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STORE 

 

Research Plan 

Vision and goals 

The European energy market is undergoing a fundamental change with renewable power production 

from wind and photovoltaic substituting carbon intensive generation. This is referred to as the 

“Energiewende”. Since renewable power generation is not easily regulated, the supply-side of the 

market experiences a strong influence on weather conditions like wind, cloud cover, and precipitation. 

Traditionally, only temperature has influenced the demand-side. In the German power market, say, one 

observes frequent strong negative price drops (called “spikes”) as a result of over-supply of wind 

power (sometimes even negative prices!). Norway’s hydro reservoirs may be used as batteries to store 

over-production and balance the supply and demand better. By transmission lines, we could also offer 

this capacity to neighboring markets like the German. 

There are many challenging mathematical problems connected to the “Energiwende», where STORE 

wants to contribute with solutions and new theory. The key scientists have a strong background and 

research interests within stochastic analysis, statistics and probability theory, competencies that are 

central to develop new and novel insight in risk management for the energy markets.  

 

An example of a problem that we are concerned with in STORE is quantification of the risk in the 

energy market implied by wind and solar power generation. Here one first must distinguish between 

different market conditions, like the German and Scandinavian, where the latter has hydro reservoirs 

for storage available. One wants to build mathematical models for the relationship between prices and 

weather factors. Furthermore, the design and analysis of financial derivatives as insurance products 

protecting against undesirable weather conditions is a challenging area of research. In the prolongation 

of this, one can study the effect on the German and Scandinavian power markets from building a 

connecting transmission cable. Here the area of “real option theory” can be utilized as a valuation tool. 

There are also scientific challenges in transfer of risk in so-called re-insurance products and 

catastrophe bonds/derivatives. New and sophisticated stochastic processes for modelling of energy 

market prices and weather factors are called for. Next, highly challenging tasks within the theory of 

stochastic control, risk measurement, financial and actuarial pricing and hedging wait for development 

to answer problems of practical concern in risk management.  

 

The research results that will come out of the STORE “Endringsmiljø” will contribute to better 

management of risk in energy markets with a large proportion of renewable power generation. STORE 

will enable Norwegian and European energy industry to better control their risk, and thereby make 

sure that limited energy resources are optimally used. STORE will make a significant contribution to 

“green energy finance”, which will give a push to a further increase of renewable energy power 

generation.  

 

STORE will give an invaluable platform for integrating the research and teaching activities of the 

Section. Further, it will also enable us to connect stronger with other research groups within the 



department and outside, to develop a platform for bigger applications for research funding in EU and 

NCR. 

Scientific project description  
The key scientists in STORE constitute a leading group on energy finance, which combines theoretical 

developments in mathematical finance, stochastic analysis, probability theory, statistics and insurance 

mathematics to understand modern energy markets. The STORE project will enable the Mathematics 

Department and University of Oslo to maintain its status in the development of sophisticated 

mathematical theory for energy markets, bringing in advanced risk theory into a market which clearly 

has the need for such.  

 

Our research in STORE will focus on two major aspects of energy finance: 

 

 The modeling and analysis of environmental risk factors. Here we address the core issue of 

modeling major environmental factors: temperature, wind, cloud cover (or sun hours) and 

precipitation. We consider the factors separately, but also their interdependencies as well as 

the interdependencies with the energy prices. We intend to introduce and study new stochastic 

models mathematically based on the family of ambit fields. The mathematical questions we 

intend to address are: the study of dependence via copulas, stochastic integration and 

differentiation, and integral representations.  

 The management of risk in energy markets. Here we address problems of hedging and risk 

minimization. The problem of hedging is to find a scheme for the allocation of financial 

resources so that the future risk exposure can be minimized (if not perfectly hedged away). 

The problem of hedging is tackled by an application of stochastic differentiation and integral 

representation. To analyze and solve problems of risk minimization we have to address the 

question of risk measurement. A natural class of risk measures can be obtained by studying 

associated backward stochastic differential equations. Then the risk minimization problem can 

be properly addressed. This leads to the study of a forward-backward system of differential 

equations and to the study of differential games. Within the management of risk, we intend to 

address particularly systemic risk as the intrinsic risk of a system where various agents are 

taking part. This leads to the study of mean-field stochastic differential equations. The 

developments in this part will have clear connection to finance and insurance markets, 

although our main concern is on energy. 

Modeling and analysis of environmental risk factors 

To model environmental factors like wind, rain, cloud cover and temperature, we will develop 

multivariate random field models. These may be naturally cast in the language of infinite dimensional 

stochastic processes, which in particular cover stochastic partial differential equations. Furthermore, in 

view of the applications to risk management in energy markets, we want to develop multivariate 

models for the environmental factors and the power market price dynamics. We have in particular 

power spot and forward prices in mind, where the latter may as well be modeled using infinite 

dimensional stochastic processes. Once the models are in place, the next step is to develop a stochastic 

calculus for these processes and apply this for analyzing risk management problems. 

Background 

By now there exists a large body of literature on modeling electricity prices. Such models are to some 

extent able to explain the stylized facts of power markets, however there is still a large gap between 

theory and reality. For an account on the most popular power price models, we refer to [10]. It is 

challenging to incorporate realistically within one model the combination of stylized effects like 

seasonality, large price fluctuations (spikes), and stationarity. However, the recent studies by [2] and 

[3] look rather promising.  

 

There is an interest in creating multivariate models that manage to capture the dependency between 

markets. The models currently existing are rather simplistic, based on correlation of Brownian motions, 

or factor modeling (see [10]). However, as each power market has its own characteristics depending 



on how power is generated, say, advanced stochastic processes allowing for both modeling of the 

dependency and for marginal modeling of markets separately are called for. Even further, one would 

like to have models that also consider the key environmental risk factors in demand and supply like 

temperature, rain, sun cover and wind. This would entail in models that are not only multivariate along 

the axis of different markets, but also multivariate along the axis of different factors. Realistic models, 

which are still tractable for further analysis, are not yet known in the literature.  

 

There exists an organized market for trade in weather derivatives at the Chicago Mercantile Exchange 

(CME). Here one can trade in financial derivatives settled on the temperature in many cities 

worldwide, including for example Oslo (in fact also contracts on snowfall and rainfall in some US 

cities, and frost in Amsterdam are traded). It is likely that more such weather related contracts will be 

offered for trade in the future (the US commodity exchange tried out wind derivatives a few years ago). 

This creates opportunities for market actors, like for example a wind power producer, to hedge her 

weather exposure. There is a stream of literature on the modeling of temperature using continuous 

time autoregressive dynamical models (see [10]). However, a challenge is to extend these to the spatial 

domain, for example, for the purpose of hedging geographical weather risk using weather derivatives 

(see [6]).  

 

Global climate change with extreme weather and the new situation in energy have attracted the 

insurance industry to offer new products, like weather-linked insurance and catastrophe bonds. We 

observe an integration of finance, insurance and energy, which is also taking place scientifically. In the 

energy markets there exists an abundance of various derivatives for risk management. These range 

from traditional plain vanilla options, to spread options, and derivatives with flexibility like swing 

options. To understand how to price, hedge and apply these tools, one needs sophisticated models 

which take the major environmental risk factors into account. There exists literature on pricing and 

hedging of many of these derivatives (see [10]), but there is a huge challenge in applying realistic 

models for this purpose. At the same time, one wants the theory to be applicable in a real market 

situation. The models developed in this part of the STORE initiative will lay the foundation for the 

further analysis on risk management questions presented below.  

Research problems and goals 

Work package 1 (WP1): Modeling environmental factors and energy prices 

Weather variables, like temperature, are phenomena that evolve in both time and space. In the STORE 

project we will introduce the class of ambit fields to model weather factors stochastically. This is a 

novel modeling approach, applying a class of random field models which has already been used with 

success in other areas like turbulence modeling and energy markets (see [2], [3] and [5]). To model the 

spatio-temporal dynamics of (de-seasonalized) temperatures, say, we look at models of the form: 
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Here, g is a deterministic kernel function that essentially models the correlation structure in time and 

space. L is a so-called Levy basis, which is a random measure in time and space. The  ys,  is a 

random field which models the stochasticity of the volatility, something often observed in statistical 

studies (for example turbulence and financial markets), but also in temperature modeling (see [7], [8]). 

Finally,  xAt  is the ambit set, which determines how the past time and spatial neighborhood 

influences the current state of  xtT , . The novelty of such a class of models lies in the fact that we do 

not state the time-space dynamics of temperature as a solution to some stochastic partial differential 

equation (SPDE) coming from physics, say, but directly presenting the model based on probabilistic  

considerations. This is highly advantageous, especially in view of the SPDEs complexity concerning 

existence and uniqueness of a solution and its probabilistic properties. 

 



The same class of models will be applied for rainfall, cloud cover and wind modeling. We stress that 

the four factors: temperature, wind, cloud cover and rainfall, account for the majority of the exogenous 

environmental risk factors affecting energy prices. Hence an effective modeling of these random 

phenomena is crucial for the development of realistic energy price models that take these factors into 

account. Mathematically, the suggested class of ambit fields is highly flexible from a modeling point 

of view, but also allows for analytical tractability paving the way for studies in risk management.  

 

Temperature affects in a nonlinear fashion the demand situation in the Nordic power market NordPool 

and, in general, in any energy market. It is our goal to build up models for energy spot prices that take 

such a dependency into account. Our approach will be to look at Levy semi-stationary (LSS) processes 

for energy spot prices, where some or more of these factors may be functionals of the temperature 

ambit field. To be more precise, an LSS process will be a singular case of an ambit process, taking the 

form 
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where L is a Levy process, g a deterministic kernel function determining the temporal dependency of 

the stochastic process X, and   the volatility process. LSS processes are general moving average 

processes. Typically, we would imagine that spot prices could consist of several such factors, one 

being a functional of the temperature   ,TF , with F being some nonlinear averaging, say, over a 

specified area and time. It is to be noted that analysis may reveal that such averaging of an ambit field 

may lead back to an LSS process. 

 

Wind, cloud cover and rainfall affect the supply side of power, and thus power prices. With an 

increasing dependency on wind and photovoltaic power in Germany and a dominating wind power 

generation in Denmark, there is a direct impact of wind and cloud cover on prices in the market. For 

the Nordic region, rain and snow will influence directly the reservoir situation. It is a core of the 

project to further develop the stochastic wind models in [9] based on continuous-time autoregressive 

moving average dynamics, and extend them into a spatio-temporal framework using ambit fields. 

Furthermore, we want to propose new models on cumulative rainfall and cloud cover based on ambit 

fields driven by subordinated Levy bases.  

 

Next, new spot price models taking the three major environmental factors into account will be 

suggested and analyzed. The issue of modeling spot prices based on weather risk factors also involves 

the inter-dependency between weather factors, say the dependency between rain and wind. We want to 

construct multivariate (four-variate, in fact), ambit field models, based on applying copulas for 

connecting the four weather factors. More specifically, we aim at connecting the Levy bases of the 

four weather risk factors by extending the concept of Levy copulas defined in [24]. This is an 

interesting problem in itself, but will have critical importance for the application to weather modeling 

since copulas offer a great flexibility in statistical dependency modeling, at the same time as Levy 

bases can capture much of the stylized facts in data marginally for each factor. Further, we also want 

to connect the weather models via the stochastic volatilities. This can again be done by similar ideas as 

for Levy bases, in fact the stochastic volatility fields again can be modeled by ambit fields. In 

conclusion, by extending the concept of Levy copulas to Levy bases, we obtain a new and novel class 

of multivariate ambit fields, tailor-made to sophisticated modeling of the spatio-temporal weather 

dynamics.  

 

The forward market in energy creates opportunities to lock in future prices of energy. The price 

dynamics of forward contracts can be either derived from the spot, or it can be modeled directly as a 

random field in time and space. In this context, the ‘space-variable’ denotes the ‘time-to-maturity’, 

that is, how much time there is left before the forward contract is delivering. Again, ambit fields 

provide a natural framework (see [3]), and we may combine such a price model into a multivariate 

setting with weather risk factors. It is the goal of the project to propose and analyze such multivariate 

models.  



 

An analysis of multivariate ambit fields will include probabilistic properties like the space-time 

covariance structure, and stationarity properties. It is natural to apply, as a starting point, results from 

the theory of SPDEs, since ambit fields in some special cases can be considered as mild solutions of 

such (see [4]).  

 

WP2: Stochastic calculus theoretical aspects 

At the present stage there is no globally consistent theory of stochastic calculus for ambit fields. Hence 

there is an urge to develop a theory of stochastic integration and differentiation. The development of 

such a theory will be fundamental for analyzing risk management questions. For example, the 

generation of income is mathematically formulated using stochastic integrals. The key scientists in 

STORE are experts in stochastic analysis and calculus having already developed integration theories 

in different random frameworks as shown in their publication records. However, the present proposed 

setup introduces new mathematical challenges because of the particular nature of the randomness 

considered. 

 

The need for a consistent integration setting is referred both to ambit fields (time-space modeling) and 

the singular case of LSS processes (for time modeling). Starting from the LSS processes case we can 

identify the main obstacle in the time dependency both in the integration limit and the kernel function 

in the definition of the LSS process, see before. This means that in general these processes are not 

semi-martingales with respect to the information flow they carry and a classical stochastic integration 

scheme cannot be applied. A specialized stochastic integration theory for LSS processes is possible to 

be developed applying ideas both from Malliavin/Skorohod calculus for Levy processes (see [17]) and 

from fractional Brownian motion (see [11], [27], [29]), which is an example of a non semi-martingale 

Gaussian process and a particular case of LSS processes. In particular it seems fruitful to develop a 

Skorohod type stochastic integration theory that preserves strong relationships with a corresponding 

forward type stochastic integration as shown, for example in the pure Gaussian and in the Levy cases 

(see [17]).  

 

The step to general ambit fields is much more delicate and challenging. First of all, we do not have a 

Malliavin/Skorohod calculus developed for Levy bases, so the tools for defining integration based on 

ideas from there cannot be applied. We aim at developing a bare-bone Malliavin calculus theory for 

Levy bases. The necessary tools are a chaos expansion representation of random variables, a derivative 

operator as well as a notion of integration. To this purpose two approaches may be considered. First, 

Levy bases can be regarded as stochastic set-functions with independent values. A starting point for 

the study of chaos expansions and a Malliavin derivative operator in this case is [13], see also [18]. On 

the other side, Levy bases can be regarded as a mixture of Gaussian and pure jump Levy random fields 

on disjoint areas then one can propose to extend the approached carried through for Levy processes as 

in [17] to Levy bases. The two proposed approaches have to be studied and compared. With these 

results at hand, we aim at developing integration-by-parts results that can then be applied to develop 

Skorohod type integration with respect to ambit fields. Moreover, the concept of a forward type of 

integral is expected in this theory  

 

Stochastic integration and differentiation along with integral representations have a substantial role in 

problems of risk hedging. The development of a theory of differentiation leads to the tackling of 

optimization and hedging problems. The integral representations lead to the further study of solutions 

of backwards differential equations (BSDEs), the importance of which is tangible in various aspects of 

risk evaluation and management (see below). 

Management of risk in energy markets 

Anyone operating in a financial market is concerned about the risk and return in their investments. The 

problem of risk management involves identification of risk factors, quantification of these risk factors, 

the measurement of risk, and finally management of it in order to control the potential losses in 

different investment strategies with the goal of maximizing the return. The petroleum fund managed 

by Norges Bank faces these questions every day, in their investments in various traditional financial 



markets like bond and stocks. Producers of electricity, say, are also operating trying to control their 

risk when optimizing their income from production. They are not only facing financial risk factors, but 

also environmental as their produced volume will depend on weather conditions, say. In both contexts 

one is aiming at decision rules for how to invest optimally on information on the state of risk factors 

maximizing return with acceptable risk. 

 

As weather-linked derivatives are hard, in most cases impossible to hedge, an insurance approach to 

pricing seems appropriate. However, many of the contracts still have resemblances with market- 

traded products, for example energy quanto options, and the challenge is to valuate and hedge these 

for highly incomplete market situations. Similar situations occur in connection with the valuation of 

new power plants of transmission lines using a so-called “real options” approach.  

 

The complexity of the interactions among the risk factors makes the very analysis of risk hard and the 

management of risk even harder. The various models proposed above aim at giving a feasible and 

more realistic description of the energy spot and forward prices also considering the major 

environmental risk factors effecting energy markets. These models are meant not only for descriptive 

quantification of risk, but they are at the base of the study of the management of risk. 

 

There exist many measures of risk applied to investments, including the so-called “value-at-risk” and 

“expected shortfall”. Risk measures are heavily used by practitioners, and even embedded in market 

regulations as the Basel agreements for banks capital requirements and the Solvency directives for (re-

)insurance. There are many scientific problems related to the definition of such measures and their 

properties. A more classical economic approach to risk measurement goes via utility functions, which 

models the risk appetite of the investor. 

 

In traditional financial markets, the quantification of risk via stochastic models is well-studied. 

However, the question of risk management is a topical and highly active research area with 

mathematically demanding problems. As the theoretical foundation here are stochastic processes as the 

core models for risk quantification, the questions and answers are applicable both in financial markets 

as in the environmental context. In our research agenda, we choose to focus on those questions related 

to the mathematical areas of stochastic differentiation (and integral representations) and of stochastic 

control. 

Research problems and goals 

WP3: Hedging  
Stochastic differentiation is closely linked to the question of hedging the risk.  

 

To this extent quadratic hedging approaches provide a good financial description of various ways to 

implement such minimization of risk. The literature is widely developed in this area (see e.g. [33]). 

However, the techniques strongly rely on stochastic integration in the semi-martingale setting. In 

particular the most powerful result relate to stochastic differentiation with respect to quadratic 

martingales (see [15], [16]) or in the Levy case via the well-known Clark-Ocone formula (see [17], 

[28]). The development of a consistent theory of stochastic integration and differentiation, as described 

above, is then crucial for the further development of hedging tools.  

 

For the study of the hedging problem, the question of integral representation is fundamental. To 

explain, if   represents a future financial risk at time T , then we want to be able to identify   as the 

sum of two components 

H  + 0 , 

where the stochastic integral part 



T

H tdXtE
0

)()(][   



represents the part of the risk that can actually be hedged, or “replicated” on a market with price 

dynamics given by )(X . On the contrary, the component 0  represents the part of the total risk that 

cannot actually be hedged directly on the market by trading on stocks. Both components H  and 0  

are intrinsically risky, however the nature of the risk involved is substantially different and it should 

be taken into account at management and regulatory levels. 

 

The problem of integral representations is coupled with the study of stochastic differentiation. In fact 

the integrand )(  in the replicable part part H  of the risk   can be explicitly represented in terms 

of stochastic derivatives. For illustration, in the case of market dynamics )(X  given by a Brownian 

motion, then the famous Clark-Ocone formula says that: 

]/F[)( ttDEt   , 

where tD  is the Malliavin derivative of   and tF   represents the market flow of information. We 

stress that )(  is basically giving the structure of the portfolio for the allocation of the financial 

resources. It is highly desirable to have explicit representations of the integrand )(  for more general 

and realistic market dynamics than just Brownian motion. This is done for Levy type of markets (see 

[14], [15], [17]). However more research is still needed. When developing a theory of integration and 

differentiation for ambit processes in the energy market context we intend to address this aspect in 

particular. 

 

Quadratic hedging is one way to tackle risk-minimization. However, the risk-minimization problem 

can be intended differently and studied via risk-measures. Given an evaluation of risk, namely a risk-

measure, then the problem is how to allocate financial resources so that this evaluation of risk can be 

minimized. Naturally the study of this problem embeds the separate problem of finding a correct 

measurement of risk and then to develop the associated control problem. 

 

WP4: Evaluation of risk and risk minimization 

The study of risk measures has been central in the mathematics of finance in the last ten years and 

various studies had an important impact also at policy makers’ level. See the analysis and criticism in 

[22] of the risk evaluation method Value-at-Risk in the Basel I protocol (enforced by law in 1992) for 

the preparation of Basel II (active at present) and its recent improvement Basel III (expected to enter in 

use in 2013). The modern mathematical analysis of risk measures is linked to two possible, in some 

ways interconnected, representations, either based on the supremum over a family of probability 

measures or based on backward stochastic differential equations (BSDEs). 

 

Stochastic integral representations are at the base of the study of BSDEs, which have had an impact in 

various aspects of control and risk management (see [19]). In particular they have recently appeared as 

a useful tool to describe convex pricing in relation with the bid-ask spread (see [12]) and the study of 

convex risk measures (see [31])..  

 

The link between stochastic control and BSDEs is well-known (see [19]). However, with the 

representation of convex risk measures in terms of BSDEs (see [31], [32]) risk minimization becomes 

a problem of optimal control of a coupled system of forward-backward stochastic differential 

equations (FBSDEs). As proved for jump-diffusion models (see [30]), such problems can be handled 

by using a generalized version of the Pontryagin maximum principle. In recent works developed in 

this direction also some forms of delays in the system are taken into account. These studies represent 

situations that are relevant both in financial and environmental models. However, the current methods 

available are still inadequate to handle the more general models discussed above, and more research is 

needed. 

 

As mentioned above, another representation of risk measures is in terms of a maximum/supremum of 

expectations with respect to a family of probability measures (see [20], [21]). With this representation, 

the problem of risk minimization can be interpreted as a problem in stochastic differential game theory 

(see [25]). This type of game theory is also important in connection with model uncertainty issues, a 



topic that has become highly relevant, both in view of the financial crisis and in view of the uncertain 

characteristics of environmental models. A method for handling stochastic differential games has been 

developed recently in the context of jump diffusions, but much work remains in order to be able to 

handle the challenging models described above. 

 

The last issue we intend to address in the STORE initiative concerning risk management is systemic 

risk, i.e. risk of a system, which involves several interacting agents, e.g. financial institutions. This risk 

is embedded in the globalization of the markets. Such an interaction of agents may reduce the risk for 

each component to fail/go bankrupt, but increases the probability of the overall failure of the system. 

A possible way to model systemic risk is by means of coupled systems of mean-field stochastic 

differential equations (MFSDEs). The stochastic control of such MFSDEs’ systems is a largely 

unexplored area of research, although partial results have been obtained recently (see e.g. [1], [26]).  
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