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International storage-based energy trading
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ECN: «A clean economy in 2050 requires cross-border collaboration» 
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In this talk

• Hedging for a hydropower producer

– How important is currency hedging in this context?

– How effective is dynamic hedging?

– How effective are simple practice-based hedging policies?

• Novelties

1. We quantify the benefit of currency hedging when electricity is traded in another currency. 

2. We compare dynamic hedging via the nested CVaR with a static hedging strategy that is often used in practice. 

3. We compare a simultaneous approach of optimizing operational and hedging decisions simultaneously with a 

sequential approach of separating operational and hedging decision as it is often done in practice.



We use a sequential approach, solving the production 

planning problem and hedging problem separately

Hedging decision problem

• Faces uncertainty in spot 

price, forward prices, 

production volume and 

EUR/NOK rate

• Objective: Minimize downside 

potential of cash flows

Production planning decision problem

• Faces uncertainty in price and inflow

• Objective: Maximize long-term revenues

• Constraints: 

– Physical and regulatory constraints on reservoir levels

– Capacity of turbines

– Capacity of interconnecting channels

– Efficiency curves of turbines and generators



We model the production problem as an MDP, using

forward curve price process and price-inflow correlation

Our proposed approach

• Dynamic scheduling model for price-

taking hydropower producer

• Multistage stochastic linear program

• Medium-term reservoir management, 2-

year horizon and semi-monthly

granularity (49 time stages)

• Two correlated stochastic variables: spot 

price and reservoir inflow

• Use approximate dual dynamic

programming (ADDP) developed by Nils 

Löhndorf and coauthors

Novelties

1. Use forward curve price process such

that expected spot price coincide with the

market expectations

2. Include correlation coefficient between

movements in price and local inflow

3. Use a geometric, periodic auto-regressive 

model (GPAR) for inflow which better

captures the inflow dynamics than a 

arithmetic model

Löhndorf et al (2013), Löhndorf & Shapiro (2018) Löhndorf & Wozabal (2017) , Shapiro et al (2013)



We consider the Søa hydropower plant with two

interconnected reservoirs and one turbine

Case plant illustration Variable explanation
• Value function [EUR]

• Stochastic variables
– Spot price [EUR/MWh]

– Total reservoir inflow []

• Decision variables
– Volume in reservoir []

– Water nominated for production []

– Water spillage []

– Water flow in channel []

– Water discharge []

• Coefficients:
– Energy coefficient []

– Inflow split coefficient

Storage operations



We use the Heath-Jarrow-Morton framework to 

generate spot price and forward price scenarios

• We propose a forward curve model
– HJM model

– Forward prices represent expected future
spot prices

– Volatility () increases as time to maturity () 
decreases

– Forward prices are correlated by 

• Price scenarios are discretized to a 

scenario lattice with 100 nodes per 

time stage using a method proposed by 

Löhndorf & Wozabal (2017)

• Each node contains 1 spot price and 

up to 48 forward prices

Fleten and Lemming (2003), Kanamura (2009), Kiesel, Paraschiv, Sætherø (2018)
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• The inflow is modelled as a geometric, periodic, auto-regressive model 

(GPAR), Shapiro et al (2013)

• GPAR is suited for skewed distribution, and it allows for negative values.

• 100 nodes per stage

We model inflow scenarios using a GPAR process, 

which captures extreme inflow spikes
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We model the currency rate as a Geometric Brownian

Motion (GBM)

• 10 nodes per stage

• We use a drift equal to the difference between NIBOR and EURIBOR, so the

EURNOK rate is expected to increase in accordance with interest rate parity
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Correlations between processes

• We estimate the correlations between the random increments of the 

stochastic processes

• Inflow – Forward curve correlations: Weak, negative natural hedging

• Often, but not always, spot price and inflow will move in opposite directions

• Increased aggregate market supply in wet years drives prices down

• Included in the model

• EURNOK – Forward curve correlations: Weak, negative natural hedging

• Most companies participating in the NordPool market have a Nordic base 

currency (NOK, SEK, DKK).  

• The  system  price  denoted  in  EUR/MWh should be influenced by the base 

currencies of the different  areas. 

• Assumed independent in the model
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Hedging can reduce the variance of cash flows and 

reduce default risk

• Reasons to hedge

– Risk aversion

– Reduce default probability, which can decrease cost of raising capital

– Increase debt capacity due to more stable cash flows, which releases capital that can

be invested in promising or strategically important projects
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We formulate the hedging problem as a multistage

stochastic program 

• Dynamic hedging model for the risk management 
problem of a hydropower producer

– Dynamic means that the model can wait for new 
information before deciding which forward positions to 
enter

• We hedge the revenues of the Søa hydropower
plant

• Our base model treats production as a stochastic
variable

• We only allow for short positions

• Possible trades:

– Monthly, quarterly and yearly power contracts

– Currency forwards (EURNOK)



Price risk and production risk are the major risk 

factors, but currency risk is not negligible
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Market risk factors

– Price risk

– Production volume risk

– Currency risk

– Area price difference risk (not 

included)

– Interest rate risk (not included)

Deviations from expectation over 2 years



Hedging lifts the lower tail and lowers the upper tail

• We maximize the nested CVaR, which is a 

time-consistent risk measure.

• Including monthly power futures in the 

hedging strategy allows for precision 

hedging that contributes to a reduction in 

risk.

• When monthly contracts are available, we 

experience very high hedge ratios, up to 150 

% 

• The only cost related to hedging (in our 

model) is transaction costs
Terminal CVaR5%

Cash flow distribution after hedging

Cash flow distribution before hedging



Backtest results indicate that the proposed approach

performs fairly compared to reality

• Backtest interval: January 2013 – January 2015

• Realized discounted revenues in 2013:

– In reality: 6.22 million EUR

– Using our approach: 6.34 million EUR

• Expected mean price 2013:

– In reality: 39.00 EUR/MWh

– Using our approach: 38.92 EUR/MWh

Red: Model decisions
Blue: Historical decisions



We quantify the effect of including currency forwards to 

be moderate, resulting in 2.43% increase in CVaR(5%)

• Reformulate the model by 
restricting trading to no
currency trading

• Compare results with
base case

• Can be explained by low
variance in currency
compared to other risk 
factors

Removing currency derivatives has a smaller effect on risk performance than removing monthly power futures



We compare the performance of our approach with the

heuristic strategy of a Norwegian hydropower firm (Sanda et 

al 2013)

• Implement hedge ratio range of firm as
constraints in the dynamic model
– Test both upper and lower limit

– Range is based on selective hedging, upper
limit is optimal.

• Disregards currency risk, as strategy is 
unknown

• Compare with the case without currency trading - results are almost
identical

• Also performs better than case with no monthly contracts, 
underlining the importance of using them.

Effect of over-hedging on terminal CVaR is marginal - look at the hedge ratios of the compared model variants
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Key takeaways from this presentation

1 Inflows can be modelled realistically with a geometric model (GPAR)

2 A forward curve model sets expected spot price equal to the market expectation

3 We incorporate correlation between movements in price and local inflow

4 Currency hedging can decrease risk moderately

5 A hedging heuristic can be as good as a complicated dynamic model
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We find that a misspecification of the correlation

coefficient can result in approx. 3% revenue reduction

• Obtain optimal policies and expected discounted

revenues for lattices constructed using correlation

coefficient 𝜌 = [0, −0.1765, −0.353].

• Using policies obtained for 𝜌 = 0, draw simulated

transitions based on stochastic process with 𝜌 =
−0.1765,−0.353 .

• Calculate difference in EDR from first case

Misspecifying the correlation coefficient can result in yearly revenue losses of multiple 100.000 EUR.



Future states are represented using a scenario lattice, 

and ADDP is used to obtain optimal decision policies

• Lattice composition:
– Nodes: Potential future states of price and inflow

– Arcs: Transition probability

• Lattice construction (Löhndorf and Wozabal, 2017):
1. Perform K Monte Carlo simulations

2. Minimize Wasserstein distance (vector distance) between
simulated states and lattice nodes 

3. Find transition probabilities by looking at the number of
simulated paths connecting different nodes

• Approximate dual dynamic programming:
– Developed by Nils Löhndorf et. al. (2013)

– Integrates SDDP with Markov processes and scenario lattices

– Implemented using QUASAR (Löhndorf, 2017)



Using a one-factor price process when more factors are

needed can result in approx. 2 % revenue reduction

• Obtain optimal policies and expected discounted

revenues for lattices constructed using different number

of factors 𝐼 = [1,3,6,10].

• Using policies obtained for 𝐼 = 1, draw simulated

transitions based on stochastic process with 𝐼 = [3,6,10].

• Calculate difference in EDR from first case

Using one factor instead of multiple can result in yearly revenue losses of multiple 100.000 EUR.


