations 1999). By adding an exogenous external demand (y) to the
system, the total output (x) can be found by the open Leontief;

X=Ax+y<x=(1-A)'y<x=Ly 2.12

Constructing symmetric A matrices in 10 is done from supply and use tables (SUT) and is
challenging and necessary work when performing an I0A. There are two different
assumptions that can be undertaken when constructing the A matrix; the industry technology
assumption or the commodity technology assumption. The industry technology assumption
assumes that the input structure will be decided by the industry producing a commodity. This
means that all primary and secondary products produced by a given industry, are produced
using the same technology. The commodity technology assumption assumes that it is the
product produced that decides which technology is used in production, and hence the input
structure. The input structure and technology used for a product is thus the same no matter
where the commodity is produced. For both of these assumptions, either a product-by-product
(m x m) A matrix or an industry-by-industry (n x n) A matrix can be made. This will not be
further elaborated on here, but more can be read about this in (United Nations 1999).

Another attribute to the 10 data is the value added vector (V). Included in the value added
vector are salaries of employees and shareholders profits. For a given purchase, we can find
the total amount of salaries and operating surplus that is generated. Value added can also be
used in calculating the Gross Domestic Product (GDP) of a region. The vector v is value
added per unit;

GDP=vx=Vv(l -A)'y 213

EXIOPOL

In this study, the EE-10 database from EXIOPOL is used in order to cover required data input
to manufacturing of cables in the different life cycle inventories. According to Tukker et al.,
the EXIOPOL is “a new environmental accounting framework using externality data and
input-output tools for policy analysis” (Tukker et al. 2009). It covers relevant research on
environmental valuation and Environmentally Extended Input Output Assessment (EE-I0A).
The aim is to support cost-effectiveness and cost-benefit analysis of technologies, policies and
standard setting, on micro, meso and macro level (EXIOPOL 2011). EXIOPOL has in its
research set up an EE-IOA framework in order to get estimations of the environmental
impacts and external costs of different economic sector activities, final consumption activities
and resource consumption for countries in the EU (EXIOPOL 2011). The EE-IOA work in
the EXIOPOL has an objective of giving EU a fully developed, detailed, public, transparent

and global multiregional EE-IO framework that includes externalities. With a multiregional
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database means that several economic regions are included and that trade between these

regions are accounted for.

By using the symmetric input-output tables provided by the EXIOPOL project, an analysis of
the economical sector covering cable manufacturing is carried out. It is the sector
“Manufacture of electrical machinery and apparatus n.e.c. (31)” which covers manufacturing
of power cables in the EE-IOA tables. In this study, the material requirements for the cables
(metals and plastics) are known. Processes from the Ecoinvent 2.2 database are used to
represent these inputs. This makes it necessary to adjust the IO A matrix in order to avoid
double counting. This must be done by either subtracting the material amounts from the
respective 10 sectors, or by putting the respective sectors to zero. Either two of these methods
have their advantages and disadvantages. In reality some of these materials, for instance steel,
will also be used for other processes than directly as inputs to manufacturing of the cable.
Putting the respective sector to zero will hence underestimate the amounts of materials used.
On the contrary, by subtracting the amounts of materials used in manufacturing of cables
directly from the respective sectors, new challenges and uncertainties occur. To do this, a
price must be found for the different materials. This might be difficult as there are big price
variations on these types of materials. This uncertainty may at worst result in having to
subtract more materials than available in the A matrix, leaving negative numbers in the A
matrix. The A matrix cannot hold negative numbers, so this has to be handled. In this study,
the sectors representing the respective materials will be set to zero.

By analyzing the environmental impacts caused by 1 Euro of cable, the emission intensities
associated with this demand was found. The emission intensities were then included in the
stressor matrix in the life cycle inventory analysis, in order to include the environmental stress
caused by the manufacturing of cables. Then, a “dummy process” denoted “Cables
manufacturing (I0)” was made in the life cycle assessment of cables, to be able to calculate
the environmental impacts caused through the entire lifetime.

In the 10 dataset, 28 stressors are included whereof all are emissions to air. These are;

Ammonia (NH?)

Arsenic (As)
Benzo(a)pyrene
Benzo(b)flouranthene
Benzo(k)flouranthene
Benzene, hexachloro- (HCB)
Cadmium (Cd)

Carbon dioxide (CO,)
Carbon monoxide (CO)
Chromium (Cr)

Copper (Cu)

Dinitrogen monoxide (N,O)
Dioxins

Sulfur oxides (SOy)
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Lead (Pb)

Mercury (Hg)

Methane (CHy)

Nickel (Ni)

Nitrogen oxides (NO,)

NMVOC

PAH

Particulates, > 10 um (TSP)
Particulates, < 2.5 um
Particulates, > 2.5 um, and < 10um
Polychlorinated biphenyls (PCB's)
Selenium (Se)

Zinc (Zn)



Environmental extensions of the 10 system

The input-output system can be extended to account for direct and indirect environmental
impacts. This is taken advantage of in this study. IOA describes economical trade between
different sectors, and can be exploited to study what the environmental effects are caused by
these economical transactions. This can be done by making a stressor matrix (F), which takes
care of including the environmental burden by the economical transactions. F;; is the
environmental burden i per monetary output from sector j. This makes it possible to calculate
the total emissions caused by the system (e), due to total monetary output. As in LCA, a
characterization matrix (C) can be made, which makes it possible to calculate the vector of
total environmental impacts from the system (d). The mathematics and matrices are the same
as explained under LCA, just in monetary units.

e=FLy 214

d =Ce=CFLy=CF(l - A)'y 215
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Chapter 3

3 Background

3.1 Power markets and trade mechanisms

A power cable will be installed between two power markets or price areas if the prices for
power differ in these two regions. If there is a price difference, power will be transmitted
between markets since a profit through purchase and sale of power can be achieved. The
profit motivates development of cables and consists of the trading revenue, producer’s
surplus and a consumer’s surplus. The prices of electricity and hence how the power market
function, is useful knowledge when discussing development of submarine power cables in the
North Sea. A brief introduction and explanation of the power market and of relevant
mechanisms for power trade, is therefore given in this subsection. In chapter 5, a deeper
discussion will be provided, of the environmental costs and benefits associated with power
cables between different regions across the North Sea.

A power market is a market for sale and purchase of power. How the power market is
structured, and how purchase and sale is organized, will vary within the different markets.
European power markets are often divided into five regions; Continental Europe (former
UCTE), Great Britain, Ireland, the Nordic regions (former Nordel) and the Baltic regions
(Svendsen et al. 2010). These five regions are today gathered into one organization called The
European Network of Transmission System Operators for Electricity (ENTSO-E). ENTSO-E
1s an organization consisting of all the electric Transmission System Operators (TSO’s) in EU
and others connected to their networks. The organization coordinates and speaks for all the
TSO’s in order to ensure reliable operation, have an optimal management, ensure security of
supply and attain a sound technical evolution of the European electricity grid (ENTSO-E
2011). ENTSO-E communicates the different TSO’s needs and positions on European and
regional issues. Still, the different regions have their own market places for trading of power.

The Nordic regions for instance, have a common Nordic wholesale market for power, called
the Nord Pool Spot market. A wholesale market is where the sale and purchase of large power
volumes take place. The market participants are power producers, power suppliers, traders
and large end-users. In the wholesale market physical trading, financial trading and clearing
of contracts take place. The spot market offers trade for day-ahead physical delivery of power.
Prices are decided through auctions for each hour in the day. The system price is the
unconstrained price in Elspot and is the reference price for financial trade in the Nordic
market. The system price is determined based on supply and demand for power in the market.
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The Nord Pool Spot AS is owned 20 % each by the TSO’s in Sweden, Norway, Finland and
Denmark, and manages the physical power sales in the Nordic regions. The remaining 20 % is
owned by Nord Pool ASA, which is owned 50 % by Statnett SF in Norway and 50 % by
Svenska Kraftnat in Sweden (Wangensteen 2007). How the various power markets are
constructed vary somewhat in the different regions in Europe.

A relevant question is; how will trade be affected by a power cable between different power
markets? A power cable enables power transmission between two different price areas.
Development of cables is dependent on differences in the power system and the prices in both
ends of the cable. In principle new transmission capacity can be developed as long as the
expected price differences cover the cable costs. Profit is made by buying cheap power in one
market and sell the same power for a higher price in another market (Adapt Consulting AS
2010). Both trading incomes (due to “bottlenecks” in the grid) and producer’s and consumer’s
surplus are earned by connecting two power markets.

The reason why there are price differences between power markets is because the costs of
producing power differ between countries. It is the difference in production costs in for
instance Germany and Norway that gives the trading revenues. The yearly trading revenue
(often called the congestion rent, but denoted TR in figure 3-1) on a foreign power cable
connection is decided by the absolute price difference in every hour between the two markets
that are connected, multiplied with transmitted power volume (excluding transmission losses)
and summed over all hours throughout the year. The power exchange can also affect the
prices in the two markets, and hence cause negative or positive changes in the producer’s and
consumer’s surpluses (denoted CS and PS in figure 3-1). Power tradi