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Abstract

Climate change is affecting hydrological regimes as well as the frequency and intensity of
extreme events such as droughts and floods, fuelling conflicts over water resources and
threatening the economic feasibility of many businesses. In order to improve operations
and inform proactive adaptation actions, stakeholders have started to consider the use of
increasingly available and skillful seasonal forecasts. Nonetheless forecast uncertainties
are still large, especially at longer time-scales, and the need for financial risk reduction
mechanisms remains. Among financial risk hedging tools, parametric insurance stands
out, thanks to its flexibility and effectiveness in minimizing concerns over moral hazard,
in addition to its distinctive promotion of further adaptation efforts. However, an im-
portant requirement of index-based insurance is the availability of easy-to-measure and
abundant data, to build effective indexes. An exemplary category of stakeholders often
meeting this requirement and potentially benefiting from both insurance and forecasts is
represented by hydropower operators, given their heavy reliance on stable and predictable
hydrological and market conditions. In this study, we address the mitigation of economic
impacts of droughts and energy market variability for hydropower companies through the
use and comparison of alternative parametric insurance schemes built upon multivariate
indexes based on hydro-meteorological and market variables. In addition, the viability
of introducing current hydro-meteorological forecasts, as well as synthetically-generated
ones with varied levels of skill, in insurance contracts is explored. The methodology is
applied to three hydropower operators in the Lake Como system, located in the Italian
Alps, an area where global warming has caused local temperatures to increase more than
double the global average. For each operator, a multivariate index combining both hydro-
logical and market information was designed and then used in both standard index-based
and collar contract schemes. The results show that both types of insurance can effec-
tively reduce revenue variability and improve revenue floor, yet the collar contract can
provide better performance at a lower price, representing the best option for the studied
system. Contract premiums were conditioned on the information provided by current
seasonal forecasts but this was not found to have a significant impact on insurance per-
formance. However, if forecasts should show further skill improvements in the future, the
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effectiveness and economic feasibility of index-based insurance would be put into question,
potentially rendering them disadvantageous for a prospective client, unless contracts were
signed several months before entering into force.

Keywords: Index-based insurance, Hydropower generation, Seasonal hydrological fore-
casts, Financial risk hedging



iii

Abstract in lingua italiana

Il cambiamento climatico sta influenzando il ciclo idrologico, aumentando la frequenza
e l’intensità di eventi estremi come siccità e inondazioni e di conseguenza alimentando
conflitti sulle risorse idriche e minacciando la fattibilità economica di molte imprese. Al
fine di migliorare la gestione delle risorse idriche ed informare azioni di adattamento, negli
ultimi anni alcuni portatori di interesse hanno iniziato a considerare l’uso di previsioni
stagionali sempre più disponibili e performanti. Tuttavia l’incertezza delle previsioni è
ancora alta, specialmente a scala stagionale, e la necessità di meccanismi di riduzione del
rischio finanziario permane. Tra gli strumenti di copertura del rischio finanziario, le assi-
curazioni parametriche si distinguono grazie alla loro flessibilità ed efficacia nel ridurre al
minimo il cosiddetto rischio morale, oltre alla loro capacità di promuovere ulteriori azioni
di adattamento. Tuttavia le assicurazioni parametriche richiedono una grande disponi-
bilità di dati, su cui costruire indici efficaci, che dovrebbero idealmente anche essere di
facile misura. Una categoria esemplare di portatori di interesse che soddisfa questo requi-
sito e potenzialmente beneficia sia delle assicurazioni che delle previsioni è rappresentata
dagli operatori idroelettrici, data la loro forte dipendenza da condizioni idrologiche e di
mercato stabili e prevedibili. Questo studio si concentra sulla mitigazione degli impatti
economici della siccità e della variabilità del mercato energetico per le società idroelet-
triche, attraverso l’uso e il confronto di diversi schemi assicurativi parametrici basati su
indici multivariati che integrano variabili idro-meteorologiche e di mercato. Inoltre, viene
esplorata la fattibilità dell’introduzione nei contratti assicurativi di previsioni idrometeo-
rologiche reali, nonché di previsioni generate sinteticamente con vari livelli di accuratezza.
La metodologia viene applicata a tre operatori idroelettrici nel sistema del Lago di Como,
situato nelle Alpi Italiane, un’area in cui il riscaldamento globale ha causato un aumento
delle temperature più che doppio rispetto alla media globale. Per ciascun operatore è stato
progettato un indice multivariato che combina informazioni idrologiche e di mercato, che
viene poi utilizzato sia in un contratto standard che in un contratto collar. I risultati
ottenuti mostrano che entrambi i tipi di contratto possono ridurre efficacemente la vari-
abilità dei ricavi e migliorare la soglia di ricavo minimo, tuttavia il contratto di tipo collar
è in grado di fornire prestazioni migliori a un prezzo inferiore, rappresentando quindi
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l’opzione migliore per il caso di studio. I premi contrattuali sono stati anche condizionati
dalle informazioni fornite da previsioni stagionali attualmente disponibili, ma ciò non ha
portato impatti significativi sulle prestazioni dello schema assicurativo. Tuttavia, se le
previsioni stagionali dovessero in futuro mostrare ulteriori miglioramenti in accuratezza,
l’efficacia e la fattibilità economica delle assicurazioni parametriche verrebbero messe in
discussione, rendendole potenzialmente svantaggiose per i clienti, a meno che i contratti
non vengano firmati con diversi mesi di anticipo rispetto alla loro entrata in vigore.

Parole chiave: Assicurazioni parametriche, Produzione idroelettrica, Previsioni idro-
logiche stagionali, Copertura del rischio finanziario
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1| Introduction

In July 2023 our planet had its hottest month on record and the daily global average

temperature record was broken not only on July 4th but for 29 days in a row (with the

highest peak of 17.18° C on July 6th) (C3S, 2023). The recent increase in record-breaking

catastrophic events, such as droughts, �oods, hail storms, and forest �res, has been associ-

ated with global warming (Touma et al., 2022) and is a foretaste of the challenging future

facing all us humans today. Despite the large body of scienti�c literature exploring, ana-

lyzing and understanding the problem and proposing possible mitigation and adaptation

solutions to climate change, the path is still unclear and global warming is more likely

than not to exceed 1.5°C in this century even in the most optimistic scenarios (Team and

Romero, 2023).

Climate change has already made extreme events more frequent (Pörtner et al., 2022)

and it is projected that it will also signi�cantly increase disaster damages (Field, 2012),

especially after mid-century (Pörtner et al., 2022); for example damage from river �oods

are expected to increase more than 200% with a temperature rise between 1.5°C and

2 °C (compared to pre-industrial levels) (Naumann et al., 2021), while the already high

economic impacts of droughts are expected to increase more than 7 times (Dottori et al.,

2018). This is particularly critical if we also consider that an increasing long-term trend in

weather-related losses has already been observed and is mainly attributed to changes in ex-

posed assets and population (Linnerooth-Bayer and Hochrainer-Stigler, 2015). Therefore,

in the future, the synergies between risk and exposure have the potential to represent

a fundamental threat to society. The scienti�c literature suggests that, at least until

mid-century, addressing the reduction of exposure and vulnerability could greatly reduce

climate-related risks in many sectors of society (Pörtner et al., 2022; Linnerooth-Bayer

and Hochrainer-Stigler, 2015), thanks to the implementation of e�ective risk management

solutions (Kreibich et al., 2022). However, response and adaptation to unprecedented ex-

treme events are challenging and di�culties have been observed in the increase of the

overall resilience of human communities and environmental systems to climate change

(Lin and Petersen, 2013; Edwards and Wiseman, 2011; Adger et al., 2009). Some of the

tools that could play an important role in both of these aspects are risk-sharing and
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transfer mechanisms such as risk pools, insurance and reinsurance (Field, 2012). The cli-

mate risk information generated in the insurance sector could be used to promote better

planning and decision-making by governments and public agencies and to advise private

customers and society in general about risks, in addition to urging their reduction (Sur-

minski et al., 2022). Furthermore, insurance can free up �nancial resources, enabling

more productive investments and reducing disaster-induced poverty traps (Linnerooth-

Bayer and Hochrainer-Stigler, 2015; Surminski et al., 2016). It is in this context that

index-based (or parametric) insurance was developed, to overcome limitations and pro-

vide key bene�ts over traditional loss-based insurance.

1.1. Objectives and research questions

The Mediterranean region is warming at least 20% faster than the global average (Ali

et al., 2022) and the Alpine region, in particular, will be even more a�ected by climate

change, having already warmed by 2°C (Durand et al., 2009). Warming will be especially

critical during summer and at high elevations; in addition precipitation is projected to

shift from the summer to winter months and snow cover, along with glacier coverage,

will decrease compared to the past also due to rain-on-snow events (Beniston and Sto�el,

2016; Gobiet et al., 2014; Kotlarski et al., 2023; Beniston, 2012; Fuso et al., 2021). These

factors will likely put even more stress on already contended water resources in the Alpine

and Prealpine areas (Jamey, 2022; Anghileri et al., 2011) and as a consequence many

stakeholders in the region also expect negative �nancial impacts, primarily farmers (Devot

et al., 2023; Stra�elini and Tarolli, 2023; Bocchiola, 2015) and the hydroelectric sector

(Schae�i et al., 2007; Bombelli et al., 2019). To cope with these challenges an opportunity

is represented by the recent increase in skill of seasonal and sub-seasonal forecasts that has

been observed over the last decades (Vitart, 2013), as the result of a steady accumulation of

scienti�c knowledge and technological advances in Numerical Weather Prediction (Bauer

et al., 2015). Their use in water system management has been tested in several areas,

for example to inform control schemes in order to optimally design reservoir's operations

(Giuliani et al., 2019) or to implement more e�cient emergency management (Emerton

et al., 2020; Merz et al., 2020). However, there are still important gaps in the literature

regarding the e�ective use of forecasts in integrated risk management solutions, especially

when it comes to insurance and risk hedging tools.

The objectives of this thesis are to assess the potential of �nancial risk hedging tools, in

particular index-based insurances, in the minimization of adverse economic e�ects caused

by hydrological and market variability and to explore the role of seasonal forecasts in
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changing the viability and performances of di�erent insurance schemes, which is something

that has been rarely addressed in the literature (Lyubchich et al., 2019; Kern et al., 2015;

Robertson et al., 2009; Carriquiry and Osgood, 2012). The methodology is applied to three

hydropower operators in a complex Alpine area with a highly-regulated water system: the

Lake Como basin in Northern Italy.

More speci�cally, the addressed research questions are:

1. Can index-based insurance schemes e�ectively mitigate revenue variability for hy-

dropower operators in the studied system?

2. Can contracts based on multivariate indexes bring about a signi�cant improvement

in insurance performances over simpler indexes?

3. What type of insurance would be the most attractive for hydropower operators?

4. Are current seasonal forecasts skillful enough to provide useful information on which

to design an insurance scheme?

5. What would be the e�ect of having more skillful seasonal forecasts on insurance

performance and economic viability?

1.2. Outline of the thesis

Chapter 2 introduces the context and provides a review of the state of the art of some risk

hedging tools, including index-based insurance, and current seasonal hydro-meteorological

forecasts.

Chapter 3 introduces the reader to the case study of the Lake Como basin, the hy-

dropower system characteristics and the hydrological and market data. Moreover, rela-

tionships between di�erent hydrological and meteorological variables are also explored.

Chapter 4 provides a detailed explanation of the methods used in this study. After

a broad presentation of the simulation model of the system, the reasoning behind the

multivariate index and the collar insurance is explained. Subsequently, the approaches

for the generation of the synthetic series and forecasts are presented. Finally, after pre-

senting the main performance metrics used for the assessment of seasonal forecasts, the

downscaling procedure is described, along with the method with which a multimodel fore-

cast was obtained.
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Chapter 5 illustrates the assessment of seasonal meteorological and hydrological fore-

casts and their performance for the studied system.

Chapter 6 reports the main results concerning index-based insurance, comparing dif-

ferent indexes and schemes and giving insight into the potential challenges arising from

their use in the real system.

Chapter 7 shows the e�ects of the use of seasonal forecasts on insurance design, starting

with real forecasts before considering synthetic forecasts at varied levels of skill.

Chapter 8 summarizes the main �ndings, provides recommendations based on the ob-

tained results and proposes possible future research paths.
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2.1. Climate change and hydropower

Climate change is altering the hydrological regimes in many parts of the world (Kundzewicz,

2008; Stagl et al., 2014), a�ecting di�erent socio-economic sectors. In particular, hy-

dropower generation is one of the sectors most signi�cantly a�ected, being strongly de-

pendent on the availability of water resources and stability of regimes. Many hydropower

reservoirs rely on a steady in�ow from glaciers in the summer (Schae�i et al., 2019) which

are retreating at a record pace worldwide (Orlove, 2009), in particular in the European

Alps (Sommer et al., 2020). Moreover, Alpine regions are warming faster than the global

average (Durand et al., 2009), causing an increase in the frequency of rain-on-snow events

accelerating snow-melt (Musselman et al., 2018), among other problems. The combina-

tion of these factors, alongside the expected decrease in summer precipitation in Southern

Europe and the Alps (Faggian and Giorgi, 2009; IPCC, 2021), leads to a complex and

di�cult change. It is projected that in�ow, and hence power generation, will increase in

spring (DOE, 2013; McCabe and Clark, 2005), while in summer a more varied situation is

expected (in the short term), depending on whether the hydropower reservoir is located

downstream of glaciers or not (Patro et al., 2018; Wasti et al., 2022; Vuille et al., 2018;

Zemp et al., 2006). All these factors increase uncertainty and require operational changes

and new adaptation measures in the sector.

Hydropower is of particular interest and importance for several reasons. First of all,

it provides storage and regulation of �ows which help in maintaining the availability of

water resources throughout the year with bene�ts also for other water uses and in �ood

control (Berga, 2016). Secondly, hydroelectric energy is a great contributor to the mitiga-

tion of greenhouse gases emissions from electricity generation, preventing the emission of

around 3 GT CO2 per year, or in other words about 9% of global annualCO2 emissions

(Berga, 2016), and accounting for more than 15% of total electricity production world-

wide (Ritchie and Rosado, 2020). Moreover, hydropower will also have an increasingly

important role in providing a �exible and low-carbon alternative to gas power plants, by
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serving as a necessary complement to intermittent renewable energy sources (Zhao et al.,

2023; Siemonsmeier et al., 2018; Gurung et al., 2016). In fact, thanks to its fast ramping

times, hydropower often provides the supply of energy during peak loads (Berga, 2016).

In addition, hydropower plants (pumped hydro in particular) are nowadays the only sea-

sonal energy storage option to absorb and bu�er surplus production from solar and wind

(Gurung et al., 2016), making them a particularly valuable asset in the future given the

expected high share of power production from renewables (IRENA, 2018).

Another important factor to consider in this context is the phasing-out of nuclear energy

in many countries in Europe, particularly around the Alpine region. For example, in

Switzerland a vote in 2017 established a ban to the construction of new reactors and a

slow phase out of nuclear energy in favor of renewables (BBC, 2017); in Germany, the last

active nuclear power plants were shut down in 2023 (Laura et al., 2023). Another relevant

problem is the age of currently running power plants, especially in France (Adrien, 2023).

These countries will have to �nd alternative sources to replace electricity production from

nuclear power plants and in water abundant regions, like the Alps, large scale hydropower

is an important alternative (Anghileri et al., 2018b).

Given the peculiar role that the hydropower sector is expected to play in the future

and the challenges it is a�ected by, the adaption of hydropower plants to climate change

and varying market conditions is a greatly studied topic. In general, power plants with

larger reservoirs will be in a better position in the future to cope with hydrologic regime

changes (DOE, 2013). However, also in the case of smaller reservoirs some actions are

possible, starting from the optimization of the operating policies and rule curves, in order

to increase generation and decrease spills (Haguma et al., 2017; Ehteram et al., 2022).

Another option that has been studied is the increase in storage capacity, to smooth the

greater hydrological variability, however reservoir expansion is often not easily accepted

by the local mountain communities (Maran et al., 2014). On the other hand, even though

hydropower production is expected to decrease (Maran et al., 2014), it is possible that

revenues will increase as a consequence of energy policies and market prices (Anghileri

et al., 2018a). A third option for the adaptation of hydropower to climate change that

is gaining popularity in recent years is the use of forecasts to optimize the management

of the system, often either within Model Predictive Control (MPC) schemes (Castelletti

et al., 2023) or in conjunction with Stochastic Dynamic Programming (SDP) (Giuliani

et al., 2021). The availability of skillful forecasts allow the operators to take decisions

beforehand, optimizing the available storage which is especially precious for smaller reser-

voirs. This approach has been tested both on the normal operation of hydropower plants,

as is the case for Essenfelder et al. (2020), Block (2011) and Ahmad and Hossain (2020),
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�nding that the use of forecast would bring to signi�cant bene�ts, and also on the design

of the reservoirs themselves (Bertoni et al., 2021).

2.2. Seasonal forecasts

Meteorological and hydrological forecasting models have historically either been dynam-

ical (often physically- or process-based) or data-driven. Dynamical models usually rely

on a physically-based model structure that reproduces all the main dynamical processes

of the system, by relying on a physical understanding of the underlying processes and

producing an output through Numerical Weather Prediction (NWP). Data-driven models

try to identify correlations between historic data of predictors and predictands, without

a necessary understanding of the physical relationships involved, so that given a set of

observed or estimated variables, a forecast of another variable can be made with a certain

lead time. Recently though, a third type of model has been developed and is being studied

more and more, i.e., the so calledhybrid models, combining machine learning with the

outputs of dynamical models. These hybrid models are receiving growing attention by

di�erent meteorological institutions worldwide due to their potential to enhance skill and

(once trained) reduce computation times (Slater et al., 2022). Some instances of hybrid

models improving performances compared to dynamical models are explored in Elbasheer

et al. (2023), Pakdaman et al. (2022) and Pan et al. (2022).

A second categorization of forecasting models can be made depending on their lead time

(i.e., prediction horizon): forecasts can be short-term (or short-range), medium-range,

extended-range or long-range (or seasonal). Short-range forecasts usually have lead times

between a few hours and a week, depending on the issuing organization, and they try

to provide detailed high-resolution information on multiple atmospheric and ocean vari-

ables. Medium-range forecasts instead have lead times between 7 and 15 days, they

usually have a coarser resolution than short-term forecasts and provide less accurate pre-

dictions. Extended-range forecasts include all those forecasts that have longer lead times

than medium-range but shorter than seasonal forecasts; in the case of European Centre of

Medium-range Weather Forecasts (ECMWF), extended-range forecasts have a maximum

lead time of 46 days and the predictions focus on anomalies compared to average con-

ditions rather than actual conditions of the atmosphere. The last category of forecasts,

and the one we focus on, is long-range or seasonal forecasts: these are the most coarse

in resolution but provide information on anomalies compared toclimatology (i.e., average

conditions) at longer lead times, potentially up to 13 months in advance (Owens and

Hewson, 2018) but most often up to 7 months, as for example ECMWF's SEAS5. Long-

range forecasting models are in�uenced mainly by a few large-scale climate precursors,
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like the El Niño Southern Oscillation (ENSO) (Wang et al., 2017) or the North Atlantic

Oscillation (NAO) (Hurrell et al., 2003), that a�ect hydroclimate through teleconnections

between the ocean, atmosphere and land (Yuan et al., 2015). In fact, all seasonal models

are land and sea coupled, meaning that di�erent model components representing the dy-

namics of sea variables and land and atmosphere variables interact together (Owens and

Hewson, 2018). Roy et al. (2020) explored the skill of multiple temperature and precip-

itation seasonal forecasting models worldwide and found out that long-range predictions

have a higher skill in regions around the tropics, like South East Asia, Australia and the

Amazon, while for the European and Mediterranean region performance start to degrade

already after 1 month lead time, especially for precipitation. Indeed in Europe, the e�ect

of ENSO is not particularly prominent, while NAO has a much stronger e�ect in the

region (Bierkens and Van Beek, 2009), however current models are not able to skillfully

predict NAO patterns beyond 16 days (Feng et al., 2021).

Nowadays, all major long-range forecasting models produce an ensemble forecast, which

means that the NWP is run multiple times and at each iteration either the model's initial

conditions, the parameters or the model itself is changed. This allows to have an estimate

of the uncertainty of the predictions in addition to the prediction itself, enabling users to

make better informed weather-related decisions (WMO, 2012).

2.3. Financial risk management in hydropower

Financial risk in the hydropower sector could arise by a variety of situations, the main

of which is hydrological variability and low in�ows. The �nancial impacts of a dry year

are magni�ed if the power producer is exposed also to the second most frequent type of

risk, i.e. electricity price risk. In fact, if during the same year there is a concurrence of

low in�ows and low electricity prices, the hydropower operators will face an even higher

revenue loss, assuming they are not obliged to supply a certain amount of electricity (Kern

et al., 2015). The most frequently used tools to mitigate supply or input risk (due to low

in�ows) and price risk areforwards and futures contracts on electricity prices,contingency

funds and �nancial insurance contracts.

Electricity forwards and futures represent the obligation to buy or sell a �xed amount

of electricity at a pre-speci�ed contract price at a certain time in the future, which can

range from days to years; the main di�erence between the two is that electricity futures

have more market consensus, are more transparent and are more limited in transaction

quantity (Deng and Oren, 2006).
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Contingency funds are a form of self-insurance similar to individual savings that requires

the establishment of a fund to which the account-holder contributes a certain amount ev-

ery year where positive revenues are observed, and where liquidity is withdrawn in years

with negative revenues. Contingency funds basically act as revenue bu�ers and could in

theory provide protection against any risk; however, in practice, maintaining very large

contingency funds in not always an option and for this reason they have been applied

mainly to public utilities (Ze� and Characklis, 2013).

Financial insurance is a broad umbrella of tools with which a contract buyer transfers

part of the risk to the contract seller, typically an insurance company (with a large liq-

uidity base). Two of the main advantages of insurance are that it enables productive

investment of surplus revenues and it can even incentivize risk reduction if premiums are

linked to risk-reducing actions (Linnerooth-Bayer and Hochrainer-Stigler, 2015). Among

�nancial insurance, a subcategory of particular relevance is represented by parametric or

index-based insurance.

2.4. Index-based insurance

2.4.1. General aspects

Index-based insurance is a type of insurance that relies on an index for which, above or

below a certain threshold, a payout is triggered; this renders unnecessary an assessment

of damages, making payouts more timely and predictable (Horton, 2018; Jarzabkowski

et al., 2019) and allowing faster and better recovery after extreme events. Besides this

�rst important bene�t and if the index is correctly chosen, they can greatly reduce the risk

of moral hazard, which is the behaviour for which clients intentionally increase their risk

exposure to make payouts larger or more likely. Moreover, parametric insurance contracts

could actually foster adaptation e�orts to reduce risks and losses, since the payout is linked

only to the index (Linnerooth-Bayer and Hochrainer-Stigler, 2015). This is especially true

if the use of forecasts is integrated in the insurance, since the anticipation of extreme events

provides key information to reduce vulnerability and overall disaster risk (UNDRR, 2019).

Finally, considering that this type of insurance contract is �exible by nature and can be

tailored for every speci�c situation, it can also represent a form of micro-insurance to

support the most vulnerable individuals, even in developing countries when associated to

other strategies to reduce climate risk (Linnerooth-Bayer and Hochrainer-Stigler, 2015;

Surminski et al., 2016). Nonetheless, important critical issues are also present. First of all,

there is the problem of data (and model) quality and availability (Grossi and Windeler,

2005) connected to basis risk, which is the risk that payouts are not issued when they
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are needed (and vice versa). Secondo, there is also the problem of the insured's �nancial

literacy (or rather the lack thereof) and the fact that, if not appropriately structured

and tied to speci�c national and international policies, parametric insurance may provide

little incentives to reduce risk (Surminski et al., 2016; Jarzabkowski et al., 2019; Hellmuth

et al., 2009).

2.4.2. Contract design

An index-based insurance contract requires four components:

1. An index

2. A contract length

3. A structure de�ning the magnitude of payouts and the conditions under which they

are issued

4. A contract price (or premium).

The contract is signed on the execution date, when the premium is also paid, and enters

into force from the e�ective date, while it expires at the maturity date, when payouts are

eventually issued.

Index choice

The fundamental component of parametric insurances is the index and hence it is of

paramount importance for it to respect some characteristics. First and foremost, a good

index should be highly correlated with revenues and the �nancial losses experienced by

the contract buyer. Then, other important characteristics include being measurable,

reliable, transparent and di�cult to manipulate (Foster et al., 2015). This last point in

particular is important, since an index independent from both the insurance company and

the buyer guarantees the minimization of moral hazard. For each index-based contract,

these requirements have to be balanced with each other considering available indexes.
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Payout function

(a) (b)

Figure 2.1: Two alternative parametric insurance contract types: (a) the standard index-based
insurance contract, and (b) the collar type contract. The notation in the �gure indicates the
insurance parameters: A represents the slope of the payout function and S indicates the strike
values, with two di�erent values for both A and S in the collar contract (Foster et al., 2015).

The payout depends upon the chosen index, based on at least two parameters: the slope

of the payout function and the strike (respectively A and S in Figure 2.1). The slope of

the payout function sets the rate of increase of payouts as a linear function of the index,

while the strike is the value representing the threshold above or below which a payout is

triggered. The most common method to �nd the slope of the payout function is to set it

equal to the average value of a unit of the index (Foster et al., 2015), while the choice of

the strike depends on the preferences of the insured party.

Figure 2.1 shows two of the most common types of parametric insurance: (i) standard

index-based, and (ii) collar insurance contract. For both of them, the payout is de�ned

as in Equation 2.1, but in the case of the collar insurance (Figure 2.1b) there is no

premium and what is due to be paid by the insured to the insurance company varies from

year to year, depending on the value of the index. In this way, for the collar contract,

payouts are issued in unfavourable years, while payo�s are made to the company in very

favourable years (Equation 2.2). The strength of this insurance contract is to be found in

the mitigation of both very low and very high revenues, depending on the chosen strikes,

but it only works if the contracts are stipulated over longer horizons than a single year.

payout = A1 � min(S1 � V;0) (2.1)

with A1 and S1 as the slope and strike of the payout function

payof f = A2 � max(V � S2; 0) (2.2)
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with A2 and S2 as the slope and strike of the payo� function.

A2 and A1 can be di�erent or can be the same slope, depending on the application

and the characteristics of the case study, whileS2 � S1.

Premium de�nition

The cost of an insurance contract must be at least equal to the expected indemnity (or

payout), called pure risk premium, which is then adjusted by a risk factor accounting for

the uncertainty of the estimate and to which a loading factor is added to cover admin-

istration costs (Smith and Watts, 2019). An alternative to price insurance contracts is

through the use of the Wang transform (Wang, 2002), as done by Foster et al. (2015)

and Denaro et al. (2018). The Wang transform is based upon the Probability Density

Function (PDF) of the payouts and, thanks to a parameter called the "market price of

risk", it converts the PDF to risk neutral, by assigning a higher weight to the tails of the

distribution, since large payouts happening with low frequency require larger capital re-

serves which represents an opportunity cost. The premium to be paid by the insured will

then be the expected value of the adjusted PDF of payouts, plus any additional loading,

as de�ned in the following Equations (2.3, 2.4, 2.5):

F (x) = Q � [� � 1(F (x)) + � ] (2.3)

f (x) =
dF (x)

dx
(2.4)

premium =
Z 1

�1
x � f (x)dx + L (2.5)

where: x is the payout value,F (x) is the payout distribution and F (x) is the risk adjusted

payout distribution, while � is the standard normal cumulative distribution, � represents

the market price of risk andQ can either be equal to� or be the Student-t distribution

with k degrees of freedom (Foster et al., 2015), which is better suited for limited datasets;

f (x) is the risk neutral PDF of payouts and L is the loading factor.

2.4.3. Forecast conditioned insurance

The integration of forecasts in index-based insurance is a scarcely studied application

of the increasingly available outputs of hydro-meteorological prediction models. One of
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the main issues concerning forecast use in this context is that if they are available at

the execution date, each one of the two parties should have access to it; otherwise, if

the forecast is skillful, this would result to an actuarially unsound contract, leading to

intertemporal adverse selection and ultimately to an unfair economic transfer from the

insurer to the insured (Nadolnyak and Vedenov, 2013). Hence, both the insured and

the insurance company should recognize the value of the forecast and contract premiums

should be adjusted accordingly, conditioning the value of the premium on the forecasted

probability distribution of the index or a variable connected to it. Carriquiry and Osgood

(2012) found that the introduction of a meteorological forecast in index-based insurance

schemes may be preferred in the case of farmers if the forecast allows them to increase

their pro�ts; otherwise, the presence of the forecast harms the insured, since it reduces

the insurable portion of the risk. Nadolnyak and Vedenov (2013) instead utilized ENSO

predictions in rainfall-based parametric insurances for forage farmers in the Southeast

US �nding that, if forecast information is integrated into the insurance scheme, higher

accuracy of the forecasts corresponds to a decrease in the bene�ts of the insurance for the

farmers, but no indication was given on the possibility that forecast use could make the

participation in the insurance scheme counterproductive for the buyer.
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3.1. System description

This work focuses on the Lake Como system (Figure 3.1). Lake Como is among the largest

lakes in Italy and the largest in Lombardy, having an area of 145km2 and a total volume

of 23400Mm 3, 246 Mm 3 of which are regulated due to a dam downstream of the lake

(in Olginate). The dam is operated to balance the need to provide water to downstream

users (comprised of farmers in 4 agricultural districts with a combined surface of 1400

km2 and run-of-river hydropower plants downstream of the lake) and to mitigate the

risk of �ooding on the shores of the lake, particularly in the city of Como (Galelli and

Soncini-Sessa, 2010). The lake is fed by a large network of tributaries (more than 30) that

span a catchment area of 4552km2, 90% of which is located in Italian territory while the

rest in Switzerland. The main a�uent is the Adda river, which originates in the Italian

Rhaetian Alps and Prealps and �ows for 323 km in Valtellina before reaching the lake.

Due to the favorable and highly variable orography of the catchment, between the 1940s

and 1960s, 16 alpine hydropower reservoirs were built (reported as green and red triangles

in Figure 3.1) and as a consequence today the upstream reservoirs have a combined active

capacity more than double that of the lake (around 500Mm 3). Upstream hydroelectric

reservoirs are regulated based on electricity prices in the Italian market which, historically,

have been lower in the summer and higher in the autumn and winter. This has led to

a con�ict because the highest water demand from downstream users occurs during the

period with the lowest historical prices, resulting in the lowest releases from upstream

reservoirs (Anghileri et al., 2013).

To partially solve this issue, the upstream operators had seen some forced release mecha-

nisms implemented by the authority. The volume of water to be returned downstream is

related to the veri�cation of two conditions: a level of the lake below a certain threshold

and a stored volume in the upstream reservoirs above a second threshold.
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Figure 3.1: Map of the Lake Como system with the watershed area (purple) and the down-
stream agricultural districts (green). Triangles denote hydropower reservoirs and the red ones
are the three reservoirs considered in the study.

The in�ow into the lake is mainly driven by the large accumulation of snow in the alpine

region upstream during winter (Figures 3.2 and 3.3); in fact, the snow begins to melt in

April until at least the end of June, which corresponds to the period in which the storage

in the lake increases greatly. However, precipitation also has a signi�cant impact on the

hydrology of the lake, contributing to in�ow during the summer and fall months. For

these reasons, during the hydrological year, two in�ow peaks can be identi�ed (Figure

3.4). Figures 3.2 and 3.3 also show the large e�ect that upstream reservoirs have on the

patterns of the system: during late spring and early summer reservoirs start to �ll due to

the melting of snow, which continues throughout the summer (owing to the high altitudes

of some parts of the reservoir's catchment) while, likewise the lake, precipitation drives

in�ow in late summer and autumn. Concerning the releases from the reservoirs, it is clear

how the operators tend to store the large spring in�ows to release them in mid-summer

and especially in autumn and winter (along with the fall's in�ow) to reach the next spring

with almost no stored volume. This, in addition to the fact that the in�ow and storage of

the lake in late summer are not enough to meet the water demands of downstream users,

puts a lot of pressure on farmers whose water de�cit could be mitigated by larger releases

from upstream reservoirs; hence the need for forced release rules, which will become even

more important in the future given that climate change is expected to worsen this problem
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(Anghileri et al., 2011).

Figure 3.2: Main hydrological components of the in�ow for the Lake Como basin over the
period 2006-2020.

Figure 3.3: Aggregated dynamics of the upstream reservoirs over the period 2006-2020.

It is interesting to analyze the spike in releases between July and August and the subse-
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quent fall in releases around mid-August (Figure 3.3); in addition to the higher electricity

demand due to air conditioning and the subsequent lower prices caused by the holiday

period, this behavior could also be due to the fact that the reservoirs are beginning to

approach full capacity around the same period or also to the fear of operators of activat-

ing the forced release rules unless they start releasing part of the accumulated spring and

summer in�ow.

Figure 3.4: Annual in�ow to Lake Como (2006-2020).

The reservoirs considered in this study are Frera, operated by Edison, Alpe Gera/Campo

Moro, operated by ENEL, and San Giacomo/Cancano, operated by A2A (Figure 3.1).

For simplicity and data constraints, a single power plant was considered for each operator,

despite the fact that each reservoir is connected to at least two downstream power plants.

Premadio's power plant was considered for A2A, Lanzada for ENEL and Ganda for Edison.

These three companies together, with the addition of Edipower, operate a total of 41

hydroelectric plants fed by 16 reservoirs, with a total capacity of 2174 MW, and account for

13% of the national hydroelectric energy generation. Thus, the three considered reservoirs

and power plants are only a portion of a much bigger portfolio.

3.2. Data

Hydrologic, operational and market data

The hydrologic data (precipitation and snow height) of the closest measurement stations

from each reservoirs were downloaded from the website of the regional environmental

protection authority (ARPA Lombardia), as well as data concerning the Snow-Water

Equivalent (SWE) and the average precipitation on the whole Lake Como catchment.

The fact that di�erent stations and di�erent sensors in the same station were activated

in di�erent times made it necessary to identify a common period on which to perform the
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analysis (Figure 3.5).

Data regarding storage, releases and in�ow to Lake Como were obtained with the collab-

oration of Consorzio dell'Adda and the lake operator and represent the longest dataset,

since the timeseries begins in 1946, while the water demand downstream of the lake,

assumed cyclostationary with a period of 365 days, had been estimated combining the

declarations in the farmer's abstraction licences and the historical diverted �ows series

(Anghileri et al., 2011).

The three hydropower companies (A2A, ENEL and Edison) and Terna (the grid operator

for electric energy transmission) supplied data concerning the operations of the upstream

reservoirs (in�ow, storage, releases and power plant parameters) and the hourly electricity

prices for the Northern Italian market (whose management changed in 2004). For 2 out

of 3 reservoirs data before 2006 were available (Figure 3.5), however the fact that the

electricity market is at its current state only since 2004 and the lack of data previous to

2006 for Edison brought to the choice of considering always 2006 as the starting year for

the analyses when the reservoirs were involved.

Hydro-meteorological forecasts

Seasonal (re-)forecasts (meteorological and hydrological) were downloaded from the Coper-

nicus Climate Change Service portal (Climate Data Store). The maximum lead time of

all forecasts is 6 months. In order to have a complete series of forecasts spanning the

whole year without overlaps, only the seasonal forecasts with lead time from 1 month to 6

months produced in April and October were used. In this way the forecasts produced in

April provided a precipitation and stream�ow forecast until the end of September while

those produced in October covered the period until the end of March. The size of the grid

of the seasonal meteorological forecast is 111 km by 111 km (so a single cell included the

catchments of all three reservoirs) while that of hydrological forecasts is 5 km by 5 km.

The meteorological forecasts used come from several meteorological centres (ECMWF,

NCEP, ECCC, JMA, UKMO, MeteoFrance, DWD and CMCC), while the hydrological

reforecasts come from the European Flood Awareness System (EFAS), part of the Coper-

nicus Emergency Management Service (CEMS). EFAS and meteorologic reforecasts are

initialised on the �rst of each month, have a daily time step and a maximum lead time

of 7 months in EFAS's case and 6 months in the case of meteorological forecasts. The

meteorological forcing of EFAS are seasonal reforecasts from ECMWF and consists of 25

ensemble members up until December 2016, and 51 members from 2017. The number of
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ensemble members for meteorological forecasts instead varies from center to center, rang-

ing from 10 (ECCC and JMA) to 51 (ECMWF), while re-forecast availability is shown in

Figure 3.5.

Figure 3.5: Time coverage of all used data.

3.3. Electricity prices

Average yearly electricity prices dynamics in the Norther Italian market are shown in Fig-

ure 3.6: prices are the highest in winter (between November and February) and especially

in the evening hours, due to the use of arti�cial lighting and heating, while they are at

their lowest between April and July, when not much lighting is needed as well as heating

or cooling. On the other hand in the summer months electricity prices reach higher val-

ues, on a par with Autumn, mainly due to air conditioning, except for a period between

August and September when many industries are closed and people are not at home.

This decrease in electricity prices has consequences on hydropower plant releases (Figure

3.3) and coincides with the period in which releases decrease until they reach their more

stable value in the fall. This stability is also visible in the standard deviation of prices,

in fact between September and January it is fairly low, while is highest in June and July

(probably due to the particular meteorology of any given year in addition to renewables

availability). Figure 3.6 suggests that for hydroelectric operators it is critical to avoid the

activation of forced releases in the month of August, which could partially explains the

high historical releases in the previous months, while economic damages would be much

lower if forced release rules were veri�ed in September, which historically also corresponds

with the most critical month in terms of irrigation de�cit (Figure 3.4).
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Figure 3.6: Electricity prices in the Italian market, hourly and daily mean and standard
deviation, with moving average on the period 2006-2020.

The years after 2020 were not considered in the previous analysis, despite the availability

of data. Due to external circumstances linked to global economic trends (i.e. COVID-19

pandemic and war in Ukraine), the dynamics of electricity prices after 2020 are completely

di�erent compared to the historical trend, reaching values between 3 and 6 times the prices

of previous years (Figure 3.7). For this reason, a choice needs to be made on whether to

consider 2021 and 2022 or not. In this work they were considered since, given the aim of

the study, they provide more information on the possible variability of electricity prices

and hydropower revenues, which is considered desirable. Moreover 2021 and especially

2022 correspond to years of drought, as visible in the storage dynamics in Figure 3.8, and

hence their inclusion is useful in order to understand the balance and the relationship

between in�ow, electricity prices and revenues.
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Figure 3.7: Dynamics of the mean daily electricity prices for the the period 2006-2022.

Figure 3.8: Dynamics of storage and in�ow drivers for the three reservoirs for the period 2006-
2022.

3.4. Hydro-meteorological variables correlation

We performed a series of correlation analyses to assess the possibility of predicting the

in�ow to the reservoirs from hydro-meteorologic variables without the need for an hydro-
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