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EXECUTIVE SUMMARY 

 

The European project H2020 GIFT (Geographical Islands FlexibiliTy) coordinated by INEA aims to 

decarbonise the energy mix of European islands by developing and installing innovative systems that 

significantly increase the penetration of variable renewable energy (VRE) source into the islands’ energy 

mix. The first step is to develop and demonstrate solutions in two pilot islands, Hinnøya in Norway and 

Procida in Italy, with totally different but complementary contexts, while studying the replicability of 

solutions in other islands. This document is the preliminary GIFT deliverable 2.4 “Technological scenarios 

and recommendations”. It aims to provide a preliminary model of the energy system of Hinnøya and 

Procida that developed using the TIMES modelling environment and alternative technical and policy 

scenarios tailored in order to analyse the future development of the energy system of the aforementioned 

islands. It takes into account different technical and/or regulatory scenarios including, among others, the 

environmental and energy implications of active and new energy and climate policies but also possible 

technological developments. The analysis of these scenarios would deliver alternative technical and 

regulatory long-term decarbonisation strategies.  

The intermittency of VRE sources in the electricity system imposes a major challenge on the transmission 

and distribution grid stability. The need to balance the power surplus and deficit at any instant calls for a 

major transformation in the traditional electricity network and energy system at large. For smooth 

integration of VRE sources, the electric system required to be flexible and resilient, i.e. being able to reliably 

respond to changes in demand or uncertainties at reasonable costs. The flexibility of an electricity system 

strongly depends on the production mix that constitutes it, that must include base capacities and 

operational reserves. It is then important to choose the best production mix that guarantees the 

satisfaction of the demand at all times. To this end, long-term modelling can be used as support 

methodology. Indeed this methodology allows to determine the optimal types of technologies to use and 

their capacity, where and when to install or remove them considering technological, environmental, 

political and social constraints.  

Thus, this work should allow us to give indications and recommendations on the sustainability and 

relevance of the proposed solutions in relation to the project objectives. The integration of more accurate 

data in the model as the project progresses will enable us to achieve more realistic possible evolutions of 

the Hinnøya and Procida energy systems. The results should allow the evaluation of technical and 

regulatory choices in the long term, in order to help decision-makers in the implementation of their energy 

planning. This report brings into context the issues surrounding the flexibility of systems in island territories 

and the tools developed. 
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1. INTRODUCTION 

Electricity is a fundamental and essential high-quality energy commodity that could and being used in 
widespread day-to-day human activities. Its generation, transmission and distribution, and 
application are thus an important pillar of the energy system especially in developed countries. This 
includes the whole supply chain of resource extraction, energy conversion, and final energy delivery 
to end users.  

Historically, electricity production has always been based on fossil fuels such as fuel oil, gas, coal and 
nuclear energy. However, most of these conventional methods of electricity production are major 
sources of GHG emissions that have strong global warming and air pollution environmental impacts. 
Also, fossil fuels are limited resources. To abate GHG emissions and ensure energy supply security, 
renewable energy sources (RES) have therefore become a viable alternative and are taking an 
increasingly prominent place in the global energy mix to satisfy the increasing global and regional 
electricity demand with a limited environmental impact (IEA and OCDE, 2018).  

However, the intermittent nature of these renewable energies combined with increasing demand 
requires grid operators to make an important and challenging operational and investment choices. 
Thus, in addition to the profitability and reliability of the system, they must also account for non-
techno-economic issues such as environmental, social, and political constraints.  

In the light of the opportunities and challenges of alternative energy sources, energy planning 
therefore plays a central role in providing a least-cost, environmental friendly, and sustainable energy 
service to the society (Stoll and Garver, 1989). This is traditionally divided into a time dimension with 
short-term planning that corresponds to the satisfaction of daily demand, and long-term planning 
that focuses on the installation of new capacities or the implementation of new technologies while 
minimizing the cost of the system. Indeed, the central idea is to determine the optimal energy 
production mix in order to satisfy the future demand while considering the technological 
developments and environmental, political and social constraints. In general, long-term energy 
planning aims to answer the following four main questions (Stoll and Garver, 1989):  

• What type of energy technologies to choose?  

• How much capacity should be installed?  

• When should new capacities be installed and scrapped?  

• Where to install new capacities?  

The work we propose here is a model-based study that simulate and optimise the long-term 
development of the electrical system in order to advice policy makers and authorities to make a 
knowledge based decisions in the implementation of their energy planning. This is part of the 
European project H2020 GIFT (Geographical Islands FlexibiliTy)1 coordinated by INEA2. The project 
aims to decarbonize the energy mix of European islands by developing and installing innovative 
systems that significantly increase the share of renewable energy sources in the islands’ energy mix.  

During the first four years, the aim is to develop and demonstrate solutions in two pilot islands, 
Hinnøya in Norway and Procida in Italy, while studying the replicability of the solutions in other 
islands.  

                                                           
1 https://www.gift-h2020.eu/  

2 Innovation and Networks Executive Agency https://ec.europa.eu/inea/  

https://www.gift-h2020.eu/
https://www.gift-h2020.eu/
https://www.gift-h2020.eu/
https://www.gift-h2020.eu/
https://www.gift-h2020.eu/
https://ec.europa.eu/inea/
https://ec.europa.eu/inea/
https://ec.europa.eu/inea/
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Thus the main objectives of the project are as follows:  

• To increase the share of domestic renewable energy sources in the energy mix of the 

respective island.  

• To increase the visibility of the electricity network for a better load management.  

• To explore potential synergies between electricity, heating and cooling, and transport 

sectors. 

• To significantly reduce the use of fossil fuels and GHG emissions. 

• To explore the sustainability of the deployed solutions and their replicability on other islands. 

Several of the islands in Europe are rich in renewable energy sources, but due to technical, economic, 
and political issues only limited potential has been explored or harnessed in few islands. In fact, the 
islands’ energy service structure is a bit different from that of the main land energy service structure 
and so is the energy system study. It needs to capture the future infrastructure developments, island 
specific energy policy issues, and spatial mapping of energy demand and energy sources 
(Guerassimoff et al., 2008). The penetration of renewable energies into the energy mix at island level 
cannot therefore be explored without developing island specific energy system models (Krakowski, 
2016). This is because integration of VREs needs the deployment of relocation technologies such as 
storage, heat pumps, and fuel cells especially if there are no interconnections with the mainland. The 
lack of a lack of road infrastructure in some cases might increase the upfront investment costs of 
alternative energy sources. Thus, although in many cases renewables are more profitable than 
conventional electricity production (KayserBril et al., 2008), the implementation of renewable 
solutions for energy production is a complex problem at large.  

Consequently, importing and attempting to adapt proven technologies on the mainland does not 
seem to be a viable solution for the island case instead it is a question of setting up new alternative 
systems design suitable for islands. Thus, the choice of pilot islands with totally different but 
complementary contexts should allow the development of replicable and adaptable solutions for 
other islands in the future.  

We propose here to model the energy system of the two islands using the TIMES model. The aim is to 
analyse alternative least-cost and least-polluting energy supply scenarios that consider the 
technological development and energy and climate implications of active and new policy instruments 
in a longer time frame. The analysis of these scenarios should make it possible to discuss technical 
and regulatory choices by analysing their impact on the system in the long-term. Thus, this work 
would deliver useful information and indicators as to the sustainability and relevance of the proposed 
alternative solutions in relation to the project’s objectives.  

 

2. SYSTEM FLEXIBILITY & IMPACT OF RENEWABLES 

2.1. FLEXIBILITY OF A POWER SYSTEM 

Grid stability is key for the proper functioning of the electrical energy system at any instant, and 
there must be a balance between production and consumption at all times in the grid that maintains 
the voltage and frequency within the limit. This therefore implies the implementation of a robust and 
dynamic power system network capable of interacting with the whole energy system.  

A reliable electricity system requires a production mix capable of responding to constant variations in 
demand and to provide an operational reserve in cases of unforeseen extreme weather events, 
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scheduled maintenance periods, system outage, and unforeseen peak electric demand periods. Thus, 
in addition to being able to satisfy the predicted demand, it is required to have additional reserve 
capacity in all kinds of contingencies.  

This balance between supply and demand at all times is crucial since a small failure can totally 
unbalance the system, particularly the frequency adjustment closely linked to consumption and 
production (Krakowski, 2016).  

The majority of European countries aim to provide electricity with low carbon intensity sources, and 
this could be achieved mainly through three main channels (Denholm and Hand, 2011):  

• Nuclear production. 

• Production from fossil fuels but with carbon capture and storage (CCS) systems. 

• Production from renewable energy sources. 

But any of the states have opted for the integration of renewable energies, which are expected to 
play a major role by 2050 (IEA and OCDE, 2018).  

Renewable energy sources are mainly classified as dispatchable (such as reservoir hydro, geothermal, 
and biomass-based combined heat and power  (CHP) plants) and non-dispatchable or use it or lose it 
energy sources (such as wind, solar, and run-of-the river (ROR) hydro power plants). These are 
characterized by the notion of variability in their production patterns, lack of load following 
capability, and present their own technological difficulties (Kondziella and Bruckner, 2016):  

• Production is variable since it is determined by weather conditions and rarely correlated with 

consumption  

• It is uncertain and difficult to predict (the forecast error making it difficult to schedule reserve 

capacity in a day-ahead electricity market).  

• It is a decentralized energy source with multiple small and modular installations.  

As the penetration of VREs into the traditional electricity system grows, the need for supply- and 
demand side flexibility in the power grid and energy system at large becomes inevitable. In Huber et 
al., 2014, it was showed that a 30% market penetration of VREs (wind and solar) would jeopardise 
the reliability of the grid system.  

System flexibility, in electrical energy system context, can be described as the ability of an electrical 
system, including generators, to sufficiently respond to changes in production and/or demand 
without jeopardising the grid stability (Cochran et al., 2014). There is an interest to share the burden 
of the grid flexibility with the whole energy system and explore potential synergy effects across 
energy subsectors.  

Thus, energy systems have a natural need for flexibility to meet changing demand over time and to 
equalize supply and demand. Traditionally, flexibility on the grid originates from the production side 
by ramping up and down conventional dispatchable power plants in line with fluctuations in demand. 
This is referred to as supply-side adjustment. Hourly flexibility is achieved by varying the generated 
power and calling additional power plants if necessary. Nevertheless, to provide auxiliary services 
and/or play a primary and secondary reserve role, storage technologies are the most suitable 
technologies.  
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2.2. THE IMPACTS OF RENEWABLES ON FLEXIBILITY   

In a power system with high share of VREs, the most relevant parameter to look into is the net power 
demand, i.e. the difference between the power demand and the renewable production. As VREs are 
a use it or lose it energy sources, the net power demand would be covered by dispatchable or load 
following power plants including reservoir hydropower plants (Denholm and Hand, 2011).  

The flexibility of the system is closely linked to the capacity of the base power plants and those 
constituting the operational reserve to increase or decrease their production in line with the net 
power demand (ibid.).  

However, traditional electrical systems were not initially designed to accommodate VREs and are 
essentially composed of base power plants capable of high production at low marginal cost. 
Nevertheless, with high number of start-and-stop cycles, production gradients, and high thermal 
stress the traditional base power plants are unsuitable for a system with high share of VREs (IRENA, 
2018).  

The increased cost competitiveness of VREs due to technological advancement, economies of scale, 
and various incentives to promote renewable energy production has contributed to the modest share 
of VREs in most advanced energy systems in Europe. Nevertheless, in a deregulated electricity market 
such as Nordpool, the risk of overproduction is increased during periods of high VREs production if 
the thermal power plants are not able to drastically reduce their production, sometimes leading to 
low or even negative prices on the market to restore balance. The presence of negative prices on the 
market is then a good indicator of a system's lack of flexibility (IRENA, 2018).  

Thus, the flexibility of an electricity system depends strongly on its technology mix, a system 
essentially composed of reservoir hydropower and gas turbine will be more flexible than a system 
composed of nuclear or coal-fired power plants.  

In addition, this variation between production and consumption threatens the reliability of the 
system and its inertia or its ability to regain its voltage and frequency stability shortly after 
disturbance. Thus, the lower the inertia of the system, the faster the frequency change and the more 
difficult it is to maintain its reliability.  

It is of relevance to look at the impact of the introduction of renewables in the electricity system in a 
chronological way (Alizadeh et al., 2016): (1) in the short term, it implies an increase in the need for 
load following production units, an increase in the need for reserve capacity, and limit the 
penetration of VREs so as to avoid wind turbine curtailment, (2) In the medium term, since thermal 
production units are required to regularly vary their production or even have to be restarted, their 
components are degraded more quickly and this leads to higher operating and maintenance costs in 
parallel with lower incomes when they are not scheduled for production and (3) In the long term, 
investments may focus mainly on low-emission technologies (nuclear, geothermal) or carbon capture 
and storage systems that have limited flexibility and will therefore reduce the overall flexibility of the 
system. This is reinforced by the introduction of renewables, which are also encouraged to limit 
emissions and on which investments are also made. Thus these units, which are not very flexible in 
base, could only rarely be called and therefore often switched off, limiting the return on investment. 
Thus, units with better response times should develop in base but with higher marginal costs.  

It is fairly reasonable to assume an electric energy system as a flexible system if it does satisfy the 
following points (Cochran et al., 2014):  

• Maintaining the supply-demand balance.  

• Meet peak demand and net power demand.  
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• Ensure the availability of units with production gradients capable of responding to the 

variability of renewables  

• Have storage capacity to allow balancing (Mohler and Sowder, 2014).  

• Be able to adjust demand (Demand Side Management) (Lund et al., 2015).  

• To have efficient auxiliary services (reserve capacity, erasure capacity, etc.) (Lund et al., 
2015). 

• Operate in a market that allows flexibility (Lund et al., 2015).  

Thus, there is a wide variety of solutions to meet the challenge of integrating renewables. The 
optimal choice of these solutions must be made considering the associated costs and the 
characteristics of the network on which they are to be integrated (Kondziella and Bruckner, 2016). In 
addition, in the case of islands, electricity systems face different and more complex constraints than 
traditional systems when it comes to integrating intermittent renewable energies (Drouineau, 2012; 
Tsuchida, 2014).  

 

2.3. POTENTIAL SOURCES OF FLEXIBILITY  

There are several well-proven supply and demand side flexibility measures that can be used to introduce  a 
better flexibility into the traditional energy system:(1) institutional changes (policies), (2) the adaptation of 
operational methods and of the production mix (Adaptation to demand), and (3) storage, demand 
management, the introduction of a more flexible generation system, as well as many other mechanisms 
suitable to each situation are some to mention. In this section we further elaborate and present some of 
the aforementioned solutions. 

2.3.1. Demand Side Management  

Demand side management is one of the central methods used to improve the flexibility of the electrical 
system. It consists of using different techniques in order to influence the final electricity consumption 
according to the grid’s characteristics. Load levelling, valley filling, and load shifting are some of the 
demand management mechanisms. 

Load levelling is one of the main methods used as it can reduce the peak of electricity consumption. It 
requires imposing time-of-use rates, to offer interruptibility contracts to potential users, such as 
manufacturers, or to put into place programs for the removal of energy-consuming devices. On the other 
hand, when demand is low, it is possible to increase the consumption via valley filling or fill-in-times. Thus, 
it is possible to increase the consumption using the charging of electrical vehicles, for instance (Chen et al., 
2014). It is also possible to shift the demand, such as shifting part of the peak-period demand towards off-
peak periods through tariff incentives (Sinha and De, 2016). The core objective is to flatten the diurnal 
electricity demand curve and avoid strong hourly load variations, i.e. peak and off-peak. 

2.3.2. Supply side flexibility sources 

Flexible power plants are characterized by their ability to follow the load and quickly ramp up and down 
their production within a short time, and by their capacity to keep a very low minimum level of production. 
Some of these characteristics are specific to certain means of productions, while others can be obtained 
through the conception choices or the operational management of a unit. In most cases gas turbines, 
reservoir hydropower plants, and pumped storage power plants are considered as flexible power 
production units capable of flowing the net electricity demand. 
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Therefore, flexibility in the production mix can be adopted either through the installation of new capacities 
or the adaptation of existing ones. 

2.3.3. Storage  

Storage technologies include several different solutions, such as electrochemical batteries, flywheels or 
compressed air energy storage tanks. These techniques are interesting as they can capture and discharge 
electricity on the grid on request. Moreover, they can adapt to the variations in demand as they can quickly 
charge or discharge electricity, thus regulating the frequency on the grid (Kondoh et al., 2000). Even if these 
storage technologies are used in electric systems, they have not yet reached their potential (Mohler and 
Sowder, 2014), and their use in systems such as microgrids is essential to ensure the systems’ durability 
(Gao, 2015). 

  

Figure 1. Electricity storage means according to discharge time and power types (ENEA Consulting, 2012)  
(reproduction by the author)  

 

2.3.4. Flexibility of the electricity market  

The structure of the electricity market can have an impact on the flexibility of the system (Lund et al., 
2015). As wind and solar energy have a marginal cost close to zero, the price of electricity on the market 
could reach as low as zero or even negative when there is excess production. In a competitive and perfect 
electricity market, low electricity prices mean low revenue to VRE produces and less costs to consumers. In 
such instances, the revenue is not big enough to cover the investments costs of the VREs and hence a 
longer payback period. Thus, this phenomenon has triggered the introduction of capacity markets in many 
places across the world (Griffes, 2014). Besides, one may wonder if the market provides enough incentives 
on flexibility to producers. In other words, on may wonder if producers are being encouraged enough to 
vary their production in order to contribute to grid management. 

 

3. PROPOSED SOLUTIONS IN GIFT PROJECT 
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3.1. SOFTWARE SOLUTIONS 

3.1.1. Grid observability 

Increasing grid observability is one of the proposed solutions in the GIFT project. It could be 
implemented through algorithms and software based on IoT (Internet of Things) technologies, smart 
meter data, and existing historic data to build an empirical model of the distribution network. The 
model will then be used, among other things, to:  

• Provide the state of the grid (state of active and reactive power, voltage and frequency) for 

each node. 

• Provide a status forecast (load and voltage) for each node in real time or for the next day 
based on consumption and production forecasts.  

• Predict the impact of new distributed energy resources (DER) and make recommendations 

for location optimization and/or network reinforcement.  

The solution replaces the theoretical model with an empirical one. Instead of collecting unreliable 
and/or theoretical information on the network architecture, the model is built on real-time smart 
meter data. The building of the model goes through a stage of “training” of the distribution grid, 
drawn by machine learning algorithms. This stage is based on the charge and tension curves which 
have been collected by smart meters during a given period (generally one month). Other external 
data, such a meteorological data (temperature, hours of sunlight, etc.), can also be used in order to 
improve accuracy. Once the training stage is over, the model can be used to predict the impact on 
the network of any load or change in production. Since the model is built directly from field 
measurements, it recreates the real behaviour of the network. The predictions obtained are 
therefore much more accurate than those obtained by conventional methods.  

3.1.2. Prevision and visualization of electricity demand and supply  

The modelling of the energy supply, and the forecast of energy demand through physical approaches of 
machine learning and hybrids, will support decision-makers for the choice of energy mix and will allow the 
integration of wider renewables energies in the grid. This solution is being developed jointly by RDN3 and 
NTNU4. 

3.1.3. VPS  

Developed by the INEA, VPS is a decentralized automatic Demand Response exchange platform, 
linking Demand Response suppliers (consumers, producers, and prosumers), intermediaries 
(aggregators, Virtual Power Plant) and users (network balancing manager, transmission and 
distribution system operator).   

The basic functionality of VPS is the actual negotiation of energy flexibilities, described in time, 
energy and price, as well as several other technical and economic parameters. This allows the 
technical and economic optimization of the entire electrical system. The technology fully supports 
the cellular approach and places the role of the prosumer at the centre of the system. The trading 
algorithms integrated in the VPS allow the generalization of any producer or consumer, making it the 
ideal choice for holistic energy management at all levels. The VPS platform can be cloud-based or 
installed on site.  

                                                           
3 http://www.rdnester.com/  

4 https://www.ntnu.edu/    

http://www.rdnester.com/
http://www.rdnester.com/
http://www.rdnester.com/
https://www.ntnu.edu/
https://www.ntnu.edu/
https://www.ntnu.edu/
https://hafenstrom.com/
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Flex Agent is a way to ensure common communication protocols, as well as a set of tools for the extraction, 
negotiation and execution of flexibilities. The use of Flex Agents will allow the generalization of every 
solution so that their flexible energy can be exchanged on the VPS platforms. Flew Agent grants a 
widespread adoption as many existing technologies can be reused without the costly installation or 
replacement of existing systems. 

3.1.4. Energy management system at harbour 

The energy management system at ports and on-board battery capacity of electric ferry/ships could 
potentially be used as a flexibility source. In Norway, some electric ferries are already operational. It would 
therefore be interesting to use the storage capacity of these vessels as a flexibility source when they are 
stationed in ports. To that end, HAFEN7 has developed a smart charging solution on ports. 

3.1.5. Electric vehicles and charging stations 

In the project it is of interest to develop and test an electric vehicle charging system capable of 
exploiting the flexibility of the charge for different energy management purposes. The basic 
component of the system is one or more charging stations (clusters) installed in the low voltage grid 
of the final electricity customer (household, residential or commercial building, or industry).  

The approach consists of the "EV+Recharging Station" couple as a Distributed Energy Network (DER) 
offering local flexibility (storage will be provided and bi-directional charging will be studied and 
simulated). This DER can contribute to the regulation of voltage, frequency and power demand.  

3.2. TECHNICAL SOLUTIONS  

3.2.1. Smart Energy Hub  

The solution found by Sylfen5 is based on a hybridisation between Lithium-ion batteries, which 
provide high reactivity and power, and hydrogen fuel cells, which complete the offer with their high 
storage capacity and heat production.  

The two technologies are assembled in fully integrated energy storage and cogeneration system, the 
Smart Energy Hub, based on rSOC (Solid-Oxide Cells reversible) technology. This technology, 
developed in partnership with the CEA, allows decentralized energy production and management. 
The hybrid storage would substantially alleviate the challenges associated with VRE integration and 
balance the net power demand in the grid by providing high-capacity local storage in the form of 
hydrogen. The rSOC technology operates both as a solid oxide electrolyser to convert and store 
electricity in the form of hydrogen (AFHYPAC, 2017) and as a solid oxide fuel cell to produce 
electricity and heat from hydrogen or methane.  

 
                                                           
5 http://sylfen.com/fr/accueil/ 
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Figure 2. Characteristics of the solution to which a maintenance cost of 3% of the global system is added to the 
annual investment 

 

3.2.2. The hydrogen bromide (Hbr) storage system 

The Hbr storage system is a flow battery solution. The system uses a simple chemical (48% by weight 
of HBr (hydrogen bromide)) as the active ingredient. In this flow battery, storage costs per unit of 
electricity are 95% lower than those of lithium batteries, i.e. 8€/kWh instead of 160€/kWh. This 
technology is particularly well suited for large-scale, non-automotive and long-term electricity 
storage. As opposed to a closed battery, a flow battery parts are easily accessible and suitable for 
maintenance and upgrading such as the circulation pump, valves, electrochemical cells, and its 
control system. It is also modular in capacity suitable for upgrading and better use of economies of 
scale and hence, a reduced levelised cost of energy. 

 

Figure 3. HBr storage solution 

 

4. THE NORWEGIAN ELECTRICAL SYSTEM 

4.1. ENERGY PRODUCTION AND CONSUMPTION 

4.1.1. Electricity production  

The Norwegian electricity production mix is dominated by renewable energy sources with more than 95% 
originating from hydropower alone, and it is the largest share in continent Europe.  

The installed total capacity is 33.8 GW with a total electricity production of 143.9 TWh (IEA, 2019). 
Hydroelectric power accounts for a large part of the total annual production with more than 1,660 
hydroelectric power plants installed and a 96% share of installed capacity (IEA, 2019). Thus, production is 
largely determined by water flows and installed capacity.  

The seasonal and yearly variation of water inflows is very significant. The inflow is not in phase with the 
power demand in Norway with the inflow being high during summer and low during winter while the 
power demand is peak during most of the winter periods. The large reservoir hydropower plants, however, 
with a total storage capacity of 86.5 TWh could provide the peak demand during winter periods, which 
corresponds to 70% of the total annual electricity demand. The storage facilities are thus a major source of 
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the flexibility in the Norwegian electrical energy system, allowing electricity to be generated even when 
precipitation and flows are low, by balancing the demand and inflows. The flexibility is achieved at several 
scales. Usually small reservoirs are used to balance load fluctuations in a short term while large reservoirs 
are used mostly for seasonal balancing following the electricity price pattern.  

The total wind power installed capacity is around 1,2 GW which accounts for approximately 3.4% of the 
total installed capacity, while thermal power plants accounts for 2.2%. Thermal power plants are mainly 
used in large industrial installations generating their own electricity (Energifaktanorge.no, 2019). 
Nevertheless, despite the high installed capacity utilisation and production in Normal precipitation years 
and/ or wet years, in dry years and/or winter periods, the available capacity represents around 80% of the 
total installed capacity and forced to import electricity to balance the deficit through the regionally 
integrated Nordpool electricity market (IEA and OECD, 2017).  

4.1.2. The consumption  

The share of electricity in the final consumption of energy in Norway (46%) as well as its per capita 
consumption of electricity (22 600 kWh) is the highest in Europe (IEA and OECD, 2017). The industrial sector 
is the largest electricity consumer (especially aluminium production), followed by the residential and 
service industry sector6. The two latter have had an increasing share in total consumption over the last few 
years. The annual peak demand is typically found during winter, especially in January with an average 
power demand of 24 GW. Electricity consumption in the transport sector is increasing due to the extended 
incentives for electric vehicles in Norway. Nevertheless, the share of electricity in transportation remains 
relatively small but expected to increase in the years to come (NVE, 2016).  

4.1.3. The electricity grid  

Since the sources of production are often located far from the sources of consumption, the grid plays a key 
role in the transmission and distribution of electricity to the various consumer groups.  

The Norwegian electricity grid is divided into three levels:  

- The high voltage main transmission network connects large producers and consumers at the 
national level and connects Norway to neighbouring countries. The voltage ranges from 300 to 420 
kV, and 132 kV in some parts of the country. Statnett is the main operator of the transmission 
network (IEA and OECD, 2017). 

- The regional transmission network links the main transmission system and the regional distribution 
system. The voltage ranges from 33 to 132 kV.  The largest consumer groups (electro-intensive or 
petroleum industries) are directly connected to the transmission grid. 

- The regional distribution network operates at the local level by municipalities and counties and 
supply low voltage electricity to various small consumer groups such as residential customers. The 
voltage is up to 22 kV. Small producers are usually connected to the regional distribution grid.  

Norway is planning to upgrade the existing 6.3 GW its interconnection capacity with continent Europe to 
9.1 GW by 2021.  

 

4.2. THE NORDPOOL ELECTRICITY MARKET  

Norway introduced a deregulated electricity market in 1991.   

4.2.1. Trading markets  

                                                           
6 https://www.nve.no/energy-consumption-and-efficiency/energy-consumption-in-norway/electricity-consumption-
in-norway-towards-2030/gross-electricity-consumption/ 

https://www.nve.no/energy-consumption-and-efficiency/energy-consumption-in-norway/electricity-consumption-in-norway-towards-2030/gross-electricity-consumption/
https://www.nve.no/energy-consumption-and-efficiency/energy-consumption-in-norway/electricity-consumption-in-norway-towards-2030/gross-electricity-consumption/
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Currently more than 90% of electricity trade is through NordPool electricity market. It is one of the largest 
electricity markets in Europe that comprises of Norway, Sweden, Finland, Denmark, Estonia, Lithuania and 
Latvia. For an optimal running of the market, the regulatory frameworks are harmonised between the 
different countries.  

The NordPool electricity market is normally divided into two physical markets:  

- Elspot: It is a day-ahead electricity market where most of the trade is taking place. Producers and 
consumers/wholesalers make offers and bids on the market specifying how much they are willing 
to supply and buy and at what cost. The TSO is therefore responsible for calculating a balance that 
sets the market price and determines the capacity required at hourly intervals for each producer 
the next day. This market is also coupled with the day-ahead markets of other European markets. 

- Elbas: It is an intra-day market used to balance production or consumption variations after the 
closure of the day-ahead market, thus maintaining the balance with continuous trading. 

Normally the Elspot and Elbas markets would allow the smooth functioning of system balance but in certain 
unforeseen events that disrupt the system balance, Statnett uses service systems and adjustment 
mechanisms to regulate consumption upwards or downwards according to its needs in order to maintain 
the reliability of the network, particularly to control the frequency.  

4.2.2. Prices on the market  

In a perfect competitive market, the market clearing equilibrium price is determined at the intersection of 
the supply and demand curves or the price that all bids and offers are completely traded. Since Norway's 
trading capacities are significant, the prices in Norway tends to be influenced by the high production costs 
of thermal-dominated market regions, i.e.  oil, coal and/or gas based power plants as much as the high 
hydropower production in Norway and Sweden tends to lower electricity prices in thereof.  

However, in addition to this pricing system used on NordPool, there are regional prices which take into 
account congestion on the network and allow for balancing between the different auction zones. Thus, 
there are 5 auction areas in Norway.  

This price gap between regions is the result of disparities between the territories' energy situations. When 
electricity has to be transmitted from one region to another, congestion may occur if there is insufficient 
grid capacity. The price is higher in areas where there is a deficit and electricity is therefore transmitted 
from low price areas to high price areas. In addition to providing a balance, these prices also indicate where 
there is a need to vary production or consumption in the short term, and where the need for new capacity 
is located in the long term.  

4.2.3. Electricity supply market  

The electricity supply market in Norway is highly competitive, and is one of the most competitive markets 
in Europe after Finland, Sweden and the United Kingdom (IEA and OECD, 2017). Indeed, the market share 
of the three largest suppliers is below 40%. There are no regulated prices for consumers except in very 
special cases. Consumers can choose different contract options either with a fixed price, variable prices or 
market prices (60% of consumers have this option).  

The price of electricity for final consumers is composed of: the price of electricity, the grid tariff, the 
electricity tax, the value added tax, as well as a payment for the Energy Fund (Enova) and electricity 
certificates.  
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Figure 4. Electricity prices for households in 2018 (ssb.no, 2019). 

 

 

Figure 5. Evolution of the electricity price for households in øre/kWh (ssb.no, 2019). 

 

4.3. THE REGULATORY FRAMWORK 

Norway is part of the European internal energy market through the European Economic Area Agreement 
(1994). Originally, European energy policy was mainly focused on creating competition in European energy 
markets. Today, notably through the Lisbon Treaty of 2009, a stronger supranational framework has been 
put into place by setting targets or guidelines on the functioning of the energy market, security of supply, 
energy efficiency or the development of renewable energies. The country is therefore strongly influenced 
by European directives on energy policy.  

4.3.1. The main actors9 

4.3.1.1. Ministry of Petroleum and Energy  

The MEP is responsible for energy policies and water resources management and must ensure that 
management in the sector is in line with the guidelines of the government and of the Storting (sole 
chamber of the Norwegian Parliament).   

                                                           
7 NOK (Norwegian krone) = 100 øre ≈ 0,10 €  
8 Since 1 January 2004, the tax on electricity consumption has been collected by the grid operator. As a result, the tax 
on electricity consumption is included in the electricity price before 2004 and in the grid tariff after that date. 
Consumption tax is not collected in Finnmark and in some municipalities in the North Troms. Nordland, Troms and 
Finnmark do not pay VAT. 
9 Information from : https://energifaktanorge.no/en/om-energisektoren/statlig-organisering/ 
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4.3.1.2. The Norwegian Water Resources and Energy Directorate 

The Directorate operates under the authority of the MEP and is responsible for the management of the 
country's energy resources. In particular, it is responsible, among other things, for issuing licenses for the 
installation of new capacities and for maintaining the safety of installations, especially dams. The 
Directorate is the national expert in hydraulic matters. 

However, its main activity is to act as the regulator of the energy sector in Norway. 

 

4.3.1.3. Statnett  

Statnett, a public company, is the Norwegian network operator. It is responsible for managing the high-
voltage transmission network (of which it owns 90%) and operating on the network from a national control 
centre and three regional control centres.  

 

4.3.1.4. Enova  

Enova is a public company which provides funds and policy advice for energy and climate projects. Its 
objective is to promote more environmentally friendly consumption and the development of clean energy 
technologies.  

There are also other actors indirectly linked to the energy sector but whose role is essential, including the 
Norwegian Research Council, which manages the energy R&D funding allocated by the ministries, the 
Ministry of Finance, which is responsible for economic policy, the Ministry of Climate and Environment, 
which is responsible for achieving the national climate objectives set by the European Union, and finally 
Statkraft SF, a public company of the Ministry of Trade, Industry and Fisheries which owns most of the 
country's hydropower plants.  

 

4.3.2. The legal framework  

The Norwegian legal energy framework aims to take into account and harmonize the interests of the 
various economic actors and environmental issues, on the one hand, and to ensure efficient resource 
management and the proper functioning of the system, on the other hand.  

4.3.2.1. Waterfall Rights Act  

To be able to produce hydroelectric power, a private agent must hold a license (except for small farms). The 
objective is to ensure that water resources are managed in the interests of the country. In practice, today 
these licenses are only issued to public entities such as public companies, municipalities or regional 
authorities, and companies’ two-thirds owned by one of the latter two entities.  

4.3.2.2. Watercourse Regulation Act  

In order to regulate flows between the various watercourses and the transfers between them for electricity 
production, a license must be obtained for run-of-river power plants generating more than 40 GWh per 
year. In addition, these licenses impose minimum and maximum water levels for tanks and may include 
obligations to sell electricity.  

4.3.2.3. Energy Act  

Norway's energy policies are mainly governed by the Energy Act (1990). Its objective is to ensure that 
energy is produced, transmitted, exchanged and used in a rational manner and for the common good. The 
Energy Act is behind the deregulation of the electricity market.  

Since the development and management of the network is a natural monopoly, it provides a legal 
framework for regulating these activities. It also regulates marketplaces and foreign trade. In addition, 
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through licensing, it allows the installation of new capacities such as wind farms and transmission lines, and 
distribution operators must also hold a license to operate within a region.  

For the electricity market, the national authority in charge of its application is the NVE.  

 

4.3.3.  Measures in favour of renewable energies & emission reduction  

By 2020, Norway aims to reduce its greenhouse gas emissions by 30% compared to 1990 levels (Norwegian 
Environment Agency et al., 2017) and by 40% by 2030. In addition, the country wishes to reach carbon 
neutrality by this date. Finally, by 2050, Norway aims to be a low-emission country with an 80-95% 
reduction compared to 1990. Report 13 (2014-2015), "New emission obligation for 2030 - a common 
solution with the EU", sets the following emission requirements:  

• Norwegian climate policy aims to contribute to reducing emissions at home and abroad, so 

that an increase in the global average temperature does not exceed 2 degrees. The objective 

is to reduce emissions by at least 40% of 1990 emissions by 2030.  

• The long-term goal is to make Norway a low-emission society by 2050.  

 

These objectives are now written into the Climate Change Act, which came into force on January 1, 2018. 
The Act aims to promote the implementation of Norway's climate change objectives as part of the 
transition to a low-emission society in 2050. The target of a 40% reduction in emissions by 2030 is also the 
target part of Norway's obligations under the Paris Agreement. Thus, the cornerstone of Norwegian 
emission reduction policies, as highlighted in (Norwegian Ministry of Climate and Environment, 2017), is 
the emission allowance trading market and taxes which between both of them cover 80% of the country's 
emissions.  

CO2 taxes were introduced in 1991 in the offshore oil and gas sector, the transport sector and the heating 
sector. In 2018, the tax is 500 NOK per ton, and the State plans to introduce by 2030 a flat-rate tax on 
emissions which are not part of the European Trading System.  

In 2005, Norway introduced a national emissions trading scheme covering 11% of national emissions. In 
2008, the country joined the European Emissions Trading Scheme, which now extends emissions coverage 
to 50%.  

In addition, Norway participates in the Clean Development Mechanism through Certified Emission 
Reduction Units. These credits or allowances are granted when emissions are reduced by one ton of CO2 
equivalent and can be bought or sold on the market.  

“Every person has the right to an environment that is conducive to health and to a natural 

environment whose productivity and diversity are maintained. Natural resources shall be 

managed on the basis of comprehensive long-term considerations which will safeguard this right 

for future generations as well. In order to safeguard their right in accordance with the foregoing 

paragraph, citizens are entitled to information on the state of the natural environment and on 

the effects of any encroachment on nature that is planned or carried out. The authorities of the 

state shall take measures for the implementation of these principles.” 

The Constitution stipulates that the authorities must implement measures to ensure that nature's 
resources are preserved overnight. He also stressed that informing citizens is important.  

 

4.3.3.1. Climate and energy planning for municipalities  

The plan "State Planning Guidelines for Climate and Energy Planning in Municipalities" of September 

4th 2009 provides the following guidance for climate planning in municipalities:  
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• All municipalities must have an energy and climate plan or an energy/climate part in their 

municipal plan.  

• The plan should include information on the municipality's greenhouse gas emissions, 

emission reduction targets and the measures for more efficient energy use and 

environmentally friendly energy conversion.  

• The plan must be launched every 4 years.    

 

4.3.3.2. Electricity certificates  

The electricity certificate system was introduced in 2012 together with Sweden. The objective is to promote 
the increase of electricity production from renewable sources.  

An electricity certificate is a label issued by the State ensuring that one MWh has been generated by a 

renewable source.  

All producers and some consumers are forced to buy certificates for a certain percentage of their 

production (or consumption). This percentage is gradually increased until 2020 before decreasing until 

2035 when the system is withdrawn. The idea is to create a demand for these certificates so that they 

acquire value (determined by the market) and renewable electricity producers receive income from these 

certificates.  

The objective is to encourage the production of renewable electricity and, in the long term, to increase its 

share in the Norwegian and Swedish mixes.  

4.3.3.3. Development of electric transport 

Norway is a world leader in electric vehicles.  Indeed, in 2016, they already represented 29% of new 
cars sold, with a market share of 6.3%, 75% of which are pure electric vehicles (different from other 
countries where hybrids are more common) (IEA and OECD, 2017)  

The progress in sales of electric vehicles in Norway is linked, on the one hand, to technological 
progress for batteries with higher storage capacities and reduced costs, and on the other hand, to 
strong political incentives.  

Indeed, the Norwegian Parliament has set a target of limiting CO2 emissions for new vehicles to an average 
of 85gCO²/km by 2020 (in comparison, Europe has a target of 95 gCO2/km by 2021), and expects new 
vehicles sold by 2025 to be only zero emissions vehicles.  

As a result, Norway has set up a system to promote electric vehicles that includes both financial and non-
financial incentives (with stronger incentives for pure electric vehicles than for hybrids, which explains their 
dominance).  

Zero emission incentives for electric vehicles still in place today include (elbil.no, 2019):  

• No registration fees (1990-)  

• No annual road tax (1996-)  

• Exemption from VAT on purchase and leasing up to 25%.  

• Introduction of charges on toll roads and ferries with an upper limit of 50% of the total 

price (2018)  

• Access to bus lanes (2005)  

• Authorization for local authorities to limit access to areas by accepting only electric 

vehicles (2016)  
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• Reduction of the tax on professional vehicles to 40% (2018)  

• Financial compensation for any change from an ICE van to a zero-emission vehicle (2018)  

• Authorization for drivers with a B license to drive electric heavy vehicles (class c1) up to 

2,450 tons (2019)  

• An upper limit of 50% of the total price for parking taxes for electric vehicles (2018 - free 

from 1999 to 2017)  

 

The Government has chosen to maintain these incentives until 2021, after when they will be revised 
to adjust to market development.  

Since charging infrastructure is a key element in the development of electric vehicles, the installation 
of the 10,000 public charging stations has received strong financial support from the government and 
municipalities. In addition, the government has put in place a program to finance the installation of at 
least two rapid charging points every 50 km on main roads.  

Thus, the idea of successive governments in Norway has been to make electric vehicles competitive 
with conventional vehicles. This has been achieved by introducing the "polluter pays" principle by 
exempting zero emission vehicles from taxes and imposing heavier charges on the most polluting 
vehicles.  

In addition, in order to alleviate congestion on the roads, Norway has also put in place programs for 
the development of public transport. There is therefore a growing phenomenon of electrification of 
bus lines, but also of public ferries, which are now required to use low-emission technologies 

 

5. THE ITALIAN ELECTRIC SYSTEM 

5.1. SUPPLY AND DEMAND  

5.1.1. Electricity generation 

The Italian electricity system is in line with the European directives to open up to competition, therefore it 
is disintegrated.  Italy has an installed capacity of 118 GW, including 40 GW of combined gas-fired 
combined cycle power, 22 GW of hydropower and 19 GW of photovoltaics, as well as 9 GW of wind power 
(Terna, 2018). 

In 2005, 83% of the Italian electricity production mix was composed of natural gas, coal and oil. However, in 
the years that followed, wind, solar, biofuels and waste took an increasingly prominent place in the mix.  

Solar energy has experienced the strongest growth thanks to lower associated costs and the will of public 
authorities (IEA and OECD, 2016). Natural gas has always played an important role in the Italian electricity 
mix, and even if its share has decreased in favour of solar and wind energy, it offers significant flexibility to 
compensate for the variability of renewables. 

The available capacity for the peak is 69 GW, which offers the country a generation surplus. Among the 
main reasons for this surplus are the decline in demand due to the decline in economic activity and the 
increase in renewable energy capacity. However, Italy is the European country with the highest imports 
share, 15% of its total consumption, due to the cost competitiveness of imported electricity compared to 
electricity sold on the national wholesale market. 

The company with the largest installed capacity is Enel (31%) producing 21% of Italian electricity, ahead of 
Eni (9.1%) and Edison (7.7%) (Montella et al., 2018). 
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5.1.2. Electricity consumption 

The industry is the largest consumer of electricity, accounting for nearly 40% of demand and just ahead of 
the service sector. The residential sector is in third place as there is a decline in demand, unlike the 
transport sector, whose share in the consumption mix is constantly increasing (IEA and OECD, 2016). 

5.1.3. The electric grid 

The Italian grid operator is Terna since 2005 and its separation from Enel in the context of the 
disintegration of the electricity market. Under its responsibility, the company has the largest high-voltage 
network in Europe with nearly 64,000 km of transmission lines.  

Terna has significantly improved the transportation network in recent years (IEA and OECD, 2016) to reduce 
the risk of congestion. Indeed, electricity prices in northern Italy have traditionally been relatively low 
compared to the South and the islands (notably Sardinia and Sicily), which created a regional disparity in 
prices. Thus, in 2014, the improvement of the North-South transmission network and interconnections with 
Sardinia led to a better alignment of prices between the different regions so that all consumers could 
benefit from the reduction in prices on the wholesale market due to the fall in the price of natural gas 
(dominant in the Italian production mix) and demand (IEA and OECD, 2016).  

The Italian distribution network is the second largest in Europe after France and is operated by nearly 139 
groups, the main one being Enel through a subsidiary, E-distribuzione, which accounts for 85% of the 
volume of energy distributed (Montella et al., 2018). 

Finally, Italy is also connected to the rest of Europe with 4 high-voltage lines connecting it to France, 12 
with Switzerland, 2 with Austria, 2 with Slovenia and underwater connections with Corsica, Greece and 
Malta. Thus, the country imports most electricity from Switzerland and France, Slovenia and Austria. 

5.2. THE ELECTRICITY MARKET 

5.2.1. Trading markets 

The Italian wholesale electricity market is divided into two main parts: 

• The Borsa dell'Energia Elettrica or Italian Power Exchange spot market which, as we have seen 

previously with Norway, consists of a day-ahead market (Mercato del giorno prima -MPG) and an 

intraday market (Mercato infragionaliero - MI). The market had 271 Zen participants in 2018 

(mercatoelettrico.org, 2019) and is managed by the market operator Gestore Mercati Energetici 

(GME, 2017). In addition, a market for system services is operated by the network operator Terna, 

which constitutes and activates balancing reserves provided by balancing actors: producers, 

consumers, other actors likely to inject or withdraw energy onto the network in order to ensure a 

balance between supply and demand at all times and to solve congestion problems on the network. 

 

• The futures market10 (Mercato elettrico a termine dell’energia elettrica – MTE) also managed by 

GME, which is increasingly successful in terms of trading volumes and offers participants the 

opportunity to hedge against price volatility (Ausubel and Cramton, 2010). 

In addition to these two major markets, producers and buyers can conclude bilateral contracts that must be 
registered on the PCE (Piattaforma conti energia). 

                                                           

10 A forward contract by which the buyer undertakes to purchase the underlying asset at the end of the contract at 

the agreed price and the seller has delivered the underlying asset or its cash equivalent under the terms of the 

contract. 
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The wholesale price is calculated for six major geographical areas and four limited production poles 
(production groups with interconnection capacity below their production capacity). These area prices are 
aggregated into a single national price per hour, which is the average price per area weighted by total 
purchases, the NUP (Prezzo Unico Nazionale). 

In addition, since 2011, Italy has coupled its day-ahead trading market with that of Slovenia in order to 
rationalize electricity exchanges between the two countries, i.e. exchanges from where prices are the 
lowest to where they are the highest, and in synchronization with the coordination of the transmission 
system operators, the respective power exchanges. Thus, in 2012, prices between the two regions 
converged 20% of the time (IEA and OECD, 2016). Since 2015, Italy has an extended market coupling with 
other neighbouring countries such as France and Austria, followed by Switzerland and Greece. 

5.2.2. Electricity supply market 

Consumers have been free since 1 July 2007 (2004 for residential names) to choose their energy supplier 
according to Italian law and under directives to open up the European Union electricity market to 
competition. However, residential and small and medium-sized enterprises may choose to remain under a 
regulated tariff regime and be supplied with electricity by the local DSO under a transitional regime, 
maggior tutela, and under certain conditions  (Stagnaro et al., 2018) : 

• The supplier is a legally separate company belonging to the same conglomerate as the 

local DSO  

• The contractual characteristics are standardized and set by the energy regulator 

• The price is set by the regulator, based on the costs incurred by Acquirente Unico on the 

wholesale markets.   

• In order to match competitors' costs and not to harm competition, Acquirente Unico's 

wholesale cost is increased by a certain amount set by the regulator to match the 

assumed entry and operating costs of a new entrant. 

 

The majority of residential customers and nearly half of small and medium-sized businesses have chosen to 
be under this regulated regime (ARERA, 2015), even though the number of consumers turning to the 
competitive market is growing significantly (IEA and OECD, 2016). 

As for electricity prices for consumers, they contain four main components: distribution system costs, taxes 
and other charges for residential customers that are constituted: the cost of phasing out nuclear power, the 
cost of incentives for the development of renewable energies, compensation for the cost advantages of 
electricity to the national railway company (Ferrovie dello Stato), the cost of research on improving the 
electricity system and finally compensation for the various advantages granted to certain consumers 
benefiting from reduced costs (IEA and OECD, 2016). 

5.3. THE REGULARY FRAMEWORK 

Italian national law transposes the Directives of the European Parliament and of the Council of December 
19th 1996 concerning common rules for the internal market in electricity, including its liberalization. As in 
the case for Norway, which we have seen earlier, Italian policy is to a large extent influenced by European 
energy policy directives (Montella et al., 2018). 

5.3.1. The main actors 

5.3.1.1. Regulatory authority for energy, networks and the environment 

Founded in 1995, ARERA (formerly AEEG) is an independent regulatory entity for the energy markets. It 
ensures consumer protection, the smooth functioning of competition and the quality of service. To this 
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end, it maintains a transparent tariff system (in particular, it is responsible for regulating the prices of 
distribution and transmission networks) and defines service quality standards. 

5.3.1.2. Ministry of Economic Development 

The MSE is responsible for national energy policy. It deals in particular with the budget and strategy of the 
energy sector, the promotion of renewable energies and energy savings, the establishment of competition 
in the electricity supply market, the reduction of greenhouse gas emissions or the dismantling of nuclear 
power plants. 

5.3.1.1. Energy services Manager 

GSE is a public company under the Ministry of Economy and Finance that promotes and supports 
renewable energy sources. In particular, it shall seek to promote sustainable development by supporting 
the production of renewable electricity and by taking measures to raise awareness of the environmentally 
efficient use of energy. 

5.3.1.1. Electricity market operator 

GME is a company created by GSE with the aim of organising and managing the electricity market 
economically. It establishes the conditions for access to markets as well as the rules concerning their 
organisation and functioning, and is responsible for managing the availability of a sufficient reserve of 
capacity. In addition, it is also responsible for managing the issuance of green certificates and energy 
efficiency certificates. 

There are also Acquirente Unico players as we have seen above, a branch of GSE responsible for buying 
electricity on the market and reselling it to suppliers within the regulated tariff offer. In addition, the 
competition authority (Autorità Garante della Concorrenza e del Mercato - AGCM), an independent entity 
established in 1990, fights against anti-competitive agreements between companies, abuses of dominant 
positions, mergers and acquisitions likely to create dominant positions detrimental to competition. 

5.3.2. The legal framework 

As part of the European climate and energy package, Italy has committed itself to reducing its emissions in 
the transport, agriculture, buildings and services sectors (IEA and OECD, 2016). Italian climate change 
policies have been developed in the context of European recommendations, and the government is 
responsible for implementing measures, although the regions have acquired more and more 
responsibilities. Thus, within the framework of the Covenant of Mayors, nearly 1,300 local administrations 
have implemented climate plans and measures. 

Thus, in March 2013, Italy adopted a national action plan for the reduction of greenhouse gas emissions for 
the period 2013-2020 and the country adopted a number of measures and mechanisms to promote the 
development of renewable energies. More recently, the National Energy Strategy on which the national 
energy policy is based has set new objectives for 2030, including the abandonment of coal by 2025 and the 
development of renewable energies based on gas for the stabilisation of the electricity system (DG 
Treasury, 2019). Thus, the objectives set are a 30% share of renewables in the energy mix and a 33% 
reduction in greenhouse gas reductions compared to 2005. As regards electricity consumption, the plan 
envisages in particular a 55% share of electricity produced from renewable sources. The main mechanisms 
set up in Italy to promote renewables are as follows (IEA and OECD, 2016; Montella et al., 2018) : 

5.3.2.1. The Conto Energia feed-in tariffs 

Established in 2005, this mechanism provided incentive tariffs over 20 years from the date of entry into 
service of the installation concerned and allowed to cover investment and operating costs. This is the main 
support mechanism for photovoltaic energy, and it has been stopped for new installations since the cost 
threshold was reached in 2013. In 2015, 17 GW of capacity was supported by feed-in tariffs.  

5.3.2.2. Green certificates 
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These certificates were issued to renewable energy producers for installations commissioned between April 
1999 and December 2012. They could be sold with the obligation to inject a green electricity quota into the 
grid, with unsold certificates being bought by GSE. The implementation period was 15 years for plants 
installed from 2008 onwards. Since 2016, certificates have been replaced by a premium feed-in mechanism 
whereby producers sell electricity produced from renewable energy sources on the market and receive a 
premium in addition to the market price for their electricity production. 

5.3.2.3. All-inclusive feed-in tariffs 

It is an alternative to the green certificates that have been abandoned and a mechanism specifically 
dedicated to small renewable energy installations (no more than 1 MW capacity) commissioned from 2008. 
The tariff is granted for a period of 15 years and includes incentives. 

5.3.2.4. Energy efficiency certificates 

These certificates are issued in the case of energy end-use savings through energy efficiency improvement 
initiatives and projects. Electricity producers must meet annual primary energy saving targets and are 
rewarded with these certificates. In the event that they do not achieve these objectives, they are obliged to 
purchase certificates on the market specially dedicated and managed by GME. 

5.3.2.5. Net counting service 

Electricity produced by small-scale production installations, in particular by private individuals (20 to 500 
kW installations) and fed into the grid, is remunerated by GSE on the basis of electricity injections and 
withdrawals in a given calendar year, according to their respective market values. This system has enabled 
the development of small-scale photovoltaic installations. It should be noted that a tax credit has also been 
set up to allow the development of self-consumption and amounts to 36% of the cost of the photovoltaic 
system since 2016 (IEA and OECD, 2016). 

The generous incentives for the development of renewable energies and mainly for photovoltaics have 
enabled a significant growth in the number of installations with good production levels linked to good 
management and improvement of the electricity grid to support this expansion. However, these incentives 
have a cost that is passed on to the final consumer, and a peak of €12.5 billion was reached on July 2014, 
pushing the government to reduce these incentives.  

 

6. TIMES MODEL DESCRIPTION 

The TIMES/MARKAL model developed since the 1970s as part of the IEA's ETSAP program provides an 
economic representation of an energy system at the local, national, multi-regional or global level. It is a 
bottom-up model that starts from a high and fine level of detail of the system and consolidate it through a 
series of processes, each of them providing a fundamental part of the system to represent (Sathaye and 
Sanstad, 2004). The economic system of the region (r) under consideration is based on producers and 
consumers of commodities (energy carriers, raw materials, energy services, etc.). Three types of entities are 
used to represent the Reference Energy System in TIMES: 

• Technologies or processes (p): they allow the representation of activities that transform 

one or more commodities into other commodities (e.g. raw material extraction 

processes, power plants or vehicles…)  

• Commodities (c): they are consumed by processes or produced by them (e.g. energy 

carriers, raw materials, financial flows, emissions) 

• Commodity flows: they draw a link between process and commodities. Their nature is the 

same as that of a commodity, but they are attached to the process from which they come 

or for which they serve as an input.  
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Each of these entities is characterised either by technical parameters (e.g. availability factor for a power 
plant) or economic parameters (e.g. associated costs, taxes, subsidies). Parameters are also attached to the 
energy system as a whole. A representation of the energy system used for the analysis is shown in Figure 6. 

A long-time horizon is defined, divided into periods (t) chosen by the user, which are divided into years. 
These can be divided into time-slices (s) which can represent the seasons, day-night or week-weekend 
distinction. The model calculates a supply-demand balance maximizing the total net surplus (or minimizing 
the total net cost) by making decisions on equipment investments (e.g. installation or dismantling of 
capacity). This optimization is carried out in parallel over the periods considered, so decisions are made at 
each period with full knowledge of future events. The main assumptions of the model are:  

• linear correlation between inputs and process outputs 

• optimization process over the entire time horizon 

• competitive energy markets 

 

Figure 6: Simplified representation of the energy system 

 

Each of these entities is assigned either technical parameters (availability factor for a power plant for 

example) or economic parameters (associated costs, taxes or subsidies for example). Parameters are also 

attached to the energy system as a whole. An often distant time horizon is defined, and is divided into 

periods (t) chosen by the user, which are themselves divided into years. These years can be divided into 

time-slices (s) which can represent the seasons, day/night or week/weekend distinction. 

The model then calculates a supply-demand balance maximizing the total net surplus (or minimizing the 

total net cost) by making decisions on equipment investments, for example, installation or dismantling of 
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capacity... This optimization is carried out in parallel over the periods considered, so decisions are made at 

each period with full knowledge of future events. The model is therefore said to be clairvoyant. 

The main assumptions made in the model are as follows: 

• process outputs are linearly linked to inputs 

• optimization is done over the entire time horizon 

• energy markets are competitive with complete information 

Consequently, the market price of a commodity is considered to be equal to its marginal value and each 

economic agent is rational in the sense that it maximizes its profit or utility function. 

For a given commodity, the supply-demand balance is at the intersection of the supply and demand 

functions (Figure 7). The supplier's surplus at point S (shown in blue in Figure 7) is the difference between 

total revenue and total supply cost (Loulou et al., 2016). Similarly, the consumer surplus in point C is the 

substantial gain of consumers who acquire convenience at a price lower than they were willing to pay for 

the same quantity. 

 

Figure 7. Supply-demand equilibrium 

Since the total net surplus is defined as the sum of the consumer surplus and the supplier surplus, it is easy 
to see from Figure 7 that this total surplus is maximum at the supply-demand balance. In an economy with 
several commodities like this is the case in TIMES, this equivalence is more complex to show but still holds. 

 

6.1. DECISION VARIABLES 

The main decision variables of the model are: 

- NCAP (r, t, p) (in GW for electricity): represents the investment in new capacity in a region r at a 

time t for a technology p. 

- RCAP (r, t, p): represents the amount of capacity that is removed in a region r at a time t for a 

technology p. For any t> t, the capacity will be reduced by this value. 

- SCAP (r, t, p) (in GW): total amount of capacity removed in the region r at a time t for a technology 

p. 

- CAP (r, t, p) (in GW): capacity installed in a region r at a time t for a technology p. 
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- ACT (r, t, p, s) (in PJ): level of operation or activity in a region r at a time t (optionally at the time-

slice s) for a technology p. 

- FLO (r, t, c, p, s) (in PJ): flow of convenience entering or leaving a technology p in a region r at a 

time t. 

- SIN (r, t, c, p, s) / SOUT (r, t, c, p, s): quantity of a convenience c stored or unloaded by the storage 

technology p at the period t, time-slice s in the region r. 

- IRE (r, t, c, p, s, exp) / IRE (r, t, c, p, s, imp) (in PJ): quantity of convenience c sold (exp) or purchased 

(imp) through the exchange process p at time t in region r. 

- DEM (r, t, d) (in GW): final energy demand for service d in region r at time t (if the requests are 

elastic and endogenous to the i.e. model not provided by the user). 

There are a number of other decision variables not listed here, the full list can be found in (Loulou et al., 
2005). 

6.2. OBJECTIVE FUNCTION 

In modelling, the problem of maximizing total net surplus is transformed into a problem of minimizing the 
overall net discounted cost of the system. Therefore the objective function of the model is given by 

∑ ∑ (𝟏 + 𝜶𝒓,𝒚)
𝑻𝟎−𝒚

𝑨𝑵𝑵𝑪𝑶𝑺𝑻(𝒓, 𝒚)𝒚∈𝒀𝒓∈𝑹  , 

with: 
- R = all the regions considered 

- T0 = time horizon  

- αr,y = discount rate for the region r in the year y 

- ANNCOST(r, y) = total annual cost during year y in region r. This cost includes in particular the 

investment and dismantling costs expressed in annual payment flows, fixed costs and annual 

operating costs, import and extraction costs, taxes, to which export revenues are subtracted. 

Subsidies, the salvage value of the active investment system at the end of the horizon. The full 

details of the different components of this variable are in (Loulou et al., 2005). 

 

6.3. THE CONSTRAINTS OF THE MODEL 

The detail of these that can be found in (Loulou et al., 2005).  

6.3.1. Capacity transfer 

The total capacity installed at time t for the process p must be equal to the capacities already installed 
before the start of the model period as well as the new capacities installed before the moment t whose 
lifetime has not ended. If we denote by P the set of processes and T the set of periods, then ∀r∈R, ∀t∈T 
and ∀p∈P,∀𝑟 ∈ 𝑅,∀𝑡 ∈ 𝑇 et ∀𝑝 ∈ 𝑃,  
 

𝑪𝑨𝑷(𝒓, 𝒕, 𝒑) =  ∑ 𝑵𝑪𝑨𝑷(𝒓, 𝒕′, 𝒑)𝟙𝒕−𝒕′<𝑳𝑰𝑭𝑬(𝒓,𝒕′ ,𝒑) + 𝑹𝑬𝑺𝑰𝑫(𝒓, 𝒕, 𝒑)𝒕′<𝒕     , 

with: 

- RESID(r, t, p) = installed capabilities for p technology before the first model period and still running 

at t 

- LIFE(r, t’, p) = lifetime of the technology p. 

 



 

29 

6.3.2. Link between activity and flow 

It is a question of linking the flow of commodities consumed or produced by a process p at time t to the 
activity of the same process. If we note S all the time-slices, we have then ∀𝑟 ∈ 𝑅,∀𝑡 ∈ 𝑇, ∀𝑝 ∈ 𝑃 et ∀𝑠 ∈
𝑆,  

𝑨𝑪𝑻(𝒓, 𝒕, 𝒑, 𝒔) =  ∑
𝑭𝑳𝑶(𝒓,𝒕,𝒑,𝒄,𝒔)

𝑨𝑪𝑻𝑭𝑳𝑶(𝒓,𝒑,𝒄)𝒄∈𝒑𝒄𝒈    , 

with:  

- pcg = primary commodity group i.e. all the amenities entering or leaving the process, necessary to 

define to which set is fixed the conversion factor. 

- ACTFLO(r, p, c) = conversion factor (often equal to 1) from the activity of the technology to the flow 

of a commodity c belonging to the pcg. This factor defines a kind of relative efficiency of the 

technology for each convenience. 

6.3.3. Capacity utilization 

The activity of a technology cannot be higher than what can be produced by the installed capacity, in which 
case it is defined ∀𝑟 ∈ 𝑅,∀𝑡 ∈ 𝑇, ∀𝑝 ∈ 𝑃 et ∀𝑠 ∈ 𝑆, 

 

𝑨𝑪𝑻(𝒓, 𝒕, 𝒑, 𝒔) ≤ 𝑨𝑭(𝒓, 𝒕, 𝒑, 𝒔)𝑷𝑹𝑪_𝑪𝑨𝑷𝑨𝑪𝑻(𝒓, 𝒑)𝑭𝑹(𝒓, 𝒔)𝑪𝑨𝑷(𝒓, 𝒕, 𝒑) 

with: 

- AF(r, t, p, s) = process availability factor p at period t and time-slice s 

- PRC_CAPACT(r, p) = conversion factor between the units defined for process capacity and activity. 

Thus, for an activity in PJ and a capacity in GW, we will have PRC_CAPACT(r, p) = 31.536 over one 

year 

- FR(r, s) = fraction of the duration of the time-slice over a year. So if the time-slice represents a 

season, then FR(r, s) = 0.25 

6.3.4. Production/consumption balance 

Production in a region and its imports for a given commodity must be in balance with the quantity 
consumed and exported. In the case of energy carriers, an inequality constraint is used to allow a surplus of 
production. If we denote C all the amenities, then we have ∀𝑟 ∈ 𝑅,∀𝑡 ∈ 𝑇, ∀𝑐 ∈ 𝐶 et ∀𝑠 ∈ 𝑆,  
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[
 
 
 
 

∑ (𝑭𝑳𝑶(𝑟, 𝑡, 𝑝, 𝑐, 𝑠) + 𝑺𝑶𝑼𝑻(𝑟, 𝑡, 𝑝, 𝑐, 𝑠)𝑆𝑇𝐺_𝐸𝐹𝐹(𝑟, 𝑝))  
𝑝∈𝑃

𝑐∈𝑇𝑂𝑃(𝑟,𝑝,𝑐,𝑜𝑢𝑡)

+ ∑ 𝑰𝑹𝑬(𝑟, 𝑡, 𝑝, 𝑐, 𝑠, 𝑖𝑚𝑝) + ∑ 𝑅𝑒𝑙𝑒𝑎𝑠𝑒(𝑟, 𝑡, 𝑝, 𝑐)𝑵𝑪𝑨𝑷(𝑟, 𝑡, 𝑝, 𝑐)

𝑝∈𝑃𝑝∈𝑃
𝑐∈𝑅𝑃𝐶𝐼𝑅𝐸(𝑟,𝑝𝑐,𝑖𝑚𝑝) ]

 
 
 
 

∗ 𝐶𝑂𝑀_𝐼𝐸(𝑟, 𝑡, 𝑐, 𝑠)

≥  ∑ (𝑭𝑳𝑶(𝑟, 𝑡, 𝑝, 𝑐, 𝑠) + 𝑺𝑰𝑵(𝑟, 𝑡, 𝑝, 𝑐, 𝑠))
𝑝∈𝑃

𝑐∈𝑇𝑂𝑃(𝑟,𝑝,𝑐,𝑖𝑛)

+ ∑ 𝑰𝑹𝑬(𝑟, 𝑡, 𝑝, 𝑐, 𝑠, exp)
𝑝∈𝑃

𝑐∈𝑅𝑃𝐶_ 𝐼𝑅𝐸(𝑟,𝑝,𝑐,𝑒𝑥𝑝)

+ ∑ 𝑆𝑖𝑛𝑘(𝑟, 𝑡, 𝑝, 𝑐)𝑵𝑪𝑨𝑷(𝑟, 𝑡, 𝑝, 𝑐) + 𝐹𝑅(𝑟, 𝑐, 𝑠)𝑫𝑬𝑴(𝑐, 𝑡)

𝑝∈𝑃

 

with : 
- TOP(r, p, c, out/in) = all the commodities entering or leaving the process p 

- STG_EFF = efficiency of storage technology  p 

- RPC_IRE(r, p, c, imp/exp) = all imported or exported commodities bring the process to life p 

- COM_IE(r, t, c, s) = efficiency of infrastructure for the transmission of commodity c, the transport 

network for example for electricity  

- Release(r, t, p, c) = amount of commodity c recovered per unit of process capacity p dismantled 

- Sink(r, t, p, c) = amount of commodity c required per unit of new process capacity p (useful to 

represent the consumption of materials or energy for the construction of a unit). 

 

6.3.5. Relationship between flows 

A process is defined by the flows of commodities entering and leaving it, so it is necessary to establish a 
relationship between these two quantities to be able to link them through the process. We then define the 
relationship constraint between the flows specifying that the ratio of the sum of the flows of commodities 
of the same type (energy carriers, emissions...) inputs on the sum of the outputs must be equal to a 
constant (in the case of a single input commodity and a single output, this defines the efficiency of the 
process. So, ∀𝑟 ∈ 𝑅,∀𝑡 ∈ 𝑇, ∀𝑐 ∈ 𝐶 et ∀𝑠 ∈ 𝑆, 

 
∑ 𝑭𝑳𝑶(𝑟, 𝑡, 𝑝, 𝑐, 𝑠) = 𝐹𝐿𝑂_𝐹𝑈𝑁𝐶(𝑟, 𝑐𝑔1, 𝑐𝑔2)  ∗ ∑ 𝐶𝑂𝐸𝐹𝐹(𝑟, 𝑝, 𝑐𝑔1, 𝑐, 𝑐𝑔2, 𝑠)𝑭𝑳𝑶(𝑟, 𝑡, 𝑝, 𝑐, 𝑠)𝑐∈𝑐𝑔1𝑐∈𝑐𝑔2

  , 

 
with:  

- cg1/cg2= all the commodities entering or leaving the process 

- FLO_FUNC(r, cg1, cg2) = efficiency of the technology in relation to the sum of the group's 

commodities cg1 

- COEFF(r, p, cg1, c, cg2, s) = process efficiency in relation to commodities c and taking into account 

the coherence of flows between different time-slices. 

 

6.3.6. Limit values of flows 

The previous constraint offers great flexibility in the values of incoming and outgoing commodity flows in 
cases where cg1 and cg2 contain more than one element. A flow value limit constraint in flexible processes 
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limits this flexibility by constraining the value of a flow entering or leaving a technology. For example, for a 
technology whose output consists of different commodities, each of them can be required to represent a 
limited part of the total process output. We define the constraint∀𝑟 ∈ 𝑅,∀𝑡 ∈ 𝑇, ∀𝑝 ∈ 𝑃 et ∀𝑠 ∈ 𝑆 par 

 
𝑭𝑳𝑶(𝑐) {≤,≥} 𝐹𝐿𝑂_𝑆𝐻𝐴𝑅(𝑐)∑ 𝑭𝑳𝑶(𝑐′)𝑐′∈𝑐𝑔     , 

with: 
- cg = a group of commodities entering or leaving the technology 

- FLO_SHAR(c) = coefficient imposing a lower or upper bound on the share of commodity c in the mix 

of commodities entering or leaving the process p. 

 

6.3.7. Operational reserve 

For technologies with different levels of production or consumption according to time-slices, the installed 
capacity of technologies producing a commodity c at each period t and in each region r must be higher than 
the average demand, i.e. the average power demand during the timeslice when the peak of high demand 
occurs. It is a question of oversizing the system in order to deal with any unforeseen production problems. 
Thus ∀𝑟 ∈ 𝑅,∀𝑡 ∈ 𝑇 et ∀𝑐 ∈ 𝐶 

 

∑ (𝑃𝑅𝐶_𝐶𝐴𝑃𝐴𝐶𝑇(𝑟, 𝑝)𝑃𝑒𝑎𝑘(𝑟, 𝑝, 𝑐, 𝑠)𝐹𝑅(𝑠)𝑪𝑨𝑷(𝑟, 𝑡, 𝑝)𝐴𝐶𝑇𝐹𝐿𝑂(𝑟, 𝑝, 𝑐)) +𝑐∈𝑃|𝑐∈𝑝𝑐𝑔(𝑝)

𝑰𝑹𝑬(𝑟, 𝑡, 𝑝, 𝑐, 𝑠, 𝑖𝑚𝑝) + ∑ 𝑁𝐶𝐴𝑃_𝑃𝐾𝐶𝑁𝑇(𝑟, 𝑝, 𝑐, 𝑠)𝑭𝑳𝑶(𝑟, 𝑡, 𝑝, 𝑐, 𝑠) ≥ (1 +𝑐∈𝑃|𝑐∉𝑝𝑐𝑔(𝑝)

𝐶𝑂𝑀_𝑃𝐾𝑅𝑆𝑉(𝑟, 𝑡, 𝑐, 𝑠))∑ (𝑭𝑳𝑶(𝑟, 𝑡, 𝑝, 𝑐, 𝑠) + 𝑰𝑹𝑬(𝑟, 𝑡, 𝑝, 𝑐, 𝑠, 𝑒𝑥𝑝)𝑝∈𝑃(𝑐) )  , 

with:  

- 𝑃|𝑐∈𝑝𝑐𝑔(𝑝) = all processes producing commodity c with 𝑐 ∈ 𝑝𝑐𝑔 

- 𝑃|𝑐∉𝑝𝑐𝑔(𝑝) = all processes producing commodity c with 𝑐 ∉ 𝑝𝑐𝑔 

- P(c) = all processes consuming commodity  c 

- NCAP_PKCNT = fraction of the capacity of the process p available during the peak period, which 

makes it possible to differentiate the participation in the reserve of the different processes. Thus, 

for electricity, this coefficient is close to 1 for hydroelectric, nuclear or gas power plants, and 

around 0.25 for intermittent renewable production. 

- COM_PKRSV = peak reserve factor for commodity given c at time slice s.  

6.3.8. Constraints on commodities 

It is also possible to add a number of commodity constraints such as annual or cumulative bounds over 
several periods on quantities associated with commodities. It is therefore possible to impose emission 
limits, for example, from certain sectors or globally on the entire system (this can also be done through 
taxes or penalties for each unit produced or consumed). In addition, constraints can be defined to limit the 
share of a technology p in the total production of a commodity c. Thus, the commodity flow c into or out of 
the process p can be limited to a fraction of the total production of c. 

6.3.9. User constraints 

TIMES allows adding a wide variety of user constraints involving the decision variables of the model and 
thus allowing to better represent the specificities of the studied system. Thus, it is possible to add 
constraints limiting investments in a particular technology, imposing a percentage of renewable energy in 
the electricity production mix. 
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In addition, it is possible or even recommended to use growth constraints that constitute a particular case 
of user constraints and that make it possible to limit the growth or decrease in the capacity of a technology 
in order to avoid excessively large investments abruptly. Classically, such a constraint is written as follows 
 

𝑪𝑨𝑷(𝑡 + 1) {≤,≥} (1 + 𝐺𝑅𝑂𝑊𝑇𝐻(𝑝)𝑀(𝑡+1)−𝑀(𝑡))𝑪𝑨𝑷(𝑡) + 𝐾  , 

With: 
- GROWTH(p) = maximum annual growth allowed for the technology  p 

- M(t + 1) - M(t) = number of years in the time interval between periods t et t + 1 

- K = necessary in the case where the process has no initial installed capacity, the constraint 

preventing the installation of this technology in the absence of K. 

The model also allows technologies to be withdrawn even before the end of their operating period through 
the constraint of premature withdrawal of capacity (see (Loulou et al., 2005)). 

 

6.4. RESOLUTION OF THE MATHEMATICAL PROGRAM 

The mathematical program solved in TIMES is part of the family of linear integer programs (MILP). We 
propose here to first expose the theory of linear programming, and then to explain the main algorithms 
used by commercial solvers to solve these problems in whole numbers. 

6.4.1. The notion of duality 

Consider the following optimization problem, 

min

{
𝑓𝑖(𝑥)≤0     𝑖=1,…,𝑚

ℎ𝑖(𝑥)=0    𝑖=1,…,𝑝

𝑥∈ℝ𝑛

 

𝑓(𝑥) 

We assume that his domain 𝒟 =  ⋂ dom 𝑓𝑖
𝑚
𝑖=0  ∩  ⋂ dom ℎ𝑖

𝑝
𝑖=0  is not empty and we note 𝑓∗ the optimal 

value. 

The underlying idea in duality theory is to take constraints into consideration by increasing the objective 
function with a weighted sum of these constraints. 

Thus Lagrangian is defined as 𝐿:ℝ𝑛 × ℝ𝑚 × ℝ𝑝  → ℝ by 

𝐿(𝑥, 𝜆, 𝜈) = 𝑓(𝑥) + ∑ 𝜆𝑖𝑓𝑖(𝑥)𝑚
𝑖=1 + ∑ 𝜈𝑖ℎ𝑖(𝑥)

𝑝
𝑖=1   , 

with dom 𝐿 =  𝒟 × ℝ𝑚 × ℝ𝑝. The Lagrange multipliers or dual variables will be called λ and ν. 

The Lagrange dual function is defined 𝑔:ℝ𝑚 × ℝ𝑝  → ℝ  as the minimum value of 𝐿 on 𝑥, then for 𝜆 ∈ ℝ𝑛, 
𝜈 ∈ ℝ𝑝, 

𝑔(𝜆, 𝜈) = inf
𝑥∈𝒟

𝐿(𝑥, 𝜆, 𝜈). 

Proposal 

The dual function g gives a lower bound for the optimal value f*, in other words for all λ≥0 and for all ν, we 
have 𝑔(𝜆, 𝜈) ≤ 𝑓∗. 

evidence. Suppose that x  ̃is a feasible solution for the problem. So we have,  

∑ 𝜆𝑖𝑓𝑖(�̃�)𝑚
𝑖=0 + ∑ 𝜈𝑖ℎ𝑖(�̃�)

𝑝
𝑖=0 ≤ 0  . 

 

This suggests that  𝐿(�̃�, 𝜆, 𝜈) ≤ 𝑓(�̃�) and therefore by definition 𝑔(𝜆, 𝜈) ≤ 𝑓(�̃�). Since this is true for any 
achievable point �̃�, then this is true for the optimal solution, hence  𝑔(𝜆, 𝜈) ≤ 𝑓∗.   
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Consider the following mathematical program, 

min{𝑐𝑇𝑥: 𝐴𝑥 = 𝑏, 𝑥 ∈ ℝ+
𝑛}    , 

which is a linear program in standard form. 

The Lagrangian is then defined as, 

𝐿(𝑥, 𝜆, 𝜈) = 𝑐𝑇𝑥 − 𝜆𝑥 + 𝜈𝑇(𝐴𝑥 − 𝑏) =  −𝑏𝑇𝜈 + (𝑐 + 𝐴𝑇𝜈 − 𝜆)𝑇𝑥   . 

Thus the dual function g is, 

𝑔(𝜆, 𝜈) = inf
𝑥

𝐿(𝑥, 𝜆, 𝜈) =  −𝑏𝑇𝜈 + inf
𝑥

(𝑐 + 𝐴𝑇𝜈 − 𝜆)𝑇𝑥  , 

So, 

𝑔(𝜆, 𝜈) =  {−𝑏𝑇𝜈      si 𝐴𝑇𝜈 − 𝜆 + 𝑐 = 0
−∞         sinon                          

 

Thus the best lower bound that can be obtained by the dual function is given by, 

max
𝜆≥0

𝑔(𝜆, 𝜈)  . 

Rewritten differently, we have the problem, 

max
{𝐴

𝑇𝜈+𝑐≥0
𝜈∈ℝ𝑝

−𝑏𝑇𝜈     . 

The above problem is called the dual (Lagrange) problem. The initial problem is then called primal. Thus the 
optimal value of the dual d* is by definition the best lower bound for 𝑓∗ i.e. 𝑑∗ ≤ 𝑓∗, this property is called 
the weak duality. 

6.4.2. The simplex algorithm  

Consider the following mathematical program, 

(𝐿𝑃)                                           max{𝑐𝑇𝑥: 𝐴𝑥 = 𝑏, 𝑥 ∈ ℝ+
𝑛}    , 

With 𝐴 a matrix 𝑚 × 𝑛, 𝑐 a matrix 1 × 𝑛 et 𝑏 a matrix 𝑚 × 1 with 𝑚 ≤ 𝑛 .  

We assume that rg 𝐴 = 𝑚. Thus, if this assumption is rarely met in practical cases, matrix A can be reduced 
to a matrix of rank m. 

It should be noted that all the feasible solutions 𝑆 =  {𝑥 ∈ ℝ+
𝑛 ∶ 𝐴𝑥 = 𝑏} forms a convex polyhedron. 

The linear program will be considered feasible if 𝑆 is not empty. In addition, a feasible program is said to be 
limited if the objective is limited to S. 

A point x is an extreme point of the convex polyhedron S if there are not two points y, z∈S different from x 
and a scalar 𝜆 ∈ [0,1] tel que 𝑥 = 𝜆𝑦 + (1 − 𝜆)𝑧. In other words, x cannot be written as a strict convex 
combination of two points of S. 

The two main methods for solving linear programs are the internal point methods (Roos et al., 2006) and 
the simplex method proposed in 1947 by Dantzig (Dantzig, 1998). While the first has better results in 
theory, the second has proved to be the most effective and widely used in practice. This is based on the 
following observations, the demonstrations of which are not given here and can be found in (Chvatal, 
1983). 

Another characterization of an extreme point is as follows: a point x is an extreme point of S if and only if 

the columns {𝑎𝑗: 𝑥𝑗 > 0} of 𝐴 are linearly independent. In other words, the vectors of 𝐴 = {𝑎1, 𝑎2, … , 𝑎𝑛} 
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with 𝑎𝑗 the jth column of A associated with the non-zero components of x form a set of linearly independent 

vectors. 

In addition, a feasible and limited linear program has an optimal solution at an extreme point of the convex 

polyhedron S. 

These two observations constitute the central theory on which the simplex algorithm is based. 

Definition 

A base of A is any submatrix AB formed by m linearly independent columns. 

Let 𝐴𝐵 = {𝑎𝐵1
, … , 𝑎𝐵𝑚

} with 𝐵 = {𝐵1, … , 𝐵𝑚} and let 𝑁 = {1,… , 𝑛} ∖ 𝐵. The equation 𝐴𝑥 = 𝑏 can be 

rewritten, 

𝐴𝐵𝑥𝐵 + 𝐴𝑁𝑥𝑁 = 𝑏  , 

with 𝑥 = (𝑥𝐵, 𝑥𝑁). Thus a solution to 𝐴𝑥 = 𝑏 which is called a basic solution associated with 𝐴𝐵 is the point 
𝑥 = (𝑥𝐵, 𝑥𝑁) such as, 

𝑥𝐵 = 𝐴𝐵
−1𝑏  , 

𝑥𝑁 = 0  . 

In addition to this, if 𝑥𝐵 ≥ 0, the basic solution is said to be feasible. 

A basic solution that can be implemented in the system 𝐴𝑥 = 𝑏 corresponds to an extreme point of the 
convex polyhedron. In addition, at any extreme point there is at least one achievable basis. 

Thus, the simplex method iterates from one achievable base to another adjacent achievable base, 
geometrically it passes from one vertex of the polyhedron S to another neighbouring vertex allowing 
reducing the value of the objective function. 

A detailed explanation of the simplex algorithm can be found in  (Bertsimas and Tsitsiklis, 1997) 

 

6.5. LINEAR PROGRAMMING IN INTEGER NUMBERS 

Let’s consider the following linear program in integer numbers, 

(𝑃)                                                  𝐽 = max{𝑐𝑇𝑥 + ℎ𝑇𝑦: (𝑥, 𝑦) ∈ 𝑆} , 

with 𝑆 =  {𝑥 ∈ ℝ+
𝑛 , 𝑦 ∈ ℤ𝑝 ∶ 𝐴𝑥 + 𝐺𝑦 ≤ 𝑏}. 

6.5.1. Branch & Bound 

The branch & bound method was introduced by (Land and Doig, 1960) and is generally part of a family of 
algorithms based on the same procedure that constitutes a list of all the feasible solutions to the problem 
also called "divide and conquer" (D&C) (Morrison et al., 2016). 

Definition 1  

It is said that {𝑆𝑖: 𝑖 = 1,… , 𝑘} is a division of S if ⋃ 𝑆𝑖 𝑘
𝑖=1 = 𝑆. In addition, a division is called a partition if 

𝑆𝑖 ∩ 𝑆𝑗 = ∅ for 𝑖, 𝑗 = 1,… , 𝑘, 𝑖 ≠ 𝑗. 

The "divide and conquer" Principle is essentially based on the following proposal. 

Proposition 1 

Let the problem, 

(𝑃𝑖)                                                     𝐽𝑖 = max{𝑐𝑇𝑥 + ℎ𝑇𝑦: (𝑥, 𝑦) ∈ 𝑆𝑖}   , 
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with {𝑆𝑖}
𝑖=1

𝑘
 a division of 𝑆. So 𝐽 = max

𝑖=1,…,𝑘
𝐽𝑖. 

Thus, if optimization on S is too complex, then it may be more obvious to optimize on subsets. We 
therefore divide the set of feasible solutions to the problem recursively into a partition of subsets 
generating sub-problems that we solve in order to compare the solutions. 

In an extreme way, these divisions can be seen as a complete enumeration of the elements of S. With the 
exception of small problems, this enumeration is not viable and such a division should be avoided. Thus, 

let’s suppose that S is divided into subsets {𝑆1, … , 𝑆𝑘}, we then want to find a rule specifying that no 

further division of a subset 𝑆𝑖 is necessary. We will then say that the enumeration tree is pruned at the 

node 𝑆𝑖. 

Proposition 2 

The enumeration tree can be pruned to the node corresponding to  𝑆𝑖 if one of the following conditions is 
verified 

i. i. Infeasibility: 𝑆𝑖 =  ∅. 

ii. ii. Optimality: an optimal solution is found for (𝑃𝑖) 

iii. Domination: 𝐽𝑖 ≤ 𝐽 

However, the problem (𝑃𝑖) remains an integer problem; one would therefore like to be able to use 

Proposal 2 without having to solve it. It is therefore classic to use the linear relaxation of the problem that 

we will note (𝑃𝑅
𝑖 ) defined by, 

(𝑃𝑅
𝑖 )                                                      𝐽𝑅

𝑖 = max{𝑐𝑇𝑥 + ℎ𝑇𝑦: (𝑥, 𝑦) ∈ 𝑆𝑅
𝑖 }  . 

Thus, since 𝑆𝑖 ⊂ 𝑆𝑅
𝑖  , we have, 

𝐽𝑅
𝑖 ≥ 𝐽𝑖   . 

This allows us to determine a new pruning rule. 

Proposition 3 

The enumeration tree can be pruned to the node corresponding to  𝑆𝑖 if one of the following conditions is 
verified 

i. (𝑃𝑅
𝑖 ) does not admit a solution 

ii. An optimal solution (𝑥𝑅
𝑖 , 𝑦𝑅

𝑖 ) de (𝑃𝑅
𝑖 ) satisfy 𝑦𝑅

𝑖 ∈ 𝑆𝑖 i.e. 𝑦𝑅
𝑖  is integer 

iii. 𝐽𝑅
𝑖 < 𝐽 with 𝐽 a lower bound of (𝑃) i.e. the value of a workable solution to the problem. 

A general presentation of how the branch & bound algorithm works is as follows. Either 𝐿 a collection of 

linear problems of form  𝐽𝑖 = max{𝑐𝑇𝑥 + ℎ𝑇𝑦: (𝑥, 𝑦) ∈ 𝑆𝑖}. 

Stage 1. Initialisation. 𝐿 = (𝑃) i.e. the root of the tree is determined as the initial problem. We fix the lower 

limit  𝐽 =  −∞ and upper 𝐽 = +∞. 

Stage 2. Termination test. If 𝐿 = {∅}, then the solution (𝑥, 𝑦) which led to 𝐽 = 𝑐𝑇𝑥 + ℎ𝑇𝑦 is optimal. 

Stage 3. Problem selection and relaxation. Choose a problem (𝑃𝑖) ∈ 𝐿 and remove it from the collection i.e 

we update L such that 𝐿 = 𝐿 ∖ (𝑃𝑖). Resolve its continuous relaxation (𝑃𝑅
𝑖 ).  

- If the problem does not admit a solution, go to step 2 

- Either 𝐽𝑅
𝑖 ∗

 the objective value for the optimal solution(𝑥𝑅
𝑖 , 𝑦𝑅

𝑖 ), go to step 4. 

Stage 4. Pruning. Two cases can be distinguished here, 
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- if 𝐽𝑅
𝑖 ∗

≤ 𝐽 go to step 2 

- otherwise  

o if 𝑦𝑅
𝑖 ∉ 𝑆𝑖, go to step 5 

o if 𝑦𝑅
𝑖 ∈ 𝑆𝑖, so we have a better lower bound of the problem, so we fix 𝐽 = 𝐽𝑅

𝑖 ∗
. We then 

delete all the other sub-problems dominated, in other words, those whose solution is lower 

than the new lower bound. Go to step 2. 

Stage 5. Connection. Either {𝑆𝑖𝑗}
𝑗=1

𝑘
 a division of {𝑆𝑖}. Add problems (𝑃𝑖𝑗)

𝑗=1

𝑘
  to 𝐿 i.e. we update 𝐿 in such 

a way  𝐿 = 𝐿 ∪  (𝑃𝑖𝑗)
𝑗=1

𝑘
 and go to step 2. 

The algorithm exposed in this way therefore leaves a number of choices for the user (Bertsimas and 
Tsitsiklis, 1997; Wolsey and Nemhauser, 1999). We propose here to present the main methods used, it is 
necessary to see (Morrison et al., 2016) for a more detailed list. 

 

6.5.1.1. Connection 

Since at each node we use a continuous relaxation of the problem, the connection, in other words the 

division of the set 𝑆𝑖 is done by adding linear constraints. To do this, a classical method is to divide 𝑆𝑖 =

𝑆𝑖1⋃𝑆𝑖2  by selecting a variable 𝑦𝑗
𝑖 ∈ 𝑆𝑅

𝑖  optimal solution of continuous relaxation such that 𝑦𝑗
𝑗
∉ 𝑆 i.e. 𝑦𝑗

𝑖 is 

a fractional solution of continuous relaxation, then 

𝑆𝑖1 = 𝑆𝑖 ∩ {𝑦𝑗 ≤ ⌊𝑦𝑗
𝑖⌋}  

𝑆𝑖2 = 𝑆𝑖 ∩ {𝑦𝑗 ≥ ⌈𝑦𝑗
𝑖⌉}  

This method is called variable dichotomy (Wolsey and Nemhauser, 1999) and is practical since it allows to 
add simple constraints of lower or upper bounds on a variable. 

6.5.1.2. Selection of nodes 

We have seen that in step 3 of the algorithm that it is necessary to choose a sub-problem from the list L i.e. 
a node. There are different methods of node selection (Morrison et al., 2016) that can be classified into two 
groups: a priori rules that are determined in advance and adaptive rules by which node selection is made 
based on the active node (Wolsey and Nemhauser, 1999). 

One of the most commonly used a priori methods is the depth-first search (plus backtracking): if the active 
node is not abandoned, the next node considered is one of its descendants. Thus, it is a question of sinking 
as deeply as possible into the tree. The following figure illustrates the exploration of a tree by this method 
by choosing the leftmost descendant each time and applying backtracking (when a node is abandoned, one 
goes up the tree until reaching a node from which a descendant has not been explored). 

The opposite method is the breadth-first search method, which consists in exploring all the nodes of a level 
before looking at the nodes of the next level. 
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Figure 8. Depth-first search with backtracking 

 

6.5.2. Cutting plane 

The main idea in the secant plane method is to solve the problem (𝑃) by solving a sequence of linear 
programs as follows: first of all, the continuous relaxation of the problem i.e. the problem (𝑃𝑅) whose 
optimal solution is (𝑥∗, 𝑦∗) is solved. If 𝑦∗ ∈ ℤ𝑝, then it is an optimal solution for (𝑃). Otherwise, we add to 
the problem an inequality constraint satisfied by any complete solution of the problem but violated by 
(𝑥∗, 𝑦∗). Thus, it is a question of obtaining a linear program with an increasingly narrow set of feasible 
solutions 

A generic algorithm of the secant plane method is given as follows, 

Stage 1. Initialisation. We consider the continuation of continuous relaxations of the problem {(𝑃𝑅)𝑡}𝑡 and 

we note 𝑆𝑅
0 = {𝑥 ∈ ℝ+

𝑛 , 𝑦 ∈ ℝ𝒑, 𝐴𝑥 + 𝐺𝑦 ≤ 𝑏}. We solve the program (𝑃𝑅)0 with (𝑥0, 𝑦0) the optimal 
solution. 

Stage 2. Refinement. We define the problem (𝑃𝑅)𝑡 that we want to solve as max{𝑐𝑇𝑥 + ℎ𝑇𝑦: (𝑥, 𝑦) ∈ 𝑆𝑅
𝑡 } 

with 𝑆𝑅
𝑡 = 𝑆𝑅

𝑡−1 ∩ {𝑦 ∈ ℝ𝑝: 𝜋𝑡−1𝑦 ≤ 𝜋0
𝑡−1} where (𝜋𝑡−1, 𝜋0

𝑡−1) defines a valid inequality for S (or a valid 

cut) i.e. if (𝑥𝑡−1, 𝑦𝑡−1) is an optimal solution for (𝑃𝑅)𝑡−1, then 𝜋𝑡−1𝑦𝑡−1 > 𝜋0
𝑡−1. 

Thus, the key element of the method is the choice of valid cuts. There are many possible cuts (Cornuéjols, 
2007), the most famous being the Gomory cutting method introduced in 1958.   

6.5.3. Branch & cut 

In practice today, the most commonly used method is the branch & cut method, which combines the two 
methods seen above. Thus, it is a question of using cuts when solving sub-problems in the tree in order to 
improve the limits obtained by continuous relaxation (Padberg and Rinaldi, 1991). 

 

7. PROCIDA ISLAND MODELLING 

7.1. MAIN CHARACTERISTICS 

Procida is the smallest of the three islands that make up the Gulf of Naples (after Capri and Ischia). The 
island has an area of 4.26 km² and is located 3.4 km from the mainland. The municipality of Procida covers 
the entire island as well as the small neighbouring island of Vivara (0.4 km²) which is a nature reserve. The 
island's population in 2018 was estimated at 10465 inhabitants (istat.it, 2019) with a density of 2456.6 
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inhabitants per km². During the summer, the island reaches a population of about 15,000 inhabitants due 
to tourism, resulting in enhanced energy consumption.  

The reduced spatial extend of Procida and its elevated population density results in limited possibilities of 
on-site electricity production. The island is directly connected to the national grid, which allows it to meet 
its electricity needs, but especially in summer several congestion problems occur (due to higher energy 
demand), especially in the evening around 9pm, and even experienced a 45-minute blackout in the summer 
of 2018.  

 

 

Figure 9. Available power of city hall solar panels in 2018 (kW) 

 

Thus, the main solutions envisaged within the framework of the project are linked to self-consumption by 
the installation of solar panels on the roofs of buildings. Only the Town Hall today has 20 kW of solar panels 
(Figure 9) (soon to be increased to 60 kW) and the municipality is already considering installing 100 kW of 
solar panels on each of the island's two schools within one year. 

The main energy objectives set by the Municipality of Procida are as follows: 

• Find a sustainable solution for public lighting (the largest source of electricity consumption on the 

island) with a 40% reduction in CO2 emissions and an energy saving of 278 MWh 

• Sustainable heating for schools and city hall 

• Development of sustainable mobility at private and public levels (24% reduction in CO2 emissions 

and energy savings of 2797 MWh). 

With regard to electric transport on the island, the municipality had invested a few years earlier in the 
deployment of a fleet of public electric vehicles, but the excessive costs generated by battery changes had 
forced it to stop. Today, only one police car is electric (out of the two police vehicles present) and it is 
mainly at the level of electric bicycles that the fleet is important with nearly 1000 E-Bikes which constitute 
the preferred means of transport. 

 

7.2. MODELLING APPROACH 

The model is built to cover a 12-year period, from 2018 up to 2030, with a 1-year time step.  
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Every year is disaggregated in months and each day is disaggregated into three time periods, F1, F2 and F3. 
This subdivision corresponds to the Italian tariff breakdown, corresponding to low, medium and high 
energy consumption periods. Figure 10 shows how these different ranges are distributed over the week. 

 

 

Figure 10. Hourly ranges of electricity prices over one day (F1, F2, F3) 

 

7.2.1. Input data 

Input data is necessary to build the model.  

At this stage, the only available data concerns the public electricity consumption, for which the municipality 
is responsible. This information, disaggregated by building or infrastructure, is shown in Figure 11.  

 

Figure 11. Procida available data on public electricity consumption 

 

Given the limited information about energy demand and consumption of the island, several hypothesis and 

approximations have been made to evaluate the missing data. 

- Missing consumption data  

Procida’s energy consumption is assumed to be equivalent to the one of La Trinité (06149), a French city in 
the Alpes-Maritimes, because of its similarity in terms of number of inhabitants (about 10,000) and touristic 
attractivity (i.e. an influx of tourists in the summer). A mainly residential and tertiary consumption was 
found in this location for the year 2017 (RTE, 2019), shown in Figure 12. With this data, it was possible to 
obtain an approximation of demand only for these three sectors, without any additional detail about the 
specific use.  
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Figure 12. Energy consumption mix of La Trinité (MWh) 

Concerning the transport sector, the electric bicycle fleet represents an important fraction of the electric 

demand, with nearly 1000 E-Bikes. The energy consumption of these bicycles has then been modelled 

(Figure 13). 

 

 

Figure 13. Electric bicycles energy consumption model (MWh) 

 
- New technologies data 

Only information about solar panels with standard characteristics are used (re.jrc.ec.europa.eu, 2019). It is 
assumed an installation cost of 1400 €/kWp, based on (Huld et al., 2014). For operation and maintenance 
costs, values between 8.94€/kW and 16.1€/kW were found (IRENA, 2017), so the price was fixed to 
12.52€/kW. In addition, based on an estimate of the available roof area, the capacity of solar panels that 
can be installed was limited to 18.7 MW. The small size of the island and the fact that the surrounding 
maritime area is a protected one give raise to limits concerning offshore wind systems installations or wave 
energy exploitation. The Smart Energy Hub developed as part of the project has also been modelled. 
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Figure 14. Smart Energy Hub representation 

 
- Electricity importation 

Since the island relies on imports as its main source of electricity supply, we modelled the cost of this 

imported electricity based on the PUN (weighted national average of the different price zones) (GME, 

2019). 

- Long-term electricity demand  

In the absence of long-term demand forecast data on the island, drivers were used to obtain demand 

projections in the model. According to (FEEM-project, 2007), Italy's gross domestic product was used as the 

driver of demand. Long-term forecast data from (OECD, 2019) was used to build the model. To determine 

the demand in period t, 𝐷𝑡, the model performs the following calculation: 

𝐷𝑡 = 𝐷𝑡 − 1 × (𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 + (
𝐷𝑟𝑖𝑣𝑒𝑟𝑡

𝐷𝑟𝑖𝑣𝑒𝑟𝑡−1 
− 1) × 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦) 

 

The Calibration and Sensitivity are set to 1. Figure 15 highlights the almost linear correlation between gross 

domestic product and electricity consumption. 
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Figure 15: GDP vs. electricity consumption EU 15 (FEEM-project, 2007) (reproduction by the author) 

Only the demand for street lighting is not included by this driver in the model. For this reason, an action 

from the municipality was assumed in order to save energy so that an annual decline rate of 2% was 

applied. 

7.2.2. Reference scenarios 

Four reference scenarios are considered:  
 

• BAU: business as usual. This scenario is the reference one. The only constraints used in this 

case are the basic ones of the model. Only solar panels can be installed.  

• RENMIN: at least 55% of the energy mix shall consist of renewables. Two new technologies are 

included, namely diesel generators and wave energy technologies. In practice, 55% of the 

electricity that meets the island's demand must come from solar panels or wave energy. 

• NOIMPREN: similar to RENMIN, but in this case imports are prohibited; the aim is to study the 

feasibility of an energy independence of the island.  

• NOIMPNOEMI: similar to NOIMPREN, but in this case no CO2 emissions are allowed. 

 

7.3. RESULTS 

The total discounted cost of the modelled system is obtained for the four scenarios (Figure 16). 

Scenario Objective function (€) 

BAU 33 139 907 

RENMIN 40 228 309 

NOIMPREN 54 009 089 

NOIMPNOEMI 65 662 468 

Figure 16. Total discounted cost for the analysed scenarios 
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As expected, the more constrained the model is, smaller is the set of feasible solutions and greater is the 
value of the objective function.  

Concerning the production mix for each scenario, the results are shown in Figure 17. It should be noted 
that for RENMIN, the model prefers imports over production using diesel generators. For the reference 
scenario, 6.5 MW of solar panels are installed by the model from 2025 onwards where installation costs 
decrease. For the zero-emission scenario, the model has an obvious preference for the exploitation of wave 
energy. This can be justified by the fact that no bounds have been applied to the capacity that can be 
installed. 

 

 

 

Figure 17. Production mix for each scenario 

With regard to the investment costs for the installation of these capacities, the results obtained are 

summarised in Figure 18. 

Scenario Investment (€) 

BAU 2 756 124 

RENMIN 21 287 040 

NOIMPREN 28 927 306 

NOIMPNOEMI 65 107 308 

Figure 18. Total investment cost for the analysed scenarios 

 
The high investment cost obtained for the NOIMPNOEMI scenario is justified by the relatively high 
installation and maintenance costs of marine energy technologies. It is interesting to note that the 
investment gap between RENMIN and NOIMPREN is not extremely large, i.e. eliminating imports does not 
have an unaffordable cost.  Moreover, it should be recalled that the considered period is relatively short for 
a prospective model (12 years), and that the differences between the different scenarios should be smaller 
over a longer period, resulting in a better return on the investment. 
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The model obtained does not include storage technology, not even in the extremely constrained 
NOIMPNOEMI scenario. Such a result can be explained by the following considerations:  
 

• The costs of storage technology are not attractive for the model. Since this is a cost-optimization 

model and the notion of flexibility is not taken into account in the model, it leaves technology 

aside. To overcome this problem, different alternatives are possible:  

• Perform a cost sensitivity analysis to see from which installation, operation and maintenance 

costs the technology becomes interesting for the model.  

• Integrate system reliability indicators so that the model incorporates the notion of flexibility. 

 

• For the NOIMPNOEMI scenario, on the one hand, no limits were imposed on the capacities of 

marine energy technologies and, on the other hand, more disaggregated availability factors for 

the technology by timeslice (subject to finding the information) and not by year should be 

provided for better modelling.  

 

In order to include storage effects, it is chosen to analyse the four scenarios by forcing the installation of 
hybrid storage technology starting from 2020. A 50 kWh lithium-ion battery as the one envisaged by 
Sylfen, a power processor with a single module and a 50 kg hydrogen tank are considered. The values of the 
system cost for each scenario are summarised in Figure 19. 
 

Scenario Objective function (€) 

BAU 33 297 739 

RENMIN 40 348 078 

NOIMPREN 54 153 327 

NOIMPNOEMI 65 797 698 

Figure 19. Total discounted cost for the analysed scenarios when forcing storage utilisation 

The difference between the total discounted cost obtained in the model including the storage (Figure 19) 

and the first one (Figure 16) is small, meaning that a very slight decrease in costs of this technology could 

allow it to be used without forcing it. The small cost difference is encouraging, because of the positive 

impact that the integration of flexibility indicators could bring.  

Moreover, it is interesting to note that, with this new configuration, the production mixes presented in 

Figure 17 do not change (only some slight changes in the case of some technologies, in the order of a 

hundred kW, can be observed). Figure 20 and 21 highlight a significant use of lithium-ion batteries 

compared to hydrogen storage.  

It is interesting to note that the storage solution as a whole is not widely used in the NOIMPNOEMI 

scenario, which reinforces our previous remark about the need to provide the model with more time-

disaggregated data on the use of marine energy technologies. 
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Figure 20. Lithium-ion battery activity over the period 2018-2030 (GJ) 
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Figure 21. Hydrogen storage activity over the period 2018-2030 (GJ) 

 

Figure 22 and 23 allow to better notice the behaviour of storage technologies over one year.  

The lithium-ion battery is active all year round except in summer, when solar energy production is high and 
the discharges to satisfy demand in the F2 slot, which corresponds to peak consumption. Concerning the 
hydrogen storage, it can be noticed that its energy exchanges over the year are smaller. It discharges into 
slots F2 and F3, which corresponds to night slots. The main difference between the two storage types 
regards the charge activity: the lithium-ion battery is charged during night while the hydrogen storage is 
charged during the daylight hours (slot F1), when solar energy availability is at its peak. The long-term 
storage dynamics for hydrogen instead do not seem to be captured by the model. Further development of 
the model should integrate this behaviour. 
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Figure 22. Lithium-ion storage activity in 2025 in the BAU scenario (GJ) 

 

 

Figure 23. Hydrogen storage activity for the NOIMPREN scenario in 2027 (GJ) 

 

7.4. CONCLUSIONS 

It is now necessary to continue collecting data and to integrate electricity demand forecast data as soon as 
they become available. 
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Given the small size of the model, it could be interesting to use finer time slots in order to have a better 
modelling of demand and/or to integrate consumption by use if the information is available.  

In addition, we have the ambition to integrate reliability indicators into the model, even if it should be 
stressed that the majority of electricity on the island is imported and that there are, a priori, no rotating 
machines on the island allowing frequency adjustment.  

 

8. MAIN CHARACTERISTICS OF THE ISLAND OF HINNØYA & HARSTAD 

The island of Hinnøya is the largest Norwegian island. It has a surface area of 2,204 km², has about 32,000 
inhabitants and 8 municipalities, including Harstad, the main one connected to the continent by a bridge. 
Electricity on the island is mainly hydropower and therefore renewable, but during winter peak 
consumption periods, the island must import electricity produced from coal through its connection with the 
mainland. It should be recalled that interconnections with the mainland for an island are a real asset, 
particularly to avoid congestion (Georgiou, 2016). 

The supply/distribution of energy is provided by the public DSOs Hålogaland11. 

Demand comes from the many households, but also from ports and factories on the island, as well as from 
the transport sector with high maritime traffic and an increase in passenger vehicles on the island (Figure 
24). 

 

 

 

Figure 24. Total net electricity consumption by municipality  (ssb.no, 2019). 

 

                                                           
11 https://hlk.no/ 

https://hlk.no/
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Figure 25. Distribution of net electricity consumption by sector in 2017 (ssb.no, 2019). 

 

  

 

Figure 26. Evolution of net electricity consumption by sector  (ssb.no, 2019). 

 

The municipality of Harstad, which is the main source of electricity consumption on the island, is very 
involved in the development of sustainable energy solutions. Traditionally, the municipality is very focused 
on fossil resources  (Juničić, 2019), such as oil or gas, in particular due to the presence of many oil 
companies, including Equinor12. Today, the will is to break away from this tradition and turn to sustainable 
perspectives. Thus, it is around Harstad that the case studies developed in the project focus and it is there 
that the demonstrators of the different solutions will be presented. 

8.1. POWER GENERATION ON THE ISLAND 

Electricity production on the island is partly through small hydroelectric power plants. The table below lists 
the 15 plants currently in operation, representing a total production of 93 GWh.  

 

                                                           
12 Norwegian oil company, the largest company in the country (formerly Statoil) 



 

50 

Name Installation 
date 

Capacity 
(MW) 

Production 
(GWh) 

City 

Lovik 1952 1,2 6 Andøy 

Fiskefjord 1979 1,5 4 Hadsel 

Trollfjord I 2002 3,2 14 Hadsel 

Trollfjord II 1956 1,4 3,2 Hadsel 

Strielv 1984 1,7 5 Sortland 

Vangpollen 1942 3,5 14 Sortland 

Djupfjord I 1952 5,1 23 Sortland 

Djupfjord II 1957 2,6 9 Sortland 

Leirosen 1975 0,45 1,5 Vågan 

Kongsmarka 1920 2,5 8,5 Vågan 

Sætra 1948 0 ,7 2,4 Vågan 

Kongsfossen 1948 0,6 2,4 Vågan 

Kvitfossen 1956 1,8 5,1 Vågan 

Gausvik I 1910 3 16 Harstad 

Gausvik II 1949 0,95 5,2 Harstad 

Figure 27. Operating hydroelectric power plants 

It should also be noted that there are wind farms, some of them offshore with larger capacities (nve.no, 
2019). 

Name Capacity 
(MW) 

Production 
(GWh) 

City 

Gimsøy (offshore) 250 850 Vågan 

Lofoten havkraft (offshore) 750 2250 Vågan 

Lofoten havkraft (offshore) 60 204 Vågan 

Ånstadblåheia 50,4 170 Sortland 

Andmyran vindkraftverk 160 544 Andøy 

Skavdalsheia 40 136 Andøy 

Figure 28. Wind farms in operation 



 

51 

 

8.2. THE CITY OF HARSTAD 

The municipality of Harstad is very involved in environmental policy and it is around this municipality that 
our model will be developed. 

Thus, in its municipal plan for Harstad 2009-2025, one of the four main objectives is to become "The City of 
the Environment". To achieve this objective, the municipality wishes to facilitate and motivate more 
sustainable thinking and action, both in the municipality of Harstad and in companies, with the business 
community, the local community and with the residents of the municipality in general. 

The municipality's environmental, climate and energy plan will apply from 2018 to 2021 (Harstadt 
Kommune, 2018) and will contribute to the achievement of local, national and international climate and 
environmental objectives. The objective is to develop sustainable local environmental, climate and energy 
management, as well as to provide general guidelines and concrete measures for environmental and 
climate work in the municipality. 

The municipality's environmental plan must design and make visible an environmental profile by defining 
objectives within the context of current environmental challenges, as well as proposing strategies and 
measures to achieve these objectives. As current environmental challenges are increasingly linked to the 
structure and functioning of society, the environment is increasingly focused on the actions of individuals 
and the development of society, for example with regard to energy consumption, goods and transport. 
Thus, the plan is based on the idea that environmental thinking and social development must go hand in 
hand. 

 

8.2.1. Urban development 

As is the case at the global level, in the Harstad region the population in the city centres is steadily 
increasing and the population in the districts is decreasing. Such development requires, in particular, a 
simplified transport solution, several centralised jobs and the priority given to trade and service offers in 
the centre. Thus, such development requires planning through a long-term strategy for transport and land 
use. 

 

International guidelines 

The "United Nations Framework Convention on Climate Change", adopted in 1992, has 
been ratified by 195 Parties. The long-term objective of the Climate Convention is to 
stabilize the concentration of greenhouse gases in the atmosphere at a level that prevents 
a dangerous and negative human-induced impact on the climate system. 

At the climate summit in Paris in December 2015, 195 countries agreed on a new 
agreement, the Paris Agreement. The Paris Agreement aims to keep the increase in global 
warming well below 2°C and preferably below 1.5°C above pre-industrial levels. It also 
aims to make the global greenhouse gas emissions neutral in the second half of this 
century. 

Each country must have concrete emission targets and report on them. In Norway, we 
must reduce greenhouse gas emissions by 30% compared to 1990 levels by 2020. About 
two-thirds of the reductions must be made nationally. Norway has declared its binding 
carbon neutrality target by 2050. 
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In December 2016, the Municipality of Harstad adopted a municipal subplan for the city centre of Harstad. 
The objective of the plan is to respond to population growth through good urban development, in the form 
of more workplaces and housing in the city centre, and to facilitate walking, cycling and public transport. 

Traffic in Harstad is increasing and accounts for about 50% of direct greenhouse gas emissions in Harstad 
(REF SSB). Thus the main objectives are: 

• Become a Smart City 

• Strengthen public transport with a 5% increase by 2020 

The municipality of Harstad therefore wishes to facilitate, among other things, the increased use of 
rechargeable cars by setting up several charging stations. In December 2016, there were 287 electric cars in 
the municipality of Harstad (Harstadt Kommune, 2018), but there were only two public charging points in 
the centre of Harstad that were available to the public. 

8.2.2. Climate and energy 

Municipalities (which own about 25% of all commercial buildings in Norway and account for one-third of 
the energy consumption of Norwegian commercial buildings) could reduce Norway's greenhouse gas 
emissions by 15% (Center for International Climate Research, 2017) through the energy efficiency of their 
own buildings, the conversion to environmentally friendly heating systems, more environmentally friendly 
transport and the use of waste for energy production. 

In 2012, Statkraft opened a district heating plant in Hjellholmen, Harstad, which replaced 80 oil-fired boilers 
in the city and significantly reduced the municipality's CO2 emissions. In addition to the buildings of the 
Municipality of Harstad, several large companies are also connected to the facility. From 2020, it will also 
be prohibited to use mineral oil to heat homes and buildings, which will further reduce greenhouse gas 
emissions in Harstad. 

Energy regulations and directives governing the sector have clear requirements. New buildings must be 
planned and constructed with a flexible energy solution. Otherwise, there will be an obligation to connect 
to the district heating system. Most households have already eliminated oil boilers and used district or 
other heating solutions. 

The main climate and energy objectives are: 

• direct greenhouse gas emissions in Harstad will be reduced by 40%, which corresponds to the 

1990 level by 2030. 

• reduction of energy consumption and therefore energy costs in municipal buildings 

• to become a driving force for the development and use of renewable energies, low-energy 

solutions, passive houses and flexible energy solutions. 

8.2.3. Grytøya island 

Grytøya is a small island located 3 km from Hinnøya. It is part of the municipality of Harstad and its 
electricity grid is connected to Hinnøya by an underwater cable. The island is marked by an important fish 
farming activity and the supply of electricity is a major concern. 

Twelve offshore fish farms are located about 200 m from the coast of Grytøya, four of which are not 
connected to the existing network provided by the DSO. The electricity production for these farms uses 
diesel engines that generate a lot of greenhouse gas emissions. Thus, fish farmers are looking for 
renewable energy sources to use on their farms.  

A fish farm with 13 fish cages consumes 60,000 L of diesel fuel per year. A generation of fish will take 15 
months to grow, followed by a 6-month break. Diesel generators are mainly used for platform heating and 
fish feeding. In addition, the energy required for food depends on the life cycle of the fish. For example, 
one such farm sent a request to be connected to the grid, with a peak power of 250 kW.  
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In total, HLK has connected 8 fish farms to the grid, but due to their limited capacity, not all fish farmers can 
connect to the grid. 

An alternative would be the clustering of farms combined with a shift in their consumption in order to be 
able to connect to the network. 

In addition, the implementation of the grid connection could involve the addition of batteries to the system 
by fish farms. 

A solution also envisaged is the use of E-ferry, which could, in the near future, connect Grytøya to Hinnøya 
and make about 20 trips a day, with one recharge every 4 trips. A trip would take 15 minutes.  While its 
charge could cause consumption peaks (although short-term batteries could help reduce this 
consumption), it could also inject electricity into Grytøya's grid from its batteries, while retaining enough 
energy to return to Hinnøya. 

8.2.4. The electricity grid 

The map below shows the electricity grid of the municipality of Harstad. In red, the 132 kV lines, in blue the 
66 kV lines and in green the 22 kV lines. The two markers on the map represent the two power generation 
units Gausvik I and Gausvik III. 

 

Figure 29. Harstad power grid (nve.no, 2019) 

8.2.5. Renewable energy potentials 

The island has significant renewable energy potential  (nve.no, 2019). We have seen that this potential is 
already being exploited through hydroelectric power plants or wind farms. However, there is the possibility 
of expanding its operation by increasing the installed capacity and turning to other energy sources, such as 
wave energy, with a high potential that could be used to meet energy demand, particularly for farmland. 
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9. CONCLUSIONS AND NEXT STEPS 

 

The objective of this report was to initiate the prospective modelling work of the two pilot islands of the 
H2020 GIFT project, Hinnøya and Procida.  

The first results obtained here concern the Italian island of Procida. They highlight the economic interest of 
increasing the island's photovoltaic panel capacity, but have also enabled us to study a scenario of the 
island's energy independence. This can be achieved by being 100% renewables with the use of wave energy 
but at a relatively high cost, as the technology is not yet fully mature and its costs are still particularly high. 
The moderate use of diesel generators makes it possible to obtain this energy independence at a much 
lower cost without necessarily having significant CO2 emissions.  

We have chosen to study the introduction of technologies that were not considered in the project and/or 
that were not feasible on the island (marine energy, diesel generators, etc.), bearing in mind the notion of 
replicability of the solutions developed on other islands. It is also this notion of replicability that has led us 
to study scenarios of energy independence. 

In addition, we were able to integrate the storage technology developed by Sylfen and made available for 
the project to study how it fits into the island's energy system. The observed behaviours of the solution 
seem rather consistent even if the model does not necessarily capture the long-term storage dynamics 
associated with hydrogen storage. 

It is now necessary to continue collecting data and to integrate electricity demand forecast data as soon as 
they become available. 

Given the small size of the model, it could be interesting to use finer time slots in order to have a better 
modelling of demand and/or to integrate consumption by use if the information is available.  

In addition, we have the ambition to integrate reliability indicators into the model, even if it should be 
stressed that the majority of electricity on the island is imported and that there are, a priori, no rotating 
machines on the island allowing frequency adjustment.  
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