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1 Executive summary

This case studgxplores how improved climate services for hydropower based electricity production in the
Nordic countries can support a more efficient electricity market. The case study focuses on hydropower,
since this source of renewable energy largely dominates thalibl@lectricity marketand thereby market
possibilities for wind energy and soldihe large hydropower reserire and production capacitparticularly

in Norway can serve to balance the more volatile production by means of other renewable energgsourc
such as solar and wind power. I8l seasonal forecasts are therefore important to forecast the inflow to
the hydropower reservoirs; the amount of potential power production. However, not only production but
also demand of electricity is highly weathand climate dependent. Demand is especially affected by
temperature fue to demand of electricaheating andcooling), while hydropower production is directly
linked to precipitation and snowmelt. According to various stakeholders in the renewableyeseapgply

chain (hydropower producers, TSOs amdearchers), decisions are taken based on historical data rather
than forecasts. On this background, the case study demonstrates how improved climate service information
for the Nordic electricity market casupport both short and longefterm market improvements, implying
economic gains and climate risk reduction.

2 Background

The sectoral focus of the Danish renewable energy case study is on the Nordic hydropower production.
Danish electricity production igdhly integrated and interrelated with the Nordic electricity market, on which
hydropower is by far the most dominating source of electricity generation. Denmark has no hydropower
production and is as such to a very large degree price taker in this cortewtever, toensure balance
between demand and supplyithin and between borderghere is a needo forecastproduction in the whole

Nordic power system, where hydropower is dominatilmgproved climate services in terms of forecasts on
hydropowerproduction potential should lead to optimed balancing of supply and demand in both Denmark
and in the Nordic as a whol&hus, in this case study, we focus on how climate services can suppa
efficient markets for &ctricity from renewable energgourcesin the context of Nordic electricity markets.

2.1 Definition of the sector

2.1.1 The Nordic and Baltic power market

Norway, Sweden, Finland and Denmark have since the early 199 cated to secure their populations

with electricity supply and to make usé power system resources in the most optimal way by bringing the
individual markets together into a common Nordic market, the Nord Pool Spot market (Nord Pool ASA, 2004).
Between ®10-2013, Estonia, Latvia and Lithuania gdnthe Nord Pool market. Figurk provides an
overview of the present electricity production sources in the seven countard illustratethe share of
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renewable energy(IEA Statistics, 2015As illustrated below, renewable energy contributes as a major
electricity source in all Nord countries, with a share of about 50% in Denmark (mainly wind), about 65% in
Sweden (wind and hydro), almost 99% in Norway (hydro), and about 30% in Finland (wind and hydro). In the
Baltic countries the share of renewables are smaller. However, accdodiagional plans, renewable energy

will have an even larger part of the power supply system in the coming years.

100% .
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Denmark Sweden Norway Finland Estonia Latvia Lithania

mCoaland peat mOil mGas mBiofuels mWaste ®mNuclear mHydro Solar PV mWind m Other sources

Figurel. Electricity generation by source in 2015, percentage of total (EIA, 2015)

The importance of hydropower in the Nordic electricity production is demonstrated by figure 2, while figure

3 illustrates the electricity generation (in TWh) by country, highlighting the relative sizes of national market.
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Figure 2. Share of electricity generation from various sourc o ] )
Total in Nordic countries (based on EIA, 2015) Figure3. Share of electricity generation by countries (based

EIA, 2015)
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From the figures, the major role of hydropowmsr clearly seenThe Nordic hydropowebased electricity
production is so dominarhydropower accounted for 55% aiftal power generation in 2015ee figure 2

that this electricity source has a major role in the Nordic power markiets implies that t hydropower
supply is dominating the electricity prices the market The storage capacity in hydropower reservoirs
enables the utilities to supply electricity when prices are particultalyorable At the same all other
electricity suppliers havi alarge extentto take the prices as given. Evidently, climate service information
on hydropower production potentials are very important for a wide range of electricity suppliers and market
stakeholders within the Nordic region.

The yeaito-year variatiorin hydropower reservoir influx can amount to £20 TVVhis is a significant amount

of energy, compared to, e.g., the total Danish annual electricity consumption of less than 40 TWh (Nord Pool
ASA, 2004)The hydropower reservoir levels and hence the prdiurccapacity is thus highly affected by
large variations in inflowThe reservoir levels are showin figure 4 and 5 In the period 2012017,
hydropower reservoir levels varied +10 TWh from mean level with 2015 showing above average level during
summer aad 2013 experiencing low reservoir levels during both spring and summerSimee hydropower
production dominates the Nordic market, variation in hydropower production cap#&itne of the main
causes of seasonal variations in prices on the Nord RPoodlsarket (Nord Pool ASA, 2004). Conversely, the
inter-annual variations in other renewable energy sources such as wind power are relatively small compared
to variations in hydropower.

Hydro reserveir in GWh (Nordic) Hydro reservoir in GWh (Nordic)
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Figure4. Hydropower reservoir level ithe Nordic countries FigureS. Reservoir levels in the Nordic countries
(20132017). Weekly mean level (solid line) and standard (20132017). (yeatto-year variation). Source: Nob
deviation (dashed line). Source: Nord Pool Spot. Pool Spot.
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2.1.2 Climate Services in the context of Nordic electricity markets

Setting Nordic electricity market pricelependto some extent on climate services, since forecasts provide
important information to producers on supply and demand as wetbasaders on when and how much to
buy and sell to which pricéAs temperature affect heating and cooling demand, and precipitation and wind
affect whether power plants are producing to full capacity, supply and demand balancing are largely affected
by weather conditions when energy production exceeds what is expected, this will influence prices down
and vice versaThus, the more correct forecasting of supply and demand, the more stable phisean
example, in the summer 2013 less precipitation timamma came Furthermore, the energy stored as snow
was also lower than normal, which both contributed to a lower maximum reservoir level than n(seeal
Figure5). Due to this hydrological situation,riges increased by 22% from 2012 to 2013. The highest price
occurred in April, when temperatures were Igaeefigure §. This happened because low temperatures led
to a higher consumption, but also to a delayed meltirigshow to the reservoirsséeFigure5). When the
temperature increased and the spring thaw arrived, prices dropped again (NordREGH0&40).

Elspot System Prices in EUR/MWh (Nordic) Weekly (production - consumption) in GWh (Nordic)
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Figure6. Nord Pool Spot Market system prices. Source: N¢ Figure7. Surplus/deficit of electricity production. Source: No
Pool Spot. Pool Spot

2.1.3 Nord Pool Spot Market

The Nord Pool Spot is the market placedbort-term trade in electric power contracts for physical delivery,
primarily servicing the players at the wholesale market for electricity (Nord Pool Spot, 2014). Nord Pool Spot
covers Denmark, Finland, Sweden, Norway, Estonia, Latvia and Lithuaniasimers onthe Nord Pool

Spot are both producers, retailers, and traders. Furthermore, largeuseds of electricity trade on the Nord

Pool Spot market to buy their electricity directly from the wholesale market instead of the retail market (Nord
Pool Spt, 2014).
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On the Nord Pool Spot, trading with contracts happens both at sattead market and an intraday market,
which means that electricity is bought and sold hourly (Nord Pool Spot, 2014). The wholesale markets provide
key price signals, which affethe choices of producers and consumers, as well as investment dedisio
production facilities andhfrastructure (NordREG, 2014).

The electricity spot prices are volatile due to several factors: electricity cannot be stored efficiently and
demand forelectricity is uncertain and inelast{®eng & Oren, @6) As the production of power from
renewable energy sources increases, the need for adjusting-sfont balancing of supply and demand will
grow. Furthermore, when electricity production is increasingly based on production from renewable energy
sources, electricity spot prices will be even more volatile, due to the volatile nature of renewable electricity
production compared to production from traditional fosbised electricity.

Since electricity is noestorable, it has to be consumed when it iw@uced andsupply and demand must
balance at all timeThis had led to a transparent market in terms of demand, available generation capacity,
and the cost of generation (Fiss et al., 2015). But it also implies that spot prices are determined onsthe basi
of balancing demand and supply instantly, without the possibility to store electricity/withhold some from the
u El 8§ (JE Zz 35 E 3]u e[ -loeking}imfofin@Eidn, @&g. an expected outage (Fuss et al., 2015).

In general though, the ability ¢fie Nordic and Baltic power system to store energy in hydro reservoirs has a
cushioning effect on prices. Infloo¥ water to the reservoirgluring summer and in periods with low demand

can be stored and used in the wintertime with less infemvd higher denand Figure Mepicts the difference
between production and consumption (20:2817; thecoloredlines represent the different years and uses

the same legend as in figure. ) shows that the gais varying with up t&400 GWh, which is a relatively

low number compared to the total amount of produced electricis a comparison, the German price
structure is more variable than the Nordic, due to the high share of wind power in Germany (NordREG, 2014).

2.1.4 Trading electricity at the financial markets

Longterm trade of electricity in the Nordic market is a financial product on Nasdaq OMX (NordREG, 2014).
The financial products are futures, forwards and options, with contracts having a time horizon up to ten
years, covering daily, weekly, monthly, quarterly @mhual contracts (Nord Pool, najl.

Electricity forward and futures contracts represent supply contracts between buyers and sellers, where the
supplier is obliged to supply a certain amount of power at ageeermined price to buyers, who are obliged
to buy this amount of power at the prdetermined price(Deng & Oren, 2006)

There is no physical delivery for financial electricity contracts. However, in the financial market, participants
can secure prices for future purchases or sales of electricity (NordREG, 2014). Financial contracts are in this
wayused for price hedging and risk management. The large Swedish energy company, Vattenfall, report that
they continuoushhedgefuture electricity generation through sales in the forward and futures markets. Spot
prices therefore only have a limited effecvos §8 v( oo[e (& v-larm {Hall & BGHEErS 2016). The
financial market gives important price signals to hydropower producers on how to dispose the energy stored
in their reservoirsWhen trading electricity, traders have to know how the markdt e at each point in
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time. Thus price forecasts based on historical data, not considering important fota@kihg information,
will have substantial pricing errors leading to financial losses (Fiss et al., 2015).

The present limited precision of farastsis reflected in how trader®r speculatordncrease their gains on

the energy trading marketiere traders on the wholesale and financial markets can gain high market returns
at high risk.n 2013, the volume traded on the financial market was 4net the volume of the physical
market (NordREG, 2014jnplying a large interest in these financial products.

Market participants are becoming more aware of the importance of risk hedging in the electricity market
through longterm futures and forward comacts(Deng & Oren, 20067 he risk posed bglimate change to

the renewable energy sectas described in the next section. This highlights the need for improved climate
forecasts for both producers and grid operators, but also traders and others in the value chain to ensure
future security of suppl.

2.2 Overview of the Sector Climate Risks

Climate change is expected to have significant impacts on renewable energy sources with respect to both
their production potential andhe climaterelated risks. fiese impacts are expected to increase over time
with a changing climateClimate service information on future change and variability in renewable energy
sources are therefore important for future electricity markesgure8 provides an overview of risks and

opportunitiesof hydropower, wind power and solar energy production potential

Hydro power wind power Solar energy

o

[y . Y o
AN -8
) ]

L0 : 252

Increase in river flow during winter

Annual increase

and spring Lower efficiency of photovoltaics
; ) Less frequent icin with higher temperature
Gradual  Climate Decrease duringummer q g g P
Change Dust from precipitation Higher efficiency of solar thermal

Earlier flow peak . L
. ) heating with higher temperatures

Flooding at coastal sites

Lower peak volumes

Extreme Weather Damages on dams Material damageand the need to Material damage with storms, hail

Events Flood risks stop wind turbinegduringstorms and heavy precipitation

Figure8. Overview of climate change risks and opportunities on renewable power conversion in the Nc
(based on Troccoli, 2014)
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As shown in figure 8, renewable power production is affected both by gradual changes in climate over
decadal to longer time framessawvell as to extreme weather events, which might be intensified and more

frequent with time.Detailed impacts are described below.

2.2.1 Hydropower production

Researclstudies have concluded that hydropower systems in the Nordic countries will be strongledffec

by projected climate change (Chernet et al., 2013; Thorsteinsson & Bjérnsson, Rédj2gted climate
changecan change the hydrological cycle of hydropower production. Higher temperatures will lead to less
snow coverage. With a smaller snow coverage a predicted higher amount of precipitation will result in

an increased river flow during winter, but to a lower during summer, where the inflow from melting snow
will be smallerThis alsdead toa shift towards earlier flow peak from snowmelt and Ewpeak volumes in

the future (Gimbergson, 2017).

Both total runoff and the timing affects hydropower production, thus an increasing climate variability is likely

to affect hydropower production potential, even with no change in annual runoft.

In general, the potential for hydropower production is projected to increase in the Nordic region towards the
end of the 2% century (Bonjean Stanton et al., 2016). With an increasing hydropower production, the energy
market and the balancing of producedectricity from other renewable sources is likely to be increasingly

dependent on variations in hydropower and as well as other climate impacts affecting this sector.

Hydropower production performance also depends on several other factors such as opestatitegies,
reservoir design and dam safety, and distribution of flood and droughts, which are all factors that are
vulnerable to climate change and climate events. A Nordic study by Thorsteinsson & Bjoérnsson (20é4@) sh
that climate change might sigfitantly affect dam safety and flood risks, which is very likely to influence

future design and operation of hydropower plants.

2.2.2 Wind power production

Snce climate change can affect average wind speeasitmid power production is also sensitive ttimate
changelncreasing average wind speeds would in general lead to increased wind power production, whereas
decreasing average wind speeds wodkkreasewind power production (Lemaitre, 2013j the Nordic
region, annual wind electricity generatigprojected to increase in the neterm to the end of 22 century.
Furthermore, electricity generation is projected to increase in summer months (Bonjean Stanton et al., 2016).
However, an increase in average wind speed might also mean an increaganiesttreme winds. Strong
winds can lead to periods where the wind turbines are stopped, or even lead to a higher risk of destruction

of the turbines (Lemaitre2013) thus periods with lower wind power generatioFherefore, information on
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extreme or stong wind speeds is important for the structural design of wind farms, as well as for the

planning, operation and maintenance of the wind farmbdrsteinsson & Bjornsson, 2012)

2.2.3 Solar energy production

Especially cloud cover and temperature are importiutors influencing the performance of solar energy
production. Gradual changes in cloud cover daffuence solar energy production potential, but while
photovoltaic cells and solar water heasaran produce electricity despite a certain degree of cloud cover,
concentrated solar power systems need full sunlight to be able to produce electricity (Lemaitre, 2013).
part of a Nordic project on solar power plantsalled NorthSol), research partnem Luled University of
Technology (LTU) investigatdw the power grid in Scandinavia couid chalenged byarge installations

of photovoltaic powerThey found that ae passing cloud coulthuse a big drop in production, resulting in
rapid voltage vaations (Nordic Energy Research, 2016) addition, solar power productiois affected by
temperature In general, increasing temperatures will lead to a decrease in power production, since higher
temperatures have a negative impact on the efficiencyaéispower productionWhen the temperature
drops by 20°C, energy production rises by about 10 per @¢otdic Energy Research, 20186he risk of
extreme events, such as storms and heavy precipitation, increase the risk of destruction of the solar energy

production equipment (Lemaitre, 2013).

2.2.4 Power consumption

dimate variabilities do not only affect power generation, but also power consumptistorically, electricity

prices have been low in the Nordic electricity market, because of the high shagropower combined

with nuclear power (NordREG, 2014). This has led to a large share of houses heated by electricity, especially
in Norway and SwedefNordREG, 2014Forthis reasonthe demand for eletricity is especially affected by
variations in temperature, which is a main price driver in the Nordic countries (NordREG, 2014). Cold
temperatures raises heat demanavhile warmer winter temperatures decrease the demand for heating

(Golombek, Kittelsen, & Haddeland, 2012)

2.2.5 Value chain of electricity from renewable energy sources

It is seen from the tablé below that climate risks and opportunities in the renewable energy sector does
not only affect the production and the consumption of power, baveral factorshroughout the value chain
identified in this case studyChanges in the production will affemher economic sectors indirectly, such as
the manufacture of turbines, pumps, solar cells and other equipment for the construction of new production
capacity. Changes in the production will also affect the necessity of repair of existing equipmenwidfong
installation of equipmentin addition, climate changposesa risk to the transmission and distribution of
power. The energy grids are challengleg changes in seasonal and regional consumption patterns, but also
physical effects of extreme weathevents(European Commissio2013).The increasing share of renewable
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energy challenge the grid operation even further, since the integration of these sources requires a new level

of balancing due to their volatile production. Transmission lines in coastak or as of§hore installations

will be affected by sea level rise, changes in the ocean currents and coastal erosion. The sea level rise will

lead to an increase in the effect of storm surges posing a higher risk to the energy infrast(i@itmpean

Commission2013).Damage from extreme events to the energy transmission and distribution infrastructure

can potentially have wide economic consequences (European Commission, 2013).

An analysis of the differerdub-sector activities dependency on Clintatily Sensitive Infrastructure and

Systems (CSIS) can be found in Annex 8.

Tablel: Value chain analysisf electricity from renewable energy sources

M

xNatural resources XProduction of xTrade of xTransmission of  xRepair of
(precipitation, electricity (D electricity (D electricity (D machinery and
wind and solar 35.11) 35.14) 35.12) equipment
radiation) xManufacture xDistribution of (C33)
engines and electricity (D xInstallationof
turbines (C 28.11) 35.13 machinery and
xManufacture of equipment
pumps (C 28.13) (C 33.1)
xManufactureof
construction (C
28.92)
xConstruction
)

Note:NACE Rev. 2 caogie brackets

June 2018

xHousehold
consumption

XSME
consumption

xLarge customer
consumption

XExports
xImports
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2.3 Similar sectors and regions

The use of climate services is not only important to hydropower production in a North European context. In
2015, the share of electricity from renewable enespurces was about 30% in Europe (Eurostat, 2017),
where the largest renewable energy sourocgere hydropower and wind power (14% and 13% of total
primary energy production respectively) (Eurostat, n.Bigure 9 below shows how projected impacts of

climate change will affect the renewable energy producers in Europe differently.

=

egend

Northern Europe

Eastern Europe

Southern Europe

Western Europe

Hydroelectricity

Wind electricity

Thermal electricity

Solar electricity

Increased generation

B ARl D Emm

Decreased generation

Figure9. Projected impacts of climate change on electricity production (adapted from Bc
Stanton et al., 2016)

From Figure9 it appears that hydropower is projected to increase in Northern Europe, but projected to
decrease in Western, Southern and Eastern Europe by the end of tfee&tury. The use of climate isgces

is therefore equally relevant in the renewable energy sector in other European regions, i.e. underpinning
management and operational decisioBox 1 and box 2 presents two sector cases from France. The first
case is of the French TSO, which show®xensive use of climate forecasts to cope with future climate
change. The second case of a large French power producer show what climate services are needed to improve

forecasting for producers.

Box 1.Similar sector case 1: Use of climate servicesthy French TSCRéseau de Transpo

[0 §E] ]&

France is an interesting case, since cold spells have a particularly significant impact on the
electricity system (RTE, 201};&rance has a high use of electric domestic heating, leading to &
+ ve]3]A]3C 3} }o A 3Z EX dZ &E v Z d*"KU Z « u dE v

for each temperature drop of one degree centigrade, demand will increase by Apté® MW,
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which is equivalent to the amount of power consumed in central Paris (RTE, 2016;a). Temp
sensitivity is currently much higher in France than other European countries. France alone a
for almost half of total temperature sensitivity Europe (RTE, 2014). Meeting demand under ¢
circumstances therefore hold a high priority for the national TSO. RTE finds the best p
estimate of winterrelated risks, by using different weather scenarios supplied by MEtéoce
(RTE, 2016;a).

Snce weather forecasts are limited to a few days, RTE worked with Mét@ace experts whg
created a reference framework for temperatures (including 100 scenarios generated with a
developed by the Météd-rance researcbenter) to predict future netwok development needs. Th
climate models are designed to simulate the climate by calculating the average valu
distribution around the average of parameters like temperatures, wind, sunlight, etc. The
represent climate situations, which can creatnstraints for the power system, such as cold sp
and heat waves. From this, RTE has a set ofs&fl8s of climate variables on an hourly ba
coherent at a European level, to use in assessing the impact of weather contingencies on the

systemat the European, national or regional scale (RTE, 2014).

Box 2.Similar sector case 2: Use of climate services by the French power producer and distri
EDF group.

Renewable energy account for about 17% of total electricity production in Francerev
hydropower production is the largest accounting for 10.8% of total electricity generation (6
renewable energy production) (RTE, 2016;b). The largest French electric power produd
distributor, Electricité de France (EDF), identifies in theggp from 2007, two main problems wit
the climate models available: First of all, the spatial resolution of the model outputs are too ¢
making it difficult to integrate into existing operational models. Secondly, the precipitation fore
of the models are known to have very little siBarciaMorales & Dubus, 2007%ince the benefit
of improving the hydropower production management is high, it is worth investigating all po
improvements regarding forecasts for the EDF Gr@arciaMorales & Dubus, 2007Probalistic
seasonal forecasts could be valuable for EDF; e.g. forecastingnghanomalies in the lowest 15
percentile in the autumn, would allow management to react by lowering the power producti
the concerned hydropower plants, given that the probability in the forecast is strong and re
(GarciaMorales & Dubus, 2007)Ymportantly, according to EDF, knowing thafoaecast is not
reliable in a given location or for a specific date is also valuable informéBarciaMorales &
Dubus, 2007)
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3 Characterizing the market

3.1 Stakeholder mapping

In the Nordic, theusers of climate services in the renewable energy electricity market include many
stakeholders dealing witboth power supply and demand: from power generation, transmission, sale and
trade, to the use of electricityrigurel0 provides an overview of the different stakeholders involved in the

renewable energgupply chain.

Large consumers

i B

Producers Market traders TSOs Retail companies DSOs Consumer

Figurel0. Stakeholders in the renewable energy supply chain.

In the renewable energy supply chain ($&gurel0), producers generate electricity, which are sold on the
wholesale market. Here both producers, ri¢as, traders, brokers and large consumers trade electricity
contracts. The national Transmission System Operators (TSOs) are responsible of balancing supply and
demand and ensuring security of supply. They are thus responsible for theytadgerastructure supplying

power tosociety. Retail companies spbwer to smaller consumers, and the Distribution System Operators
(DSOs) are responsible for the local power grid (e.g. for households). Hence, many stakeholders are involved
in the energy supply clia The stakeholders vaifrom large entities operating on national or international

level to smaller private companies. Their use of climate services as well as potential use or unmet needs are
therefore also variedTheimportanceof climate servicedn three first links in the supply chain (producers,

market traders and TSOafe elaborated on ifable2 below.
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Table2. Parts of thesupplychain with potentiakclimate services (CS) use arakds
/Mangge;gl:llg:tr/nggler;gtions Input to forecasting models CS components
Plan production
(hourly/daily/seasonal) Daily/hourly consumption Temperatures
Management of Seasonal variations in consumptic
storage/reservoir capacity  (daily/hourly + geographically Precipitation (what type
specific) t snow/rain + amount)
Production capacity (time scales
Trade electricity short term  andgeographically specific) Snow melf(timing)
Producersof
electricity Trade/hedge long term Reservoir capacity Wind
Investment decisions onew  Daily/hourly production from
production capacity hydro/wind/solar/etc. Solar radiation

Risk assessment of risk from
extreme eventgdestruction  Production both local/national anc

of production equipment crossbhorder Cloud cover
Extreme weather
Adapting to climate change Electricity spot prices events

Balancing daily/hourly

demand and supply Daily/hourly consumption Temperatures
Seasonal variations in consumptic
(daily/hourly + geographically Precipitation (what type

Grid investments specific) t snow/rain)
Risk assessment of grid Production capacity (time scales
o operation andgeographically specific) Precipitation(quantity)
Transmission
System Operators Adapting to climate change Reservoir capacity Snow melf(timing)
Daily/hourly production from
hydro/wind/solar/etc. wind
Production both local/national anc
crossborder Solar radiation
Electricity spot prices Cloud cover
Grid capacities national and cress Extreme weather
border events
Buy/sell decisions Future demand/supply Temperatures
(futures contracts /forward
contracts/other financial Precipitation (what type
products) Future production capacity t snow/rain)
Daily/hourly consumption Precipitation(quantity)

Seasonal variations in consumptic
(daily/hourly + geographically

specific) Snow melf(timing)
Financial market Production capacity (time scales
traders andgeographically specific) Wind
Reservoir capacity Solar radiation
Daily/hourly production from
hydro/wind/solar/etc. Cloud cover
Production both local/national anc Extreme weather
crossborder events

Electricity spot prices
Grid capacitiesational and cross
border
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3.2 Market quantification
3.2.1 Producers

In 2016, the total production of hydropower in Nordic and Battcintries amountedd 231.2 TWh (EIA,

2015). Table presents the largest hydropower producers in the Nordic countries.

Table3. Largest hydropower producers in the Nordic

Number of hydropower Generation in 2016 % of total Capacity (MW)

Hydropower producers plants (TWh)

Statkraft 350 61.2 26% 15747
Vattenfall 100 34.8 15% NA
Fortum 160 20.7 9% 4650
E.ONSweden 210 15.5 7% 5409
ECO Energi NA 13.0 6% 3350
Adger Energi 49 8.1 4% NA
PVO 12 2.0 1% 528
Other generators NA 75.9 33% NA
Total 231,2 100%

Sources: Vattenfall, n.d.; Statkraft (2016)CE (2017); Adger Energi (2017); Fortum (20B@}jolan Vojma
(2016); NordREG (2014).

The large hydropower producers on the Nordic energy market are large players on the market, they are often
involved in energy production from several renewable energy sources, and also in the distribution and

transmssion of electricity.

3.2.2 Transmission System Operators

The Nord Pool is owned by the seven national transmission system operators (TSOs) abaigdes, inelow.
The TSOs are large national companies responsible for security of supply and balancing supply and demand
(Kitzing et al., 2016). The TSOs are also responsible of operating the larger national grid infrastructure and

crossborder grid connections
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Table4. Owners of the Nord Pool Spot.

Shares of Nord Pool Spot

Country Name

Norway Statnett SF 28.2%
Sweden Svenska Kraftnét 28.2%
Denmark Energinet.dk 18.8 %
Finland Fingrid Oy 18.8 %
Estonia Elering 2%
Lithuania Litgrid 2%
Latvia Augstsprieguma Tikls (AST) 2%

Sources: Nord Pool (n.d.b); Statnett (2012).

3.2.3 Energy traders

Financial trading with electricity is risky, and in Denmark currently only three companies specialised in trading
electricity contracts exists: Nordic Power Trading, Danske Commodities and NEAS Energy A/S. Nordic Power
Trading has a portfolio of almost 2@tllion DKK with a return of 15.48% in 2015 and 31.202016 (Nordic

Power Tradingn.d.). According tahe company:*dZ % &] « & ]Jv(ou Vv C $Z A EC]VF
Norway and Sweden, where electtjcproduction is dominated by hydro powérhe water level in lakes and

rivers rise and falls, and we can createturn for ou@E JvA ¢35} Ee+ Jv }3Z «]5u diiDanisESE veo
Nordic Power Trading, n]d.

Danske Commoditids an energytrading company, trading power and gas across border2016, they had
an equity of 623.6 million DKK and a return on equity of 3ZR&thske Commaodities, n.d.)

The third energy trading company is NEAS Energy A/S, trading electricity and gas on the European energy
markets. They manage the trade of elécitty for several market players, including energy companies,
utilizes, producers of wind and solar power and CHP piEAS Energy, 201Th 2015, their equity was

435 million DKK and had a return on equity of 22(8%AS Energy, 201%)ence, theseeompanies have

much money invested in financial tradiagth electricity contracts

3.2.4 CS suppliers

Accordng to the analysis of European climate services suppliers (as MARCO deli3dralle 3.2 (Cortekar,
2017a;2017b))168 organizations provide climatervices to the energy sectdincluding renewables).

Figure 11shows how the climate service providers are distributed among the European countries. It should
be noted that among the Nordic countries covered in this case study (marked with green),arstpet no

climate services providers have been identified for Lithuania. The relative low amount of CS providers on
energy within the Nordic countries (compared to e.g. France and Germany) is surprising, given that this case
study hashighlighted how wiely different sorts of CS is used in the energy sector in the Nordic. However,
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the deliverables 3.1 and 3.2 are evolving data sources on the market, and the list might therefore not be

exhaustive.
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Figurell. CS suppliers on engy (incl.renewables). Source: MARCO deliverable 3.2 (Cortekar, 2017b).

In this case studysome suppliers not in the supplier database has been identified, e.g. the Norwegian

D 3§ JE}o}P] o /ved]3pus U dZ vl]eZ }vepod3 v C Z v EXClevv WE}yw
Reuters. A further description of the most important climate service suppliers in the sector for renewable
energy in the Nordic countries are described in more detail in sedtdn

4 Climate Services: demand, supply and use

4.1 Climate services demand (present)

Climate services can be useful for planning and operation of the hydropower production sector for different

time scales including:

1. Long term planning of power and energy system capacities and storage (decades)
2. Short termmanagement and operation (daily and up to seasonal)

3. Strategies on electricity markets (daily to seasonal)
4

Adaptation and emergency response to extreme events (daily/weekly up to decades)

This section highlights some of the current CS demand and useriartéeable energy sectowe are in the
following assessing the stated demand and supply of climate services for renewable energy electricity

markets leading up to the identification of how the information could be improved.
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4.1.1 Produces of electricity fromrenewable sources

,C E}%}IA & %% E} u E+[ ]oC u v-t@minvesthen decisiohs ajevadfected by weather

and climate variables. They depend highly on weather and historical data in their daily and weekly planning.
Producers currently onlyse longterm climate services such as seasonal forecasts as indicators (e.qg.
more/less precipitation), however, as identified in various studies they would benefit from using relative
accurate quantitative information for longer term planning.main barier is that the available seasonal

forecasts are currently quite coarse or lack sufficient reliability or Slélb¢ai & Bruno, 2015).

}& JvP §} §Z hWKZ/ ~ v oCe]e }( pe Ee[ v U 0o EP +3 3 }Av }E
use of historicatlata, observations and climate statistics (averages and tendencies of particular months) in
many aspects of their planning and operations. These data are used for forecasting future demand,
understanding the potential value of generation mix, improvingrajzation, developing new facilities, and
understanding potential risks to assets from extreme evebes6ai & Bruno, 2015 he actual use of climate
services in relation to these needs gwever, very limitedand in particular historical data is thmajor

information used, which is not reflecting future climate change.

In addition to historical data, the companies use weather forecasts (up to two weeks) to feed their
operational models, e.g. to understand electricity demand. Demand for electricigddssating and cooling

is especially affected by temperature changes, where warmer summer temperatures increase the demand
for cooling, while warmer winter temperatures decrease the demand for heé@dpmbek et al., 2012Dn

the demand sidethe main parameters of interest are therefore temperature and cloud cover. On the

production side, the main parameters include precipitation, wind and solar radidbess@i & Bruno, 2015)

For the planning of hydropower production, information on potehshift towards earlier flow peak from
snowmelt and lower peak volumes in the future are important to plan for different seasegalation, e.g.

to reduce the need to store large volumes of meltwater for the winter mor{tasnbergson, 2017). The
EUPORAS survey notes thatrganizationgesponsible fomainlyhydropowerproduction onlycurrently use
seasonal forecasiss indicators of warmer/colder weather and not asaqtitative information feeding into
operational models. This is due to sevdbpalriers existing with the use of the current available seasonal
forecasts. One of the barriers of using the forecasts is the opinion that they are temporally coarse, making it
difficult to integrate into existing operational models and decisioaking pr@esses (Dessai & Bruno, 2015).

Another barrier is the lack of reliability (/skill) and the reputational risk of using the seasonal forecasts.

In general, thdarge electricity producers apply:
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x Shortterm weather forecastdor daily and weekly operational odlels. To operate and manage
generation capacities forecasts of wind speed, solar radiation, cloud cover and precipitation is used. To
forecast demand, temperatures are the most important parameter.

X Historical dataare used to forecast seasonal patternsr Rydropower generation management, storage
of energy in terms of snow cover and inflow in terms of snowmelt and precipitation are important
variables. Historical data are also used at the early stage of a project to set up a wind farm, to determine
the geographic areas offering the best wind potential to produce electricity (Lemaitre, 2013).

X Seasonal forecastsre mainly used as indicators (e.g. more/less precipitation) and not as quantitative

information due to barriers, such as lack of reliability akidl.s

4.1.2 TSO-use of climate services

Interviews with employees in the Danish TSO (Energinet) conductatidnMARCO projectound that
Energinet uses climatservices foseverapurposes:MWe use climate data in a variety of respects. In relation

to our operation of the grid, we use forecasts for sun and wind. (...) We also use climate data in the form of
time series for wind power and solar cells production andetpnofiles for heating throughout the yeat
(Ander Bavnhgj Hansen, Senior Consultant at@inet, personal communication, April 24, 201&¢cording

to Lasse Diness Borup, model developer at Energinet, the TSO does not directly account for precipitation and
the expected electricity generatiohereof ‘Norway and Sweden who have a lot of hydveger, are
accounting for expected precipitation. And since we coordinate our revision planning with our neighbouring
countries, this will have an impact on Denmark as wgll D. Borup, personal communication, October 10,
2017)

Thusdata used by DanishSOs is forecasts based on historical data and they do not incorporate information

on precipitation directly.
In general the national TSOspply:

X Historical datao forecast peak load of a particular day, as well as genatéms months.

x Shortterm weather forecastdor operational models. To understand demand, temperatures are the
most important parameterTemperature is also important for determining the capacity of high voltage
lines. Other used parameters are wind, solar radiation and cloud cofer hydraulic forecasts,
precipitation is used. Forecast @xtreme events (such as strong winds, icing, etc.) are important for
maintenance teams to act fast (Lemaitre, 2013).

x Longterm climate change projectioriesr managing future assets.
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4.1.3 Market traders

The limited precision of the forecasts used by producers and TSOs are reflected in how another stakeholder
at the market t traders - increase their gains on the energy trading markatiestors trading electricity
futures, a financial instrument to heg prices and risk, use weather and climate forecasts to make gains on
the financial market. The small case study of a Danish investment company, Nordic Power Trading, shows
that a limited precision of forecasts in the renewable energy market can leagctedsing gains on the
energy trading marketas found in WP4 case study on renewable enefggydic Power Trading is a Danish
electricity investment company, who trades with electricity contracts (Nordic Power Trading, n.d.). The
company manage to gaimdorecasting weather conditions for electricity production and demand. Nordic
Power Trading managed to gain a 31.29% return in 2015 and a 15.48% return in 2016. In a webcast, Bjarne
Walbech says that they are using external models, but also models theydezeloped on their own, where

they include factors such as solar radiation, wind, temperature and precipitation (Walbech, 2017). The use
of weather data from the world's meteorological institutes in combination with risk management and pricing
models hae led to their market returns (Nordic Power Trading, n#s.mentioned in section 3.2.3 other
energytrading companies specialized in energy trading are getting high returns asDuell.to the
competitive nature of the business, there are no availablermation on the specific type of climate services

used.However, the large return on investments signal a good use of climate and weather data.

4.2 Existing climate services supply

Suppliers of climate services are the meteorological institutes, climate services centers, research institutes

and private consultancies.
4.2.1 Meteorologicalinstitutes

The meteorologial institutes in Norway (met.nojlhe Norwegian Water Resources and Enetiggcrate
(NVE),in Sweden (SMHI) anph Finland (ilmatieteenlaitos.fi)all provide seasonal forecast products for
hydropower producers operationally, whereas the climate service centers located at met.no and SMHI
provide climate projections and other relevant information of use within the hydropower sector. In general
theseforecasts are based on the operational seasonal forecasts product provided by The European Centre
for MediumRange Weather Forecasts (ECMWF), which are thercbrascted before serving as input into

a spatially distributed hydrological model used to geie an ensemble of realizations (e.g., Olsson et al.,
Hydrol. Earth Syst. Sci., 20, 6687, 2016). Both in Sweden and Nogyvthe meteorologicahstituteslicense

access to a climate information tailored for the hydropower sector.

Efforts using the samkind of methodology as the Nordic meteorological institutes is currently explored

and/or prototyped in no less than four projects under the Copernicus Climate Change Service:
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x SWICCAService for Water Indicators in Climate Change Adaptation (coorditgt&MHI)

X eDGe Endto-end Demonstrator for improved decisianaking in the water sector in Europe
(coordinated by NVE)

x Clim4Energyt Providing climate service products tailored for the energy sector

x ECEM European Climatic Energy Mixes

Notably, eDGe imbduces a multmodel hydrological ensemble using many climate models and many
hydrological models to address the issue of uncertainty and provide improved seasonal and centennial

forecasts.
4.2.2 Private consultancy companies

A limited range of additional sengs aimed at the hydropower sector are similarly offered by differentsemi
commercial vendors. SINTEF Energy Research (Trondheim, Norway) have developed a market simulation
model based on for, e.g., stochastic dual dynamic programming (SDDP), to supgrartshizeduling in
competitive electricity markets (e.g. Larsen et al., Energy Procedia 87,t1896, 2016), where
information/forecasts/projections of, e.g. wind and hydropower, is drawn from time series data. A similar
SDDP tool and associated servicaes affered by Thomson Reuters Point Carlf@anadian, but situated in

20+ European countriesjvho have developed a system based on 23 regional models (Dahl Jensen et al,
Energy Procedia 87, 127, 2016). In theimplementation,the SDDmased market moel is fed by input

from the network of hydrological models, which are again forced by a combination of historical observations
and actual forecasts of snowmelt. Thomson Reuters provide information for up for 52 weeks ahead using this

approach.

Z v EPCVA]E}vu v3EMB i§ arenewable energy service company in Denmditke consultancy
companydelivers comprehensive data on wind to the industry @advind turbine developersFor this
purpose, EMD has developed commercial software packagdsich ca be used whendesigring and
planningrenewable energy project$ut also for the dailpperationand managemenphase(EMD, 2016)

As anexample,EMD providenveb-based software servieethat can be used be wind turbine operators to
check the performancefdheir equipment. They have also developed a trading software, with data on both
power supply and demand, but also heat data to enable the user to calculate the optimal electricity bid prices
and quantities at different electricity markets (EMD, 20¥&ording to Niel€rik Clausen from DTU Wind
Energy, the EMD datalimsed on historical wind data, and climate forecasts have not yet been integrated in

§Z Ju% VC[e %}ES(}0]} }( *}(3A E +u% %} ES §}}0os ~EX 0 pe VU % E-]
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4.2.3 Research institutes

Several research institutetevelop and use weather and climate information as part of climate services to
different CS users (as also identifiedMARCO deliverable 3.1 and B.th Denmark, e.d>TU Wind Enerdy
supplies wind dat@o several customersOne user is Energinet (the Danish TSO), who is providedwvith
projections to manage the transmission systélh Clausen, personal communication, October 9, 2017).
According to the EUPORIAS survey on CS user megelsrch instittes most often supplyistorical data to

help usersunderstand interseasonal valueandto forecast the probability of extreme eventBdssai &
Bruno, 2015)NielsErik Clausen from DTU Wind Energy confirms in a short interview the use of historical
data.According to N. Clauserfprecasts of wind data for climate change are not used today in kening

of wind energy projectsnbtead, historical data is usedN. Clausen, personal communication, October 9,
2017). As arexample DTU Wind Energy providiata for the planning of new wind projects on extreme wind
(for design of wind turbines construction) and data on mean wind (for calculating profitability of wind
turbines investment)He mentioned that climate projections on wind and other renewable gnesources
have been used in research projects, but that the wind projections are subject to gmeattainty (N.

Clausen, personal communication, October 9, 2017

4.3 Unmet needs

This section is based on findings frditerature review and from theEUPORIAS project work pagkd 22,

AZ] Z % E}A] A op o Jve]PZE &} pe Ee[ v =« }( ¢ <}v o &} o 0]
energy sector.The interviews were conducted in several European countries, however none Nordic
countries. Anyhow, & find the findings relevant and representative for Nordic countries and thus this case

study.

From the interviews conducted as part of EUPORIASrganizationresponsible for electricity production

(mainly hydropower), seasonal forecasts state thawduld be very helpful to know more about future
conditions in the next 1 to 3, even to 6 months in terms of precipitation (rainfall) and temperature. Here
precipitation would be the most important variable for production, combined with snowmelt, and
temperature is important for predicting electricity consumption, the combination of the two would be useful
(Dessai & Bruno, 201%p. 36).Anotherorganization(a research institute working nationally) also mentions

§Z A opu }( %E ] 8]}ve }v 0}VB[€E]$SERWSTEA G} IVIA AZ §Z & §Z v £ES

be dry or wet because what happens very ofter¥w&use water as much as possible and then, just when

1 DTU Wind Energy: TRechnical University of DenmarRepartment of Wind Energy.
2Through a systematic literature review, workshop with relevant stakeholdermdepth interviews (14 from the
energy sector) and a broader surv@®etsai & Brund015).
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dry and then to save water a year rather than just one month befolaterview in energy sector. From
EUPORIAS, 2015, p. 48 seasonal forecasts to be beneficial for the arsr, they have to be sufficiently

skill and be tailored to a decisianaking context (Torralba et al., 2017).

Traditionally, wind forecasts have been limited to short timescales from hours to Haygever, when
planning longer term factors such as expected energy yield and maintenance requirements have fed into the
assessment of the economic feasibility of a wind farm (Torralba et al., 2017), as well as in the hydropower
sectors. In the wind sectdhese have often been based on historical data and for short time periods only
(Torralba et al., 2017). Thus, there is a need for{@ng climate information. The RE sector need to move
beyond historical climatological information and focus more on dkmaredictions. Thegap between

weather forecasts and climate change predictions needs tadlled {Torralba et al., 2017).

A hydropower producer state that they would like to know the daily distribution of precipitation for the first
month. Furthermore, it would be useful to know the type of precipitation during wintertime (rain or snow)
together with its distribution (EUPORBA2015, p. 36). Another private energy company working with energy
generation see a potential in the use of seasonal forecasts (mainly precipitation) to manage water reservoirs
better. "&}E pe 3} Z A u}E E o] o ]v(}Emorth3wi(Ge®ery Importaftdo help

uvpP 8Z ASE]v 88 E A CU }ve] E]JvP 8Z}s 3ZA} «]8u 8]}ve ~YeW
and obviously putting all the social conditions and all the social restrictions, so from the water supply to the
otherusag » }( A § EU ]Jv v }@tsrvievoinfenérgy sectonbDessai & Bruno (2015) p. 37).

Especially seasonal forecasts suffer from systematic errors, which makes them useless teubkeramdess

they arepost processed some way. The climateignce community is aware of this problem and see this
as a main challenge for enabling a better use of climate predic{ibmsalbaet al., 2017)Organizationsn

the energy sector find information on uncertainty important for understanding the providiedate data

and are aware that uncertainty is unavoidable (Dessai & Bruno, p. 32). Some of the interviewed energy
organizationsstated that they compare several forecasts from different suppliers to reduce uncertainty.
Furthermore, the authors find thamany organizations(n=31) prefer receiving information on the
uncertainty of the data as numerical estimates to be able to quantify uncertainty, integrate it in existing
models or produce graphics on their owbegssai & Bruno, 2015 32).Reliable probaliities on the
uncertainty are expected to be part of the decisioraking processes. A prediction has little value without
an estimate on its qualityQuantificationof the uncertainty is one of the most important aspects for

minimizing financial risk andsuccessful development in the industry. From a user perspective, improving
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reliability is fundamental, since this says something about the trustwogtsof the predictions (Torralled
al., 2017).

The liberalization of the electricity marketsas introduced new financial risks, increasing the risk of
substantial losses especially for the sellers of forward contracts (Fuss et al., 2015). This increases the demand
for new and better tools for predicting spot market pric&8hen trading electricity st and derivatives
contracts, traders have to know how the market will be at each point in tirhas price forecasts based on
historical data, not considering important forwalaoking information, will have substantial pricing errors

leading to financiblosses (Fuss et al., 2015).

4.4 Empirical assessment

In order to illustrate the potential of seasonal forecasts to stakeholders, a prototype climate seagied

on statistical modelling of observénydrological to hydropower systenfidtm Norwaywasdevelopedas part

of the case studyThismethodology has large similaritiés the approach used bINTEF Engy Research

for providingservicego the hydropower sector. Seasonal forecasts-6fhonths inferred fronthe statistical

mode werecomparedo more advanced climate service prototypes delivered by Copernicus Climate Change
Services projects SWICCA and eD@®erall,a simple statistical approactvas found to provide seasonal
forecasts of hydrological inflow to ti¢orwegian hydropower systeof roughlysimilar spread and precision

as these more advanceddls, and thus to provide a reasonable approximation of the current sifthe-

art.

As indicated aboveNorway is the main producer of hydropower in the Nordic region, and about 99% of the
electricity produced in Norway stems from hydropowéihe Norwegian Water Resources and Energy
Directorate (NVEmaintains a database &2 observed time seriesepresenting 100% of the hydrological
inflow to the Norwegian hydropower systefmore informaton can be found ilNVErapport 7-2008 by
Holmqgvist v vP WWalg av tilsigsserier til Samkjgringsmodellein the following we will assess the

potential and skill of climate services for the hydropower sector based on this dataset.
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Figurel2. Total annual inflow (in TWh) to the Norwegian hydropower system. The red fullidieatedecadal averages (e.g. 1970
1979) whereas the red dashed lines indicate the standard deviations.

Decadal prediction

Figure12 depicts the total annual inflow to th&lorwegian hydropower system, based on measurements
from 82 representative stations selected by NVE. As indicated in the figure the aesrags production

from hydropower is around 130 TWh, with interannual variations in the power production ranging from less
than 100 TWh/year to 170 TWhlyear. Itfigther evident that the inflow has increased significantly (due in
particular to increasesn water originatingfrom increasedspring melting and increased precipitation)

causing an increase in the hydropower production.

As discussed above decadal predictions are relevant fortlnng planning of energy production and in some
cases also tradm Figurel2 shows the mean annual inflow (full red lines) as well as standard deviations
(dashed red lines) for each decade since 1960. While the mean annual imfeen to rise, increases from

one decade to the next are irregular, and the picture is dominated by high-amewal variability. Since
climate models have not in general included information about natural variability at decadal scales there

have beenimitations in the climate services providetidecadal scale despite its usefulness
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Seasonal forecasts

Figurel3illustrates the potential skill of our prototype climate service for the hydropower sector, based on
a simplestatisticalARIMAmModel. Results are here shown for the period 2@D35 to allowfor comparison

with Nord Pool Spot (see above). The black cumédigate water measurements at two of the Norwegian
stations, whereas the red curves designaté honth predictiondased on applying thstatistical model to

the observed time series. Asen from the figure the seasonal forecasts up to 6 months reflects well the
general behaviour of both time series, however, the model is unable to predict the full extent of the spring
melt, which may be essential to practitioners and trad@itss perfornance is roughly similar to stats-the-

art climate services provided by various suppliers to the hydropower sector, and suggesits #isocase

that there is a potential for improving current market offerings. Moreover, to add value to usergnty

available forecast modelsust significantly outperform seasonal forecagted in our illustrative example
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Figure13. Examples of seasonal forecast skill based on a simple statistical model for two (out of 82) dtldlengrepresents
about 8.2% of the total inflow to the Norwegian hydropower system) and Atnasj@ (represents about 0.5% of the total ihflow). T
full and dashed lines indicate measurements, whereas the red lines repregentahth seasonal forecasts baksen a statistical

model, trained on the preceding time series.
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5 Framework Conditions

5.1 Governance

5.1.1 National framework

The electricity trade is expected to iraise in the Nordic area in the next decatesauseof the ambitious
climate policy goals of theountries, where a fast penetration of renewable energy is a key component
(Summary of Nordic Energy Commission Reports, 20hé)countries have already today utilizaidhostall

the available hydropower potential with its associated storage possiBiliiad the expansion of renewable
electricity sources in the Nordi will therefore to a large extent be covered by fluctuating sources like wind
and solarpower. A high share of these sources in the systems will require extensive electricity trade to
balance the systemnE.g.m the case of Denmarkore than 60% of the total electricity production is expected

to be coveredby wind energy in 2030, which wikkquire extensive international trade (Summary of Nordic
Energy Commission Reports, 2017).

The natonal plans for renewable energy expansion are not supporteddydetailed official climate risk

and adaptation plans for the sectof@enmark hano climate change adaptation plan for the energy sector
Norway has a national plan with a brief coverage of the energy s¢otr Kongelige Miljgdepartement,

2013. According tahe nationalplan, projected loads in different types of extreme weather have to be taken

into account wherthe Norwegian power grids desigred and upgraed (Det Kongelige Miljgdepartement,

2013, and # TSOs are expected to incorporate risk and vulnerability assessments in their plddeing (
Kongelige Miljgdepartement, 2013Sweden has a more detailed plancluding future projedbns of
hydropower potentials developed in 2013QU) 2007). Limited research on adaptation to climate change in
Nordic electricity grid companies exists, e.g. a study by Inderberg & Lachen (2012). This study investigates
how climate change adaptation amgrSwedish and Norwegian electricity grid companies are affected by
factors such as national regulations, culture and experience with weather events. The study shows how some
companies are more focused on the economic efficiency than overall resiliertoe sggtem due to national
regulatory framework. The authors found that the Swedish companies focused on a balance between
economic efficiency and a robust grid netwotlecause of the Swedish national framework conditions
(Inderberg & Lachen, 2012). Thimws how the strong Swedish national framework focusing on adaptation

as well has resulted in grid companies investing more in adaptation measures than e.g. Norwegian companies
(European Commission, 2013)

Private sector actors, including in the shtetm TSOs and utilities and in the longer term also financial
market traders, manage the electricity trad€limate service Information about renewable electricity
production potentials are not currently officially reported in relation to market surveys, busopel
information from market agents confirm that historical climate service information is usecitgby the
parties involved.
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5.1.2 European framework

The European Coms¥]}v ] C 8Z 3 (( A}EI]vP } pu v3 & %S3]vP /Vv(E 3Ep
(European Commissiojiiis v ~&E u A}EI "3E § PC (}E Z <]o] vi-LaoKBEFP C hv]}

oJu § Z vP W}olai@ing-af irdieasing the climate resilience of energy infrastructure. The two
documents provide strategical frameworks tintate resilience. In addition, the frameworks can guide the
assessment of new existing technical infrastructure related to how resilient to current and future climate
risks it is and the respective adaptation measufesropean Environment Agency, 201Bhe strategical

]JE S]ive v % E]}E]S] *» }(SZ WE}% Vv }uulee]}v (}E& $Z v EPC « §
energy sector in Europe 2020 and beyond op % E]vsS (}JE& v Jvs PE § ME}% Vv v EF
However,the documentsdo not yet specify in what way the energy sector should adapt to climate change
(European Environment Agency, 2016).

The European Network of Transmission System Operators for Electricity (ENBSOnetwork of electricity

TSOs working together to improvegislation (e.g. the TeMear Network Plan), but also to improve

}% & S]}v 0o }}% & S]}v u}lvP d*Ke ~ XPX SZE&}uPzZz §Z ~Z P]J}v 0o N put
(Energinet, 2015).

5.2 Finance

D u & ~3dévelppment of infrastructure resilient tdimate change ifundedby the EU Cohesiofor
regional)policy under the programming period of the regional funds (22020) (European Environment
Agency, 2016).

Denmark has ForskEL programme, which is a research, development and demonstration pnog)tduat
funds external projects. The projects must with focus on electricity systems, develop solutions for an
economically viable green transition of the energy system (Energinet, 2015).

5.3 Collaboration with CS Suppliers

The Swedish meteorological InstéuSHMI offers extensive climate services to the energy sector and
financial traders in terms of forecasts based on weather and hydrological models, historical data and custom
made models  https://www.smhi.se/en/services/professionaervices/energy/productfor-trading

1.12623 The services also include longer term forecasts, which e.g. can be used in the assessment of wind
energy investment project&MHI is the largest and most comprehensive supplier of climate services in the
region. The Norwegian Climate Service Center at the Meteorological Office as well as the climate services at
the Danish Meteorological Office do not offer specific sectoral ¢érsarviceproducts rather than specific
short-term weather forecastsbut tailor-made products can be demandedhere is no official information

about costumer use of these climate services.

There seems to be a gap between the climate services offertdrims of weather and climate forecadty
the meteorological institutes, and what could be expected in terms of more specific needs of the market
actors in the Nordic countries in terms of what could support more profitable market outcdrAmgever
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information about such needsd climate market intelligencey definition is confidential since it can provide
a basis for extraordinary benefits.

5.4 Research and knowledge

There is very limited research éme climate vulnerability of electricity systems in thedic countries. The

most comprehensive source tise study byThorsteinsson, T., Bjornsson, H. (2012)Cémate Change and

Energy System#mpacts, Risk and Adaptation in the Nordic and Baltic coun&iesording to theNorwegian
nationaladaptationplan, more research and knowledge are needed®8Z ZC &}o}P] o0 Ju% SeU
related challenges in the power sector, changes in the frequency of lightning, changes in sea level and storm
surges, the frequency of storms and the effects of hurrickoree winds, icing on power lines, ice loads on

dams and the effects of slid® v E § A A « }WDet Kongelige Miljgdepartement, 20113

The research onhe benefits of climate services in the energy settas as welbnly been estimated by a

few authorsaccording tathe comprehensive Risk Assessment as part of the MARCO project Work Package 4
(SkougaardKaspersen, 2017 To the best of our knowledgehis research has not been conducted on
Northern European leveFor hydropowerHamlet et al (200Restimate an increase in annual net revenues

of $153 million for Columbia Rivdams with perfect ENSO and PDO based stream flow forecasts Bidtle

(2011) find a $6.5 billion decadal net benefits for Ethiopian hydropower with perfect ENSO based
precipitation forecastsi-or windenergy producers in Eurogeoulston et al (2003:stimate a 100% increase

in weekly inome with mediumrange forecast§Skougaardaspersen, 2017).

5.5 Decision making

Several dctors can influence the take up of climate services in relation to trdider@wable energy based

electricity in the Nordic. These include:

x Documentationand a knowledge transfaf the potential economic benefits and losses by utilities and
traders ofconsidering climate predictionsimilarly, investment decisions on climate risks of renewable
electricity production should be able to benefit from research and other knowledge generation.

x Development of tailor madproducts, whictcan help stakeholders tioategrate climate services in their
decisions.

X Trust and quality assurance procedures need to be established in relation to climate services for the
sector.Climate services are e.g. in relation to investment projects integratéehsibilitystudies as
part of larger consultancy services, which do not include specific expertise on climate change issues.

x Climate service data should be available for a sttorimnedium time frame, and at a very detailed
geographical level reflecting location mdwer production plants. In particular todays data on off shore

sites for wind parks are very uncertain.
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x Creation of operational online interfaces, where users of the wind industry as proposed by Torralba et
al. (2017), but also the hydropower and othealstholders can explore probalistic predictions and
experts provide training.

X Interactions between the renewable energy community and the climate science community to enhance

outcome and evaluate the performance of past predictions (Torralba et al., 2017).

6 Conclusions

In the Nordic electricity market, electricity from hydropower is dominating the market. Hydropower
production has the ability to store large amount of energy aad therebyserve to balance the supply of
electricity fromfluctuatingrenewable energy sourcédi&e wind and solar poweiSince hydropower is highly
dependent on precipitation and thereby hydrological forecaslisnate services could potentially play a key

role in the renewable energy sector.

The liberalization of the eléicity markets has introduced new finantigsks,especiallyincreasing the risk
for the sellers of electricity futures contractd/hen trading electricity spoand futurescontracts, traders
have to know how the markeand thus production and demand, Wpe at each point in timeThis increases

the demand forclimate services to improvi@ols forthe electricity market and prices

The current use of climate service informationiswever limited. Stakeholders typically only use forecasts
of renewable energy potential based on forecasts from historical .datee forecasts based on historical
data andnot considering important forwaréboking information will have substantial pricing ersdeading

to high financialrisks. Thigs confirmed by thevery high return of the Nordic financiabwer trading

companies, specialized in trading electricity spot and futures contracts

Risk assessment showed how sectors in other European regidhts, dase France, are highly dependent on
guality climate services, and that there is a need for better skill and reliability in the seasonal forecasts used
in this sector.Interviews with stakeholders and literature review have highlighted ihgiroved climate
servicezould potentially be beneficial in several parts of the value chain, and especially to the largest market
players, such as producers, TSOs and market traleasldition,surveys have identified a demand from the
power sectorfor improved seasonal forecastsbut relevant seasonal forecasts in terms of time and

geographical resolution have not beeastly available for the sector.

The performance of the prototype climate service developed in this case study suggests that there is a
potential for improving current market offerings. Moreover, to add value to useustently available
forecast modelsnust significantly outperform seasonal forecasts used in our example. This is an important

step in increasing the uptake of climate serviceshim sector t an improvement of the products offered.
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However, other factors such as research on climate service benefits and transparency and standardization of

climate services help a more efficient uptake in the sector.

An increased uptake and improvetimate services can lead to efficiency improvements in the electricity

marketsimplying economic gairfer both traders and producers and ensuring security of supply.
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