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Abstract 
The increase of renewable energy share in the power generation mix to achieve national and 
international targets of greenhouse gases emissions reduction comes with important consequences, 
especially for the electricity grid that has to increase its flexibility to assure the quality and reliability 
of supply. This requirement can be much more relevant when dealing with islands, as they have 
limited (or no) interconnections to the continent and thus have to rely more on flexibility options to 
ensure the secure and cost-efficient operation of their energy system. In this context, a long-term 
prospective study, based on technico-economic optimization of TIMES model generator, is carried 
out to explore decarbonisation pathways that ensure grid flexibility of the two investigated European 
islands, that are Procida in Italy and Hinnøya in Norway. Emphasise is given to technical, economic 
and policy aspects of the evolution of the islands’ power systems.  

Introduction 
Climate change mitigation measures include the reduction of greenhouse gas emissions [1], which 
translates in the decarbonization of the energy systems. The increase of the share of renewable 
energy sources in the production mix appears to be a valid solution. First and foremost, these 
technologies can ensure energy production at low (or null) carbon emissions. Second, in terms of 
electric power generation, they represent fast-paced growing resources and finally, in many cases, 
have already become cost-competitive with fossil-fuel-based generation[2]. The European 
Commission offers a favourable framework for the development of renewable energy through the 
policy support through the Clean energy for all Europeans package and considers increasing its share 
as fundamental for the achievement of the continent’s energy and climate objectives [3][4]. 
However, the introduction of renewable technologies comes with important challenges, especially 
when dealing with electricity supply. In fact, the electric grid should assure at all instant a balance 
between the production and demand. Meanwhile, the electricity generated from some of the most 
commonly used renewable sources, namely solar photovoltaics (PV) and wind turbines, is dependent 
on external parameters such as weather conditions, and thus is strongly variable. Therefore, as the 
share of variable renewable energy (VRE) sources increases, the necessity to ensure a reliable power 
system for the satisfaction of the electricity demand becomes more crucial especially with the 
stochastic nature of VREs which explains the growing need of power system flexibility.  

In this framework, islands present specific challenges when it comes to energy supply and security 
and economic development. Owing to their small size, islands constitute a marginal market for 
international suppliers of energy and energy services, and they are often not able to obtain beneficial 
prices from bulk purchases. In addition, their remoteness implies high transportation costs. 
Moreover, islands are among the first victims of climate change: consequences for small islands vary 
from property damage to rising sea levels and coastal erosion. The introduction of renewable energy 
could be much more relevant when dealing with islands. These territories are often characterised by 
an over-dependency on energy imports [5]. This is mainly due to the additional geographical 
constraints presented by these territories which imply a limited or inexistent mainland grid 
connection, a limited space availability for power production installations and/or a lack of access to 
road infrastructure. Hence, islands would naturally consider investing in sustainable energy solutions 
like developing domestic renewable energy within their territory. These actions would fit in a long-



term strategy to ensure their autonomy and enhance their resilience, hence going beyond the 
achievement of the decarbonization goal, however inexorably accelerated by the exploitation of 
renewable energy on these territories. Moreover, energy autonomy of islands – defined as the ability 
of the energy system to function (or have the ability to function) fully without the need of external 
support like imports [6] - has been linked to the potential to reduce the cost of energy, and the ability 
to significantly reduce the carbon emissions associated with a community or region [6], [7]. 

The challenge  
System flexibility, in electrical energy system context, can be described as the ability of a power 
system, including generators, to sufficiently respond to changes in production and/or demand 
without jeopardising the grid stability [8]. 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. The International Energy Agency (IEA) provides a techno-economic definition of 
flexibility: “the ability of a power system to reliably and cost-effectively manage the variability and 
uncertainty of demand and supply across all relevant timescales, from ensuring instantaneous 
stability of the power system to supporting long-term security of supply” [9]. Flexibility describes the 
degree to which a power system can adjust the electricity demand or generation in reaction to both 
anticipated and unanticipated variability. It also indicates the capacity of a power system network to 
reliably sustain supply during transient and large imbalances [10].  

Possible solutions  
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.  

Storage  

They refer to technologies that store electrical energy and release it on demand when it is most 
needed through the conversion of electricity to other forms of energy and back again [14]. Given 
their valuable potential contribution to the grid management, these technologies are considered a 
prominent solution to integrate large amounts of VREs in power systems. The electricity storage can 
be installed at any level of the energy system: at the transmission or distribution grid, coupled with 
other generation facilities of used in behind-the-meter applications (i.e. used by final consumers). 
According to its location and operational mode, the regulatory framework and the market, it can 
provide several different services to the grid [14]. For example, if used at transmission or distribution 
level it can provide grid services (such as ancillary services or distribution network support), whereas 
if coupled with supply technologies it can provide bulk energy services (it can for example shift the 
electricity production of VRE to no production times, supporting the integration of these sources in 
the electricity grid). It can also be used by final consumers for energy management services (i.e. self-
consumption, that improves the bill management, power quality and reliability, other than 
supporting the deployment of VREs at distribution level). Electric batteries can also be used for 
electric vehicles in the transportation sector. 

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. It consists in the planning, implementing, and 
monitoring activities of electric utilities which are designed to encourage consumers to modify their 
level and pattern of electricity usage [11]. Therefore, with this solution, the consumers become 
active participants in the energy system (i.e. they become prosumers). 

The implementation of these techniques, based on price signals, has two main benefits: for the 
consumers it can represent a saving in electricity bills, whereas for the grid it allows to shift the 
energy consumption from peak to non-peak hours. The target customers are typically residential and 
industrial ones. However, a proper market design should be assessed to make this solution a viable 
flexibility source for the system. At this aim, the introduction of a new figure called aggregator, 
whose role is to manage the energy potential coming from the demand side, is gaining pace in the 
electricity market.  

Electric vehicles charging 

We can consider three types of charging strategies for electric vehicles [12]. The uncontrolled 
charging consists of charging the vehicle at maximum power as soon as it connects to the grid. For 
passive control, only encouragements are given to owners to charge during low tariffs of electricity. 
For active control or smart charging, the charging is mostly made during low tariffs or off-peak 
periods in addition to a modulation of the charging power. Two possibilities for smart charging exist: 
unidirectional (V1G) or bidirectional (V2G) which consists of injecting power back to the grid. Below 
is a schematic summarizing the EV charging strategies. The V1G is a flexible solution that could be 
used by DSOs to better manage the electricity load due to electric vehicles that are connected to the 
grid. It consists in a modification in the recharge profile of a part of the EVs that is made through a 
modification of the input current that feeds the vehicle. In this way, it is possible to decrease a part 
of the demand of EVs that occurs at peak hours by shifting this load in off-peak hours. 

 

 

Figure 1 – Schematic summarizing the EV charging strategies adapted from [12] 

 

Applications 
Methodology 

As part of this subject, a long-term prospective study is carried out to explore decarbonization 
pathways that ensure grid flexibility of two European islands, namely Procida in Italy and Hinnøya in 
Norway. Different possible evolutions of the energy system of the two territories are investigated 
through the implementation of long-term energy-planning models, based on the MARKAL-TIMES 
(Market Allocation) model, a methodological corpus developed within the ETSAP (Energy Technology 



Systems Analysis Program1). TIMES is an technico-economic model generator that can be applied to 
systems of any dimension, which provides a technology-rich basis for representing energy dynamics 
over a multi-period time horizon [13]. TIMES is a partial equilibrium model that uses a linear-
programming approach in which the technical optimum is computed by minimizing the discounted 
global system cost. It is based on a bottom-up methodology, relies on investment, fixed and variable 
costs and are demand driven. Hence, the minimization of the total discounted costs of the modelled 
power system is made over a long time period (here 2050) under a number of environmental, 
technical and demand constraints [14].  

Based on prospective studies using TIMES model, we investigate the applications of flexibility and the 
integration of renewable energy in the power systems. As such, for the case of the Italian island we 
study the investment in new technologies that include photovoltaics (PV) placed on rooftops of the 
buildings in the public, tertiary and residential sectors. They are coupled to Li-ion batteries and 
implemented in the model. We then implement a dynamic price of electricity during off-peak hours. 
As for the Norwegian island, we analyse the response of the low-emissive electric transportation to 
prices of electricity to control their charging.  

Recommendations  
This study is developed under a H2020 project, GIFT - Geographical Islands FlexibiliTy, as part of the 
European innovative projects developed to meet the sustainability goals for the energy sector. The 
achievement of the objectives proposed for this project will allow to decarbonize the energy mix and 
to increase the share of renewable energy sources in European islands. As part of the project, long-
term prospective modelling will contribute to the realisation of energy transition. The results will 
enable municipalities to consider different regulatory policies to achieve the energy transition of the 
territory. Moreover, as Hinnøya and Procida are representative of completely different European 
contexts, the results obtained in this study will not be limited to these two demonstration sites, but 
other islands could benefit from the analysis. 

The main results from the study are summarized below: 

• When local variable renewables deployment is coupled with the storage technologies, the system 
becomes more cost-effective and reduces its dependency to imports. For instance, the results for 
Procida, show that the use of batteries allows to decrease the electricity imports at peak hours, 
when the grid is more subjected to congestion problems. However, the results also showed that 
in the long-term the use of photovoltaics alone is not enough to cope with the increase of 
electricity consumptions. Additional solutions should then be considered, such as policies 
supporting energy efficiency.  

• Storage technologies are powerful in managing the electricity supply especially in cases of 
intermittent renewable energy. The use of these devices is strictly related to the amount of 
renewable energy integrated in the energy system, as the investments in these devices increase 
with the share renewable energy. 

• Integrating renewable energy-based electricity to decarbonize sectors is facilitated by flexibility 
solutions as they present one way to manage the additional load and avoid creating peaks with 
the electrification of emissive sectors. This is the example of sector coupling made possible by 
electrifying the transport sector in the Norwegian island. The analyses focused on the transport 
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passenger cars where charging control is necessary to avoid additional peak or to shift them in 
time according to low values of electricity prices and demand. In fact, the results for this sector at 
year 2035 show that 58% of the mix will be electrified till reaching 100% electrification in year 
2050. However, both national policies and technology advancement have a great impact on the 
choice of electric vehicles: the first one with associating a taxation of the emissions of the fuel 
used by this sector and the second, with the reduction of the investment costs through the 
horizon.  

• The option of self-consumption implemented in the Italian island decreases the dependency on 
the grid especially in marginal locations like the case of islands that are connected to the 
mainland. Combined with dynamic prices of electricity applied to all sectors studied (public, 
residential, tertiary) it enhanced the investments of storage in the most energy intensive sectors 
namely the tertiary and residential, which reduced the imports of electricity at peak moments of 
the day but not as the level at the energy system. Therefore, in terms energy dependency, it is 
better to have tariffs that are adapted to the sector where they are implemented, i.e according to 
the load time variation of the respective sector.  

• Dynamic prices of electricity can be used for valley-filling where the objective is to flatten the 
demand curve on a diurnal basis. This would provide incentive to the electric vehicle owner to 
participate in charging control strategies. However, the impact will not be noticed unless the 
transport sector constitutes an important demand of electricity.  

• Public and tertiary sectors are another source of demand-side flexibility on the islands as noticed 
by the use of the energy management system. The trend towards relying on electricity in the 
activities of these economic sectors is leading to harnessing the existing or new possibilities of 
flexible load. In general, this requires an increasing roll-out of smart meters, grid connected 
devices and the introduction of decentralized renewable energy and storage technologies, so that 
demand-side and thus “prosumers” (consumers that become producers) participation is 
enhanced. 

• National and local authorities play an essential role in the deployment of low emission 
technologies for the energy transition: we noticed for instance, that the electrification of the 
transport is supported by the national authorities in Norway and is reflected on the island since 
shares the same context of the mainland. However, the context of Procida differs from the 
country of Italy, mainly due to its limited surface, where possibilities are constrained.  
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