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Abstract

:

Renewable energy sources (RES) are playing an increasingly important role in energy markets around the world. It is necessary to evaluate the benefits from a higher level of RES integration with respect to a more active cross-border transmission system. In particular, this paper focuses on the sustainable energy transitions for Finland and Italy, since they have two extreme climate conditions in Europe and quite different profiles in terms of energy production and demand. We developed a comprehensive energy system model using EnergyPLAN with hourly resolution for a reference year for both countries. The models include electricity, heat and transportation sectors. According to the current base models, new scenarios reflecting an RES increase in total fuel consumption have been proposed. The future shares of renewables are based on each nation’s potential. The outcomes of the new scenarios support the future national plans, showing how decarburization in an energy system can occur in relation to the European Roadmap 2030 and 2050. In addition, possible power transmission between Italy and Finland were investigated according to the vision of an integrated European energy system with more efficient cross-border activities.
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1. Introduction


The transition from conventional energy sources towards a renewable and sustainable energy system is currently the subject of much discussion throughout the world [1]. The liberalization of the energy market was introduced in EU at the end of 20th century, and in 2011 the European Commission [2] decided that no member state should remain isolated from electricity and gas networks after the year 2015. European countries should share their natural resources, especially in a complementary manner among neighbors, and act together to achieve lower energy costs. However, the previous century was characterized by centralized and large-scale power plants using traditional fossil fuels to supply power to limited surrounding areas. This paradigm has gradually been superseded by distributed energy systems (DES), which are becoming more popular, especially as the share of renewable energy sources (RES) continually increases in the energy market [3]. New EU targets specify that the share of RES should increase year by year with respect to future energy management, and this is also a reflection of the low carbon emission policy, such as the Paris Agreement, which is supported by the United Nations Framework Convention on Climate Change (UNFCCC). In addition, RES will play a relevant role in the energy market by affecting electricity prices [4,5]. Each power supplier sells electricity at a marginal cost of production and the market price is set according to the mechanism of merit order [6]. All renewable energies have nearly zero marginal costs; and the other costs, mainly operating costs, are also quite low. RES are the first choice in the ranking of merit order, which helps form a cost-effective electricity market [4,5].



Nowadays, RES account for 23.5% of all electricity and comprise 14% of the energy sector in the EU. The number of installations and investments in RES will increase in the near future, because the EU would like to be the world leader in the utilization of RES [5]. The future energy frameworks for 2030–2050 are based on the development of renewable energies and securing their supply. To achieve this objective, the EU’s Energy 2020 strategies should be fulfilled, with the agreed targets being reached by 2020 [7]. This strategy has always been working according to the already achieved results; in 2012, greenhouse gas emissions were reduced by 18% in comparison to 1990 levels. The share of RES was 13% greater than the total primary energy consumption, bringing 44% of the world’s renewable electricity to the EU. Meanwhile, the energy intensity and carbon density of the EU’s economy decreased by 24% and 28%, respectively [7]. Such progress formed the starting point to defining the 2030 policy framework, where the European Energy market should be able to achieve a 40% reduction in greenhouse gas emissions (also compared to the 1990 level). Meanwhile, renewable energy consumption should account for at least 27% in the total energy structure, and at least 27% in energy savings should be achieved compared to the business-as-usual scenario [7]. Furthermore, the European Commission also set a long-term energy policy via the Energy Roadmap 2050, where the environmental aspect plays a central role. The new scenario is an ambitious one for reducing greenhouse gas emissions by 80%–95%. The year 2050 is presently a timely benchmark for the policies to address this climatic challenge, which could encourage greater low-carbon investments in each sector [8,9]. In light of such developments, the EU Emissions Trading System (EU ETS) is working to combat greenhouse gas emissions by opening a trading market. The system covers 45% of the total greenhouse gas emissions and it is open for all EU members as well as Iceland, Liechtenstein, and Norway [10].



Child and Breyer [11] discussed the definition of transition and transformation in terms of energy systems, and they suggested that changes of physical forms be denoted as transformations, while changes to large socio-technical systems as transitions, when highlighting the ways that society motivates, facilitates, and benefits from the change on a higher level. Energy transition is being discussed more extensively in many countries and regions of the world, not only due to the depletion of fossil fuels, but also because of the challenge of climate change and irreversible pollution [12]. Reducing the use of fossil fuels while promoting RES is crucial for attaining the sustainable development goals [13]. Ruppert-Winkel et al. [14] developed a heuristic three-phase-model (3PM) for regional energy transition simulation, and it was successfully used in three case studies in Germany. They focused on how the transition towards a local, renewable energy-based system could be implemented in Marin County. Lange et al. [15] analyzed the transition to marine renewable energies based on the Irish governance setup and the current capacity. They believed that the situation of the governance setup and power balances across domains should be studied for the energy transition, which is reflected in this research as analyzing the benchmark case and transition scenarios based on the RES potentials. Lind and Espegren [16] showed how the city of Oslo can assume the lead in sustainable energy transition through innovative ideas and solutions. They analyzed various energy and climate measures and their potential to transform Oslo into a low-carbon city. These studies built case specific models for cases, but they mainly focused on the local energy transition in a city level, which cannot reflect the situation of the whole country. Guidolin and Guseo [17] studied some quantitative aspects of the energy transition in Germany. Especially they analyzed the competition and substitution between nuclear power and renewable energies. Anil et al. [18] addressed an hourly model for Turkey’s energy transition until 2050 towards 100% renewable energy considering electricity demand development, technical and financial assumptions and resource availability of RES. Mediavilla et al. [19] studied the transition towards renewable forms of energy in Spain. They used a dynamic model to evaluate the depletion patterns of world fossil fuels and their possible replacement by RES. Zakeri et al. [20] proposed a market-based energy system model to simulate Nordic and German energy markets using MATLAB. They examined the impact of integrating a variable renewable energy in Germany with the Nordic power market in terms of power transmission and electricity price. Vidadili et al. [21] explored sustainable development in Azerbaijan through the transition to renewable energy and proposed appropriate measures to shift the country away from oil-based production. Although these studies have provided insights into the proper energy transition in terms of different energy forms, there are also limitations. One is that few studies considered the energy supply and demand data with hourly resolution for the country level when modelling the energy transition. The other is that the energy transition models did not consider the RES potentials in the long run or they were not accurate even reflecting the current energy market as the base case. All these problems will be fixed in this paper to make the long term energy transition model more accurate the reliable.



China has also been making intensive efforts to address energy transition and climate change issues because of the huge amount of energy consumption and greenhouse gas emissions. Chai and Zhang [22] highlighted the energy dilemma in China’s modernization process and studied the technological and policy options for making the transition to a sustainable energy system in China using a low carbon energy model (LCEM). They concluded that China needs to take further actions to strengthen the research and development of innovative sustainable energies, to create stronger economic incentives for them, and to improve the integration levels. Sun et al. [23,24] analyzed the role of RES in China’s sustainable energy transition, and presented that renewable energy development is required to reach the Intended Nationally Determined Contribution (INDC) for the post-2020 period. They reviewed the potential of renewable energy in China and how it could be utilized to meet the INDC goals. Eight alternative scenarios with 40% renewable electricity are explored using the EnergyPLAN. The results show that renewables can help reach the 20% share of non-fossil energy in primary energy and 40%–50% share in electricity production. But China still should implement new policies to promote integrated development of wind and solar power. Several other Asian countries, such as India [25,26], Thailand [27], Japan and Korea, are also adopting their own measures to achieve sustainable energy transitions [28]. Mohammad and Khan [29] studied how one of the most non-renewable countries—Saudi Arabia—is acting concerning the global challenge of energy supply vs. resources for energy generation, emphasizing the use of solar energy. In addition, some researchers also tried to evaluate the effects of social and political aspects on the renewable energy transition. Dóci et al. [30] reported that renewable energy communities are grassroots initiatives that contribute to meet consumption needs and environmental goals and thus conduce to the spread of renewables. Therefore they explored the potential of renewable energy communities as social niches to contribute to the energy system transition. For this purpose, they propose three proxies for measuring the transition potential of social niches based on technological innovations from literature. Steg et al. [31] also considered the human dimensions of the sustainable energy transition, and they propose a general framework to understand and encourage sustainable energy behaviors. Dumas et al. [32] however studied the political issues arising from the energy transition and indicated the effects of political competition on the renewable energy transition in the long run. These studies promoted the energy transition studies in Asia, but unfortunately the models did not consider the possible power transmission between neighbouring countries, and the proper aggregation method for energy supply and demand considering different climate zones in each country. Therefore, this study proposed a novel aggregation method which can be used to map the local energy supply and demands to the country level.



It was widely acknowledged that the future energy systems should integrate more and more RES to respond to the climate change. This is also the important way to the efficient energy systems, which gradually abandons the fossil fuels. According to the literature review, previous studies usually focused on one sector or part of the energy market, however, the energy transition study should consider the energy supplies and demands of the whole energy market. Sometimes it is quite difficult to obtain the detailed energy supply and demand data for several energy sectors in the country level, therefore, this study proposed an aggregation method to scale up the energy profiles based on the typical data of typical cities. Few researchers had considered the energy transition considering the relatively accurate profiles of supplies and demands in hourly resolution as well as RES potentials in the country level. Therefore, this paper tries to bridge the above mentioned gaps by studying the renewable and sustainable energy transition for two countries with different profiles in the supplies and demands, RES potentials as well as the different climates by using the EnergyPLAN. We will define the base scenarios and energy transition scenarios with different RES shares for two countries according to the RES potentials, and to examine whether and how the transitions could happen, and their influences to climate change. The possible interlinks between the two countries are also considered in the energy system modelling in order to examine the possible influences of the energy transmission and more efficient cross-border activities on the energy transition. These are the main new contributions to the existing pool of knowledge in this respect.



Since the transition to RES is becoming more extensive, it is necessary to model and simulate the transition for a wider region than just one sector or one country, especially when considering the different climate conditions and different portfolios of energy supply and demand data. Therefore, the objective of this study is to model the actual energy markets for different climate regions, taking Italy and Finland as examples since they have two extreme climate conditions in the EU and very different supply and demand profiles. In addition, Finland is one of the leading countries in RES utilization, while Italy has a larger potential market for integrating RES solutions. This paper analyzes the different energy policies, the energy balances, and the final energy consumption rates for a chosen reference year in both countries considering the different energy transition scenarios. The energy system models were developed using EnergyPLAN, and future possible RES integration scenarios for both countries were introduced by changing the model inputs regarding the share and portfolio of renewables. The impact of the share of RES on the total energy consumption and total CO2 emissions are also analyzed. Moreover, the model can be used to analyze whether the two countries could be complementary in terms of electricity demand and market price in a future European market regarding cross-border power transmission.




2. General Comparison of the Climate Conditions and Populations of Italy and Finland


Italy is located in southern Europe and its climate is highly diverse due to the varied terrain. Italy has seven different climatic zones, ranging from humid subtropical, humid continental, oceanic, to warm and temperate Mediterranean, with average winter temperatures varying from 0 °C on the Alps to 12 °C on the islands, but temperatures can climb up to 30 °C in some areas [33]. At the end of 2013, Italy had more than 60.7 million inhabitants and a population density of 202 persons per square kilometer, though not at all equally distributed throughout the country [34].



Finland, which lies in the boreal zone, is one of the world’s northernmost countries, and it is characterized by warm summers and cold winters. The country has two different continental climates: a temperate continental climate, which is influenced by the moderating effects of the Baltic Sea, and a cool continental climate in the Arctic region of the north. The winter season is long, with snow covering the land until late March or even April, and the temperature can fall to −30 °C even in the coastal areas, whereas the average summer temperature remains above 10 °C [35]. The population of Finland is currently 5.5 million, mostly concentrated in the southern parts of the country. It has a population density of 18 persons per square kilometer, which is the lowest in the EU [36]. In addition, Finland’s nominal GDP per capita is almost double that of Italy [34,35].



From a European perspective, and when thinking about the integral European energy market, an energy market analysis can be an interesting point of comparison. The differences in climate and populations are linked to different heating, cooling, and electricity demands. The different locations affect energy resources and the criteria for choosing a specific energy transition pathway.




3. Energy System Modeling for Italy


EnergyPLAN version 11.4 was adopted for energy system modeling, since it was developed to model planning strategies for different energy systems based on technical and economic analyses. The model can be applied on a national level as well as a local one, and it is possible to include a wide variety of energy technologies and to specify the types of desired interactions between the heating and electricity systems [36]. The model implementation phase starts with filling out input data sheets, which mainly include: (1) demand: the annual demands for electricity, annual productions and demands for heating and cooling, fuel consumption for heating, industry, transport, and non-energy uses; (2) supply: installed capacity of each energy technology for electricity and heat production, for central power plants as well as for intermittent renewable sources and fuel consumption in each plant; (3) cost: fuel costs, fixed and variable costs for each installed technology. The analysis was carried out using an hourly resolution for the chosen reference year of 2013. It is possible to choose between a technical energy system analysis and a market-economic energy system analysis, and the last step has to do with regulations and final results, which consist of energy balances, levels of fuel consumption, CO2 emissions, and system cost calculations.



3.1. Demand Data


3.1.1. Electricity Demand


According to International Energy Agency (IEA), Italy is the fourth largest electricity consumer in Europe after Germany, France, and the UK [33]. In 2013, the electricity demand in Italy was 318.5 TWh, as declared by TERNA (Rete Elettrica Nazionale), the Italian electricity transmission system operator [37]. From the website of the European Network of Transmission System Operators (ENTSO—E) it is possible to download the country package for the reference year and obtain the hourly distribution of the electricity demand [38]. The hourly electricity demand of Italy in 2013 is shown in Figure 1. This electricity demand also includes electric heating and cooling. The figure shows that the trend was smooth throughout the year, with peaks in the last months of the year because of the need for artificial lighting and during the warmest summer period because of the demand for cooler air, most of which was satisfied by electrical technologies. The cross-border exchange varies every year, depending on the national production.




3.1.2. Heat Demand


The total heat demand is the sum of the heat demand for individual heating and district heating. Approximately 66% of Italian families use independent heating sources via a type of technology installed in their own flat, while only 15% of them use a centralized heating system [39]. Natural gas and biomass are the preferred energy sources for individual heating, and they account for 83% of the total fuel consumption, as shown in Figure 2 [40]. The input data for individual heating is linked to the annual fuel consumption (TWh/year) for each type of boiler technology. Furthermore, in the individual heating input data sheet, the solar thermal contribution to each type of boiler must be analyzed for the production of domestic hot water (DHW) [41]. According to Italian National Agency for New Technologies, Energy and Sustainable Economic Development (ENEA) [42], an average yearly solar thermal energy density of 700 kWh/m2 can be chosen as the base point and the estimated solar thermal energy input for individual heating is 2.3 TWh/year [41]. The amount of heat storage has been chosen for one day based on the typical dimensions of a water tank for an individual building [43].



In Italy, district heating is a rather young technology compared to other European countries. According to the annual report of the Italian Association of Urban Heating (AIRU), 209 grids were in operation and district heating was active in 179 municipalities throughout the northern regions and in certain parts of central Italy in 2013 [44]. In 2013, the Italian district heating production was 10,966 GWh, while the thermal energy needed to fulfill the heat demand was 9200 GWh [44]. In addition, the heat demand input data sheet requests yearly heat demand data both for individual heating and for district heating. It is much more difficult to find reliable data for the total heat demand in Italy as well as in other European countries. However, we can use some aggregated methods to calculate them as follows.



Italy has six major climate zones [45], depending on the heating degree days (HDD) [46,47] and tundra climate zone above the tree line in the Alps. Therefore it is not easy to study common heat demand behavior during the year. The 8000 Italian municipalities are spread across six major climate zones. To model the heat demand distribution, one city in each climate zone has been selected as shown in Table 1. Zone A and tundra climate zone are so small that no city was chosen for the model. In addition, there are few municipalities in Zone F compared to Zone E; therefore, they are included in Zone E in the heat demand calculation.



First, we calculate the heat demand distribution for each typical city using the hourly temperatures (HDD) of that city, and then we obtained the annual heat demand for each person living in the city per year. Therefore we can get the heat demand distribution for the climate zone represented by the city. Finally the total heat demand distribution is calculated by the summation of all heat demand in different climate zones. The hourly temperatures of the reference year for each typical city can be found in Wunderground [48] and other detailed data can be found for Messina [49]. It is also possible to deduce the heat demand per person for Naples, Rome, and Milan by using Equation (1) if only hourly temperatures are available:


Qcity=QMessina−QtapHDDMessina×HDDcity+Qtap



(1)




where Qcity is the annual heat demand for a specific city in MWh/person·year; HDD are the heating degree days for a specific city; Qtap is the heat demand needed for hot water production, usually presumed to be 30% of the heat demand for a specific city [46]. Therefore, the annual heat demand for the typical city in each zone has been calculated and is shown in Table 2.



Hereafter, we can scale up the hourly distribution for each city using the HDD distribution for that particular city and the number of inhabitants in each zone. The same procedure has been applied to estimate the hourly heat demand distribution in Zones D, E, and F. Finally, the annual heat demand for the whole country is the sum of the estimated annual heat demand in each zone, as shown in Figure 3. It clearly shows that the heat load is highly dependent on the climate, and in summer time when space heating is not needed, the heat load will maintain a minimum but stable level for the DHW preparation.




3.1.3. Cooling Demand


According to the National Institute for Statistics (ISTAT), only one-third of families have air conditioning (AC) systems [39]. Many of the buildings do not even have an AC system. In general, the most common AC technologies are heat pumps (HP) and electricity. The electricity for cooling is estimated to be equal to 18 TWh/year in southern Europe [50]. The cooling from district heating involves transporting heat to the users and locally producing cooled water via absorption HP, driven by hot and superheated water. It is not so popular because of the high costs for transport and production, limited working times, and the low retail price. However, we estimate that the annual cooling production is 105 GWh, but considering the losses related to the network, 102 GWh is the actual energy input of the network [44].




3.1.4. Industry and Other Fuel Consumption


The share of each fuel used in the industry is shown in Figure 4a, and it highlights the role of natural gas in the Italian energy market [51]. In addition, various types of energy can include any fuel that has not been accounted for in industry, such as fuels for non-energy uses, agriculture, and bunkers [36], shown in Figure 4b.




3.1.5. Transport


According to the ENEA [51], energy consumption in the transport sector has dropped by 2% in comparison with the previous year, from 38.6 to 37.8 Mtoe (million tons of oil equivalent). Oil dominates the fuel consumption used for transport, as shown in Figure 5.





3.2. Supply Data


After having defined the energy demand, we now focus on the supply data and analyze the energy production from different technologies.



3.2.1. Electricity Supply


Here we focus on the input data of electricity production from RES and from other conventional technologies, such as condensing plants. During the past decade, renewable energies have changed the Italian energy system drastically, and nowadays Italy is a leading country for producing electricity using RES [51]. In the EU 2020 policy, the gross final energy consumption covered by RES production must reach 17% by 2020 [33]. This part of energy consumption includes the direct use of RES and the part of electricity and heat that is produced from renewables. For the reference year of 2013, 8.9% was the share covered by RES-E, while 10.6% was covered by RES-T [33], which means that the target has already been reached. In 2013, 600,000 RES-E units were recorded when accounting for photovoltaic collectors, wind power plants, hydropower plants, and geothermal energy, but the distribution is irregular along the peninsula depending on different climate conditions and potentials.



Solar


At the end of 2013, the total installed capacity of photovoltaic panels was 18,053 MW, and most of those power plants had capacities ranging from 3 kW to 20 kW, while a small proportion of them were large plants with capacities of between 200 kW and 1 MW or greater than 1 MW. The production was 21,589 GWh, which accounted for 19% of the total electricity production from RES-E [33]. Northern Italy installed more photovoltaic panels than the southern part of the country, but it produced less electricity because of the different solar irradiation densities. According to TERNA [52], we can obtain the actual generation figures for each renewable source for each hour of the reference year. Therefore, the hourly distribution of photovoltaic electricity has been calculated and shown in Figure 6a. It is clear that solar production follows the seasonal change, but Italy has a large potential of solar energy even in the winter time, which is quite different with Finland.



The specific hourly distribution, which means the ratio between hourly production and the total installed capacity, have been calculated and is shown in Figure 6b. This ratio is required by EnergyPLAN, and it shows the amount of real energy produced in comparison with the maximum that can be extracted; its value is between 0 and 1. In this case, the ratio is 0.14, which means the equivalent time of actual use of the photovoltaic power plant was 1241 h during the reference year.




Wind


In Italy, there were 1386 wind power plants at the end of 2013. Most of them were small in size, with power outputs of less than 1 MW. The installed capacity was 8561 MW and the production was 14,897 GWh, mostly from large power plants with capacities lager than 10 MW [41]. More wind turbines have been installed in southern Italy and they produce the majority of the wind power in the country. The hourly distributions of wind power can also be obtained from TERNA as shown in Figure 7. Like many other countries, the wind energy distribution of Italy seems quite stochastic, but in general the wind speed is a bit higher in winter time. Using the overall capacity and final production levels from all installed wind turbines, we can calculate their ratio as being equal to 0.20 for Italy and estimate the average equivalent working hours as being equal to 1793. Moreover, the specific hourly distribution of wind power can be used in the EnergyPLAN datasheet.




Geothermal


Geothermal production has not experienced changes in recent years. The installed capacity is about 773 MW, and most of this production is accounted for by small plants with capacities of approximately 20 MW. The geothermal electricity production was 5659 GWh in 2013 [41]. The constant hourly distribution was used in the EnergyPLAN database. The geothermal power station has the role of maintaining the grid’s stability, and it is considered to be running at base load; therefore, the geothermal power plant does not participate in active regulation. The geothermal electricity production is the total obtained when multiplying the capacity, the hourly distribution, and the correction factor. Once the annual production rate and the installed capacity were known; we found the calculated correction factor to be 0.834 and the equivalent hours of work 7020.




Nuclear Power


Four nuclear power plants have been built in Italy, but none of them have been working since the Fukushima accident in 2011.




Hydropower


Italy has about 3250 hydropower plants, with a total installed capacity of 22,009 MW, of which 17,023 MW is from dammed hydropower while the rest is from river hydropower [53]. In 2013, the total hydropower production was 52,773 GWh, most of that coming from plants larger than 10 MW [53]. According to TERNA [53], it is possible to estimate these two levels of productions as the sum of the hourly distribution for the whole reference year, as shown in Figure 8. It can be found the hydropower production is higher in summer time.



After analyzing the different contributions to electricity production from the different renewable sources installed in Italy, we can calculate their share of RES electricity production, as shown in Figure 9. In 2013, the total amount of electricity produced from RES was 95 TWh, which was capable of covering 30% of the national electricity demand during the reference year. Hydropower dominates RES electricity production with a share of 55%, followed by solar power and wind, whose shares are 23% and 16%, respectively, while geothermal production only contributes 6%.




Condensing Power


The condensing power was 52,566.7 MW. According to TERNA documentation on condensing power generation, they were able to produce 94,327.8 GWh during the reference year [53,54].





3.2.2. Combined Heat and Power Supply


This input datasheet is devoted to combined heat and power (CHP) plants and the production of heat to fulfill the demands of district heating networks. In Italy, district heating is not a widespread technology; only a small part of the district heating demand is met by CHP. The total CHP installed capacity was 18,632.5 MW, while electricity production was 88,355.2 GWh. According to AIRU [44], the 10.3 TWh of heat produced for the district heating network is associated with:

	(1)

	
Cogeneration power plants fed by fossil fuels: 851 MW;




	(2)

	
Cogeneration power plants fed by biomass: 78 MW;




	(3)

	
Auxiliary boilers fed by fossil fuels: 4726 MW (thermal);




	(4)

	
Auxiliary boilers fed by biomass: 336 MW (thermal);




	(5)

	
Geothermal: 240 GWh as heat production;




	(6)

	
Waste treatments;




	(7)

	
HPs.









The last two production technologies have not played a significant role in total production. For this reason, we consider the heat produced for the district heating network to only be associated with CHP plants and auxiliary boilers.




3.2.3. Thermal Plant Supply and Fuel Mix


The fuel distribution is divided into coal, oil, natural gas and biomass for condensing, and CHP plants [52]. The auxiliary boilers for district heating production are fed by 90% natural gas and 10% biomass.




3.2.4. CO2 Emission Data


One of the final outputs of the EnergyPLAN has to do with total system emissions, hence the CO2 emission intensity of each fuel is needed. In this study, the CO2 content in fuels, measured in kg/GJ, has been modeled following the default values available in the EnergyPLAN database.





3.3. Model Results for the Base Case of Italy


We carried out a market exchange analysis after obtaining the required input data. In this case, further input will be needed for the model to identify the market prices and to determine the response of the market prices to the changes of imports and exports. Input is also needed in order to determine the marginal production costs of an individual electricity production unit.



Figure 10 shows the hourly market prices [55]. The power prices in Italy are generally higher than in other EU states because of the high level of imports and the predominance of gas-fired, combined-cycle CHP plants. Italy’s dependence on gas imports remains at about 90%.



On the other hand, the maximum import/export capacity between Italy and its neighboring countries is shown in Table 3 [56]. However, we found that the imported electricity is more than the exported for Italy. With higher RES share, the imported electricity is reduced but the exported electricity is increased, and the electricity price is lowered. In EnergyPLAN modeling, EEEP refers to the Exportable Excess Electricity Production and CEEP to Critical Excess Electricity Production. The latter should not be exported because it exceeds the capacity of the transmission line. In fact, such production is not allowed, since it will cause a breakdown in the electricity supply. The model allows for the removal of CEEP, and a balance can be achieved by reducing the CHP and boiler production rates.



The main results refer to the balance between consumption and production in both the electricity sector and the heat sector, and an analysis of the different shares from different production plants. The validation of the model and trust in the results have been compared to the annual energy balance for the reference year published by IEA [33], ISTAT [34], and TERNA [53]. In particular, we can obtain the annual production rates for heat and power from different energy resources. For electricity production, we can obtain the following detailed production balance, with the shares being shown in Figure 11. It can be seen that import dependence is at a high level. In the absence of nuclear energy, combustion is the primary electricity production source, which provides more than 58% electricity, followed by the renewables, which contributes 29% electricity. As to the heat, CHP and boilers account for 98%, and the rest are geothermal energy.

	(1)

	
Electricity consumption: 318.5 TWh [39];




	(2)

	
Electricity production: (a) condensing power plants: 94.9 TWh; (b) CHP power plants: 88.52 TWh; (c) RES: 93 TWh;




	(3)

	
Import: 44.4 TWh;




	(4)

	
Export: 2.37 TWh.









From the heat production shown on the output datasheet, we can conclude the following:

	(1)

	
District heating Demand: 9.2 TWh [44];




	(2)

	
District heating Production: 10.97 TWh [44] (including network losses);




	(3)

	
CHP Power Plants: 7.52 TWh;




	(4)

	
Auxiliary Boilers: 3.21 TWh;




	(5)

	
Geothermal: 0.24 TWh.









Other significant results from the base model provided in the EnergyPLAN are as follows: the total fuel consumption including import and export was 1986.29 TWh/year and total CO2 emissions were 402.62 Mt/year, which are quite consistent with the ENEA report for the reference year [51]. Therefore, the model was validated by the real data, and the model results can form the basis for configuring and analyzing future scenarios with higher RES shares.





4. Energy System Modeling for Finland


System modeling was also conducted for the Finnish energy market during the reference year following the same procedure with the Italian model.



4.1. Demand Data


4.1.1. Electricity Demand


The total electricity demand in Finland was 84 TWh in 2013, as reported by Statistics Finland [57]. Electricity demand is quite variable in Finland, and electricity consumption per capita is the second-highest among IEA member countries after Canada, mainly due to the dark, cold winters and economic activities [35]. Although about half of all space heating is covered by district heating, 13.23 TWh of heating energy are from individual heating, while the total amount of electricity used within the residential sector is growing due to the increasing number of HP [58]. The hourly electricity demand for Finland can be downloaded from NordPool [58], as shown in Figure 12. We found that the electricity demand peaks during the winter because of low outdoor temperatures and limited daylight hours. It is less uniform than the Italian electricity distribution.




4.1.2. Heat Demand


Because of its cold climate, Finland’s heat demand per capita is among the highest of all IEA member countries [35]. To the best of our knowledge, heating technologies are strongly related to greenhouse gas emissions; however, Finland does not have a high rate of CO2 emissions. One of the main reasons has to do with the important role of district heating, which covers almost 50% of the total heat demand, while the district heating share in Helsinki is 93%. About 2.6 million Finns live in houses heated by district heat. The heat demand of the rest of the population should be modeled as individual heating [59]. The fuel used for individual heating can be found in Figure 13 [60]. It is quite clear that biomass is the most common fuel used for individual heating, while electric heating is still popular in new detached houses because it is easy to use, cost-effective, and does not require high maintenance.



The share of solar thermal energy has not been modeled, even if solar energy has great potential in Finland, because the main contribution is only in summertime, when the heat demand is quite low. This technology could contribute more to the overall heating production when coupled with long-term heat storage systems. Finnish district heating is mainly based on CHP systems producing heat and electricity. The total produced heat has been modeled as in centralized CHP systems. In 2013, the produced heat was 36.8 TWh and the heat demand was 33.2 TWh considering the network losses [60].



An aggregation procedure similar to the one developed for the Italian model has been followed to obtain the hourly heat demand distribution for Finland, and the results are shown in Figure 14. In this case, the procedure was simpler for two main reasons. The Finnish climate is more uniform and there are not significant differences in HDD between the two climate zones. Moreover, the population is mostly concentrated in the coastal area and mainly around Helsinki. As a consequence, the heat demand can be modeled according to the HDD of Helsinki based on its hourly temperature for the reference year. The population-weighted average number of HDD was 5000 during the whole reference year [61]. Note that our calculations for the HDD for a Finnish city differ from the Italian case because the presumed indoor temperature in Finland is 17 °C. According to Figure 14, the hourly heat demand is much higher in winter than summer, and the summer time is much shorter than Italy.




4.1.3. Cooling Demand


In Finland, district cooling is still a relatively young technology that was only introduced in the 1990s. In 2013, the cooling energy used was only 1.2 TWh, and it has been estimated that the cooling demand will not experience significant growth by 2030 [62]. Therefore, we did not complete this particular input datasheet.




4.1.4. Industry and Other Fuel Consumption


The total fuel consumption in the industrial sector of Finland was 105.3 TWh in 2013, and the share of each fuel used is shown in Figure 15 [57]. Again, biomass dominated the fuel consumption in this sector with a 53% share. Finland is among the leading countries in the use of biomass for energy production, and nearly two-thirds of all industrial energy is consumed in wood and paper industry [35].




4.1.5. Transport


Figure 16 shows the fuel used for transport in Finland, although the transport system is based on diesel and gasoline. The share of biofuel is higher than that of gas, and the most commonly used biofuel is biodiesel. Nowadays, all transport fuels distributed in Finland contain bio components, and the bio-ethanol content is increasing to meet environmental targets of 20% for the renewable energy content of fuels for this sector by 2020.





4.2. Supply Data


4.2.1. Electricity Supply


The electricity demand is fulfilled partly by condensing power plants and nuclear energy and partly by intermittent renewable energies, such as wind and hydropower. This has to do with the types of resources available in Finland.



Nuclear Power


In the late 1980s, the Finnish government made the decision to include nuclear power in the national energy system, and nowadays four reactors are active in two main power plants. Nuclear power plays a large role in the plants’ power production and meets the constant need for base-load power [63]. In 2013, the installed capacity was 2752 MW, with an efficiency level of 0.4 [60]. The share of nuclear power in total electricity production will increase when the fifth reactor is ready for commercial operation. This technology, with high load factors, has a low electricity price, low levels of radioactive emissions, and will help the country achieve low levels of CO2 emissions. The distribution is considered constant because it is a base-load electricity generation technology.




Wind


In Finland, many costal sites and coastal waters of the Baltic Sea would be suitable for the generation of wind power, but at the end of 2013 only 211 wind turbine generators were working, mostly along the west coast, and the nominal capacity was 258 MW [60,64]. During the reference year, the total amount of electricity produced from wind turbines was 774 GWh. The hourly distribution used in the model is shown in Figure 17, which shows that the wind production is higher in November and December in Finland.




Hydropower


Hydropower is the most important form of renewable energy in the Nordic countries, and in Finland it is the second largest source of renewable energy after bioenergy [35]. Approximately 207 hydropower plants were operating in Finland in 2013, including micro, small, and large hydropower plants, most of which were located in the north and center of the country in the vicinity of the lakes. The total capacity recorded for the reference year was 3125 MW [60]. The total annual production was 12.67 TWh. The distribution pattern is shown in Figure 18, which is quite different from Italy’s hydropower distribution, because Finland has two peaks in terms of hydropower production, they are January and February as well as the summer time.




Solar


The yearly amount of solar energy produced in Finland amounts to about 1000 kWh per square meter, and it varies dramatically over a year. Moreover, solar energy is not present in large scales and throughout the energy market; therefore it has not been modeled in this study.





4.2.2. Combined Heat and Power Supply


CHP is one of the most important and efficient technologies in the whole Finnish energy system, and the development of district heating in particular has progressed in tandem with the development of CHP. CHP accounts for about one-quarter of the total electricity demand of the country [59]. According to Statistics Finland [60], the power generation capacity at peak load in 2013 was 5830 MW for CHP, and the capacity feeding the district heating network was 3500 MW. The total installed capacity of CHP can produce almost 80% of the total heat produced for the network.




4.2.3. Thermal Plant Supply and Fuel Mix


According to Statistics Finland, it is useful to obtain the rates of fuel consumption for the production of heat and electricity with respect to the adopted technologies [60]. The share of the fuel underlines the importance of biomass in the national energy markets, especially in relation to CHP power plants. The heat supplied by CHP plants using biogas and wood has a higher feed-in tariff for an additional bonus for this kind of renewable heat.




4.2.4. CO2 Emission Data


Similarly to the Italian model, the CO2 content in the fuels, as measured in kg/GJ, has been modeled following the default values available in the EnergyPLAN database.





4.3. Model Results for the Base Case of Finland


In order to simulate the market economy, other input data include the market price distribution and the maximum import/export transmission capacity. Since Finland is a member of NordPool, it is convenient to extract the price distribution during the reference year from Nordpool’s website. In particular, the Elspot prices shown in Figure 19 represent the results from the day-ahead implicit auction market [60]. The average electricity price for 2013 was 41.16 €/MWh, which was the highest in the NordPool market, due to a higher share of fossil fuels and imports compared to other countries in the NordPool market.



The maximum net transfer capacity between Finland and the neighboring countries are shown in Table 4.



We obtained the energy balances for Finland in the reference year based on the model output data. Figure 20 shows the share of production from each technology for the electricity and heat sectors. We can find out that condensing power is very limited in Finland, but CHP, RES and nuclear power dominates the electricity production. At the same time, CHP also produces more than 70% district heat with higher energy efficiency. The results come from the model results but not from the actual statistics.



The following detailed electricity balance can be found in the model output datasheets:

	(1)

	
Electricity demand: 84 TWh [57];




	(2)

	
Electricity production: (a) CHP power plants: 23.33 TWh; (b) nuclear: 22.67 TWh; (c) RES: 13.44 TWh; (d) condensing power plants: 8.9 TWh;




	(3)

	
Import: 17.6 TWh;




	(4)

	
Export: 1.87 TWh.









For the heat sector, the detailed balance is as follows:

	(1)

	
District heating Demand: 33.2 TWh [57];




	(2)

	
District heating Production: 36.8 TWh, including: (a) CHP plants produced 26.1 TWh; (b) Auxiliary boilers supplied 10.7 TWh.









These balances have been validated by statistics from the Finnish authorities [57,60]. According to the detailed statistic results shown in Table 5, the share of condensing power, CHP, RES, import/export, and nuclear power are 10.6%, 27.7%, 16.1%, 18.7% and 27%, which are consistent with the modelled results. In 2013, CHP produced 75.7% of heat while heat only boilers produced 24.3% district heat, which are also close to the model output. Therefore, the proposed EnergyPLAN model has a good accuracy to reflect the base case and therefore the cases with higher RES share.



According to the model output, nuclear power plants help reduce the electricity produced from CHP. They also help produce more heat for district heating. Relevant results from the models for future optimizations are as follows: annual fuel consumption was 348.62 TWh/year and CO2 emissions were 48.85 Mt/year.





5. Model Optimization Results from Different Renewable Energy Sources Scenarios for Energy Transition


The scenarios were created by increasing renewable energy production, according to the current national situation and potential and future energy pathways. The sustainable transitions of the energy market point to changes in the national energy structure in the form of a higher RES share. The models of the two actual energy markets formed the starting point (base case) for this analysis. It is possible to devise new scenarios and examine improvements in the energy market as well as the share of RES in the primary energy consumption and carbon emissions in the system by using EnergyPLAN. To reach a higher share of renewables in primary energy consumption, a study on the potential of RES in both countries has to be carried out in order to better understand how this implementation can occur according to national plans.



5.1. Italian Scenarios and Model Results


The Italian national energy plan is focused mostly on the following [65]:

	(1)

	
Improving energy efficiency in buildings because of the large number of old houses;




	(2)

	
Introducing energy savings in industrial processes;




	(3)

	
Developing the district heating network in all the municipalities in climate Zones E and F;




	(4)

	
Ensuring the highest share of RES in district heating production, approximately 37%;




	(5)

	
Increasing the use of biomass throughout the whole system, especially biofuels.









This plan does not highlight the role that RES should play, and the Italian government has cut the incentives for PV installations. Nevertheless, RES should increase their share of total energy consumption for a more sustainable energy market, especially in a country like Italy, which has a great amount of imported energy and high energy prices. For this reason, a study was carried out by EnergoClub to evaluate the potential of renewable energies [66] in Italy and their role in future scenarios aimed at reaching a higher share in the market as well as scenarios characterized by energy independence [67]. The analyses show that the potential of various RES technologies and the possible rates of production for the electricity, thermal, and transport sectors. We conclude from the analyses that the total potential of RES can cover or even surpass the current Italian rates of actual consumption in each sector.



The Italian RES potential forms the basis for devising the new scenarios that include 35% (near future) and 60% (in the long run) of the RES share. In this case, the two shares chosen for the future scenarios were lower than the Finnish scenarios because the current RES status and RES potentials are different. We found that in the base model, Italian renewables account for 19% of total energy consumption and the chosen shares represent reasonable increases without making drastic changes to the energy systems.



To the best of our knowledge, few studies have discussed the planned capacities of RES for different sectors in the long run. Therefore, we increased the share of each RES according to its potential and the actual impact of the source on the energy systems. The main aims of the Italian energy market of the future are related to decreasing imports and the dependence on natural gas and reducing the electricity market price.



Figure 21 shows the modeled fuel consumption in the Italian scenario with a 35% RES share. In order to reach 35% RES share, the model focuses its attention on solar technologies, wind power plants, and biomass in power plants and transport, while the estimated potential of hydropower is not so high. Following this procedure, total CO2 emissions account for 300 Mt, with a decrease of 77 Mt, compared to the base model for the reference year. When the RES share is increased to 60% shown in Figure 22, the increase is mainly attributable to the use of biomass, but not RES-E. Oil and natural gas have been decreased by 6% and 16%, respectively, compared to the 35% RES scenario, which ensures a relative independence from natural gas and a dramatic reduction in the imported volume. With 60% RES, CO2 emissions are 184 Mt, which is only 49% of the 2013 level.




5.2. Finnish Scenarios and Model Results


The Finnish national plan for promoting RES still pays great attention to biomass, wind, and hydropower as a means of increasing the share of the existing technology on the actual market. The main expectations for 2020 are as follows [68]:

	(1)

	
Wind power production will rise to 6 TWh, compared to 0.7 TWh in 2013;




	(2)

	
Hydropower will increase to 14 TWh, compared to 12.67 TWh in 2013;




	(3)

	
CHP production from wood chips will be equivalent to at least 28 TWh of fuel;




	(4)

	
Renewable energy production by HP should be increased to 8 TWh;




	(5)

	
The use of biofuels in the transport sector will be increased to 7 TWh and biogas to 0.7 TWh.









These aims can be overlooked when considering the potential of RES in Finland. According to Motiva [69], the total hydropower potential, in addition to the actual installed capacity, is estimated to be more than 600 MW, but this number could even be higher. Technical Research Centre of Finland (VTT) gave a realistic wind power scenario that amounted to 11,013 MW from wind turbines along the west coast in the near future, so that number can also increase [70]. The bioenergy potential of Finland was estimated to be 143 TWh, including 11 TWh for biofuels in the transport sector [71]. Finland can use more solar technologies, especially because the solar irradiation rate in southern Finland has an annual level roughly equal to that of central Europe. However, matching solar energy with demand is much worse in Finland compared to central Europe. A study reported that the maximum or long-term potential of solar energy in Finland is 5.5 TWh for PV panels and 4–5 TWh for solar heating solutions [72].



In the model, increasing the electricity production from RES means that conventional power production should be reduced, and thus the amount of imported energy will be reduced too. Nuclear power still plays the base role in the model, and a maximum export capacity of 2500 MW has been chosen based on the external power market. The share of RES in Finland for the reference year was already 31% according to the modelled annual energy balance. On this basis, it would be interesting to increase the share of RES to 50% or even 75% of the total energy consumption and evaluate the CO2 emissions from the whole system. The modeling of the new scenarios is based on the demand for the reference year, since the total amount of energy consumption could not vary excessively.



As can be seen from Figure 23, to reach the goal of 50% RES share, the capacity increase is mainly based on future projections for wind turbines and hydropower. In addition, the share of biomass has not reached the maximum potential, but the primary change has mainly affected the transport and heating sectors. The planned capacity for HP was also taken into account. In this case, CO2 emissions were 29 Mt, with a decrease of 20 Mt compared to the reference case. In this scenario, the share of biomass increased by 37%, while RES-E accounted for 13%; nuclear and oil still played a large role in the energy market, with both accounting for 19% of energy consumption.



Figure 24 shows that the high potential of biomass in Finland can help the country reach a level of 75% RES in total energy consumption. Moreover, in this scenario the wind and hydro capacity have also increased based on their potential, especially wind power. The level of production resulting from PV panels and solar heating systems was also modeled. In this scenario, the biomass share increased dramatically from 37% to 56%, while there was only a 6% increase in RES-E compared to the 50% RES scenario. Nuclear energy still accounted for 13% of total energy consumption, but the contributions from fossil fuels, namely oil, natural gas, and coal, were quite small. In this way, the future high share of renewable energy use can be reached and the total CO2 emissions will be only 11 Mt. This value is only 22% that of the reference case in 2013.




5.3. Results and Discussion


In this study, we developed the EnergyPLAN models for Italy and Finland and validated them with real statistics. The proposed EnergyPLAN model was proved to have a good accuracy to reflect the base case for the reference year of 2013. In addition, we also analyzed the national RES potential of both countries, which will be the input for the higher RES scenarios. According to the European roadmap for 2030 and 2050, the penetration of RES will increase in the European market, giving rise to a more competitive low-carbon energy supply system. In order to show how it can be possible to reach this low carbon goal, new scenarios for both countries have been modeled based on existing base models of the reference year. The results show that biomass is the backbone of RES in Finland, whereas solar, wind, and hydropower are also well developed in Italy. The future scenarios are based on the potential of each RES in both countries. For Italy, the new scenarios are characterized by a share of 35% and 60%, increasing the installed capacity mostly with respect to solar technologies, wind turbines, and geothermal power. Biomass and wind power are the sources that allow Finland to increase its RES to 50% and 75%.



The output results from developed EnergyPLAN model for both countries can be summarized and shown in Figure 25. It can be found that the total energy consumption and the CO2 emission all decrease when when RES shares increase, however the CO2 emissions reduce more clearly than that of total energy consumption. In Finland, the total energy consumption for RES-50% and RES-75% scenario reduces by 7.5% and 13.0% respectively compared to the base case. While in Italy, the reduction of the total energy consumption is only 1.7% and 3.1%, mostly because of the different RES portfolios in these two countries. The CO2 reductions for Finland are 52% and 82% corresponding to the two RES scenarios compared to the base case, while for Italy they are 22% and 54%.



The most important finding is that the RES energy transition may not dramatically reduce the total energy consumption, but it can contribute a lot to the CO2 reduction and help to reach the road map target. The goal of the European Commission for 2050 is the reduction of greenhouse gas emissions by 80%–90% from 1990 levels. At the end of 1990, the total CO2 emissions were 512.5 Mt and 70.3 Mt for Italy and Finland. According to the model outputs, we found that a RES scenario of 60% in Italy can lead to CO2 reductions of 64%; a RES scenario of 75% in Finland’s energy market will allow for 85% CO2 reductions compared to 1990 levels. This can even meet the roadmap 2050 target for Finland.





6. Possible Power Transmission and Discussion


Power transmission between areas makes it possible to minimize the overall productions costs, since power can be produced in areas with the lowest production costs and transferred to regions where the production cost is higher [73]. Although Finland and Italy are not neighboring countries, and they do not have a common transmission grid, it is interesting to study when transmission can be beneficial when considering the connected EU grids and different electricity demands as well as the market prices. Therefore, the electricity demand trends and market prices have been analyzed.



The electricity demand trends for both countries are shown in Figure 26, and the behavior of the electricity demand in the reference year can be compared. The electricity demands have quite different ranges for the two countries; the average hourly demands are 9.56 GWh and 36.32 GWh for the Finnish and the Italian markets, respectively. The trends are not compatible; in summer, the Italian electricity demand reaches a higher value than in winter because of the cooling load, as covered by electric devices, whereas the Finnish trend shows a decrease. In this respect, the two countries are complementary.



A lack of dependence between the two markets can be proved and estimated via the correlation coefficient and the coefficient of determination, starting from the drawing of scatter plots in Figure 27 and Figure 28. The correlation coefficient illustrates the linear relationships between the observed data values:


r=n∑xy−∑x∑yn(∑x2)−(∑x)2·n(∑y2)−(∑y)2



(2)




where n is the number of pairs of data.



It can be assumed that a correlation greater than 0.8 can generally be described as strong, whereas a correlation of less than 0.5 is weak. The correlation coefficient for the two arrays of electricity demand in Italy and Finland is 0.39, showing a weak dependency, as shown in Figure 27. The coefficient of determination is r2, and it gives the proportion of the variance of one variable, which can be predicted based on the other variable. This particular variable means the percent of the data near the best fit line. The coefficient is equal to 0.15 in this study, meaning that only 15% of the total variation in the Italian data can be explained by the linear relationship between Finland and Italy. Likewise, r2 is the measure of how well the regression line represents the data; looking at the scatter plot in Figure 27, it is clear that the data do not follow a well-determined line.



The same analysis can be carried out for the market price data. In this case, the two coefficients are even smaller. The correlation coefficient is equal to 0.27 and the coefficient of determination only 0.07 because of a great amount of value far from the main concentration area. That underlines the lack of dependence between the two market prices, as shown in Figure 28.



The average market prices are 62.97 €/MWh and 41.12 €/MWh for Italy and Finland, respectively. This difference is related to the market itself, the effect of RES, fuel costs, and the share of imports, all of which have already been analyzed though the energy market modeling of both countries.



Based on the difference in market prices and electricity demand trends, we can conclude that transmissions are possible if a transmission grid between the two countries would exist or if a proper intermediate transmission line is established via another country. A study on power transmission can be carried out by imagining that Finland and Italy are interconnected through the neighboring countries in the form of a chain. Power transmission from Finland to Italy would occur when the market price in Finland is lower than that of Italy, as shown in Figure 29.



In order to estimate the benefit from this power transmission, the analysis can be carried out for the day of highest demand in the Italian electricity market, shown in Figure 30. During the reference year, a peak electricity demand of 54.37 GWh occurred on the 26th of July between 11:00 in the morning and noontime. The Italian electricity demand is characterized by a well-defined shape, which underlines the beginning of the day shown in Figure 30a; on the other hand, the Finnish curve is extremely flat. The Finnish market price is lower than the Italian price shown in Figure 30b, so power transmission from Finland to Italy would be possible and meaningful during this day. In this case, the behaviors of market prices also differ; they both have a peak corresponding to the high demand, but the Italian market price shows a drop because of increased electricity production from RES, especially solar power during the midday hours.



In order to estimate the amount of possible power transmission, the import costs and amount of exported electricity have been collected and compared. The Italian import rate for the day of highest demand was 126.9 GWh. If this power transmission brings benefits, then the Finnish market can export electricity to fulfill part of the Italian need and increase its electricity supply to cover part of the Italian demand. Finnish electricity export for that particular day is recorded as 3.5 GWh. If this amount is considered the base amount, then about 3.3 GWh can reach the Italian grid when considering the transmission losses of 5%. We can see that the transmission amount is small in comparison to the amount of total imported electricity. But this is one example to prove the feasibility and the benefits of an integrated European electricity market, characterized by one bidding market and interconnections between countries.



As the share of RES increases, new challenges arise, especially in terms of securing the supply of power. RES in general relies on weather conditions, and sometimes energy production does not meet the demand. The use of storage in the energy market can increase flexibility and reliability. So as not to have negative electricity prices, as happened in Germany last spring, electricity storage is a solution for unforeseen electricity production from RES. Nevertheless, electricity storage technologies remain critical even though sometimes the more-expensive than additional transmission capacity and a good interconnected infrastructure could also decrease the need for them.




7. Conclusions


RES are playing an increasingly important role in the European energy market. They are the key to future policies and offer a roadmap for a more renewable, sustainable, competitive, and cost-effective energy market. This paper studies reasonable energy transition by highlighting RES penetration, especially when considering different climate conditions and different portfolios of energy supply and demand data. However it is quite difficult to obtain the detailed energy supply and demand data for some energy sectors in the country level, therefore this study firstly proposed an aggregation method to scale up the energy profiles based on the data of typical cities. In addition, few researchers had considered the energy transition using the relatively accurate profiles of supplies and demands in hourly resolution as well as RES potentials in the country level. Therefore, this paper bridges these gaps by studying the renewable and sustainable energy transition for two countries with different profiles in the supplies and demands, RES potentials as well as the different climates by using the EnergyPLAN.



We defined the base scenarios and energy transition scenarios with different RES shares for the two countries according to the RES potentials, and examined whether and how the transitions could happen, and their influences to climate change. The results show that biomass is the backbone of RES in Finland, whereas solar power, wind power, and hydropower are also well developed in Italy. The future scenarios are based on the potential of each RES. For Italy, the new scenarios are characterized by a share of 35% and 60%, increasing the installed capacity mostly with respect to solar technologies, wind turbines, and geothermal power. Biomass and wind power are the sources that allow Finland to increase its RES to 50% and 75%. The most important finding is that the RES energy transition may not dramatically reduce the total energy consumption, but it can contribute a lot to the CO2 reduction and help to reach the road map target. Therefore, we concluded that the European aim is concrete and can be achieved if the transition policies obtained in this study are adopted. The possible interlinks between the two countries were also considered in the energy system modelling in order to examine the possible influences of the energy transmission and more efficient cross-border activities on the energy transition. These are the main new contributions to the existing pool of knowledge in this respect.



The new modeled scenarios can be considered for future national plans to better understand where to invest and to estimate the decarburization level. Another possible solution can be market coupling; realizing the goal of a single European energy market will make energy production more flexible and reliable. This analysis has focused on the modeling and input/output data related to achieving higher RES shares and reducing the emissions in energy systems. The next step will include cost evaluation and analyzing how the new investments in RES can be profitable in the long-term and how RES could influence market prices. This study can reflect, to some extent, energy transitions in other EU countries. It provides quantitative results on how to reach EU targets and offers an effective pathway towards achieving a low-carbon energy supply.
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Figure 1. Hourly electricity demand of Italy in 2013. 
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Figure 2. Fuel consumption for individual heating in Italy. 
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Figure 3. Hourly heat demand distribution in Italy. 
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Figure 4. Fuel consumption for (a) industry and (b) various energy uses in Italy. 
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Figure 5. Fuel consumption for transport in Italy. 
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Figure 6. (a) Hourly photovoltaic production trend and (b) specific photovoltaic hourly distribution in Italy. 
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Figure 7. (a) Hourly wind production trend and (b) specific hourly distribution of wind power in Italy. 
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Figure 8. Hourly distribution of (a) dammed and (b) river hydropower production in Italy. 
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Figure 9. RES share in the electricity sector in Italy. 
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Figure 10. Market electricity price for Italy during the year 2013. 
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Figure 11. Balance of the Italian (a) electricity and (b) heating market in 2013. 
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Figure 12. Hourly electricity demand for Finland in 2013. 
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Figure 13. Fuel used for individual heating in Finland. 






Figure 13. Fuel used for individual heating in Finland.



[image: Energies 11 03523 g013]







[image: Energies 11 03523 g014 550]





Figure 14. Hourly heat demand distribution in Finland. 
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Figure 15. Industrial fuel consumption in Finland. 
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Figure 16. Fuel consumption for transport in Finland. 
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Figure 17. Hourly wind production in Finland. 
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Figure 18. Hourly distribution of hydropower production in Finland. 
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Figure 19. Electricity price distribution in Finland during 2013. 






Figure 19. Electricity price distribution in Finland during 2013.



[image: Energies 11 03523 g019]







[image: Energies 11 03523 g020 550]





Figure 20. Balance of the Finnish (a) electricity and (b) heating market in 2013. 
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Figure 21. Fuel consumption in the Italian scenario with 35% RES. 
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Figure 22. Fuel consumption in the Italian scenario with 60% RES. 
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Figure 23. Fuel consumption in the Finnish scenario with 50% RES. 
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Figure 24. Fuel consumption in the Finnish scenario with 75% RES. 
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Figure 25. Modeled total energy consumption and CO2 emission for (a) Finland and (b) Italy. 
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Figure 26. Electricity demand trend for Finland and Italy in 2013. 
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Figure 27. Scatter plot of the electricity demand in Finland and Italy. 
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Figure 28. Scatter plot of the market prices in Finland and Italy. 
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Figure 29. Electricity market price trend for Finland and Italy in 2013. 
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Figure 30. (a) Electricity demand trends and (b) market prices recorded on the 26 July 2013 for Italy and Finland. 
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Table 1. Classification of the climate zones.
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	Zone
	HDD
	Typical City





	A
	<600
	/



	B
	601–900
	Messina



	C
	901–1400
	Napoli



	D
	1401–2100
	Rome



	E
	2101–3000
	Milan



	F
	>3001
	/
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Table 2. Annual heat demands of the typical cities.
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	Zone
	City
	HDD
	Heat Demand (TWh/Year)





	B
	Messina
	707
	15.34



	C
	Naples
	1034
	12.64



	D
	Rome
	1415
	6.8



	E
	Milan
	2402
	1.0
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Table 3. Maximum import/export capacity between Italy and the neighboring countries.
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Country

	
Neighboring Countries

	
Maximum Import/Export (MW)






	
Italy

	
Switzerland

	
3850




	
France

	
2650




	
Greece

	
500




	
Slovenia

	
430




	
Austria

	
220
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Table 4. Maximum import/export capacity between Finland and the neighboring countries.
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Country

	
Neighboring Countries

	
Maximum Import/Export (MW)






	
Finland

	
Sweden (Northern)

	
1500/1100




	
Sweden (Central)

	
1200/1200




	
Estonia

	
1016/1000




	
Russia

	
1100/-
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Table 5. Electricity and heat production by production mode in 2013 by Statistic Finland [57].
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Item

	
Electricity (TWh)

	
Share of Electricity Production (%)

	
District Heat (TWh)

	
Share of Heat Production (%)






	
Separate production of electricity

	
Hydro power

	
12.7

	
16.1 (RES)

	
-

	
-




	
Wind power

	
0.8

	
-

	
-




	
Nuclear power

	
22.7

	
27.0

	
-

	
-




	
Condensing power

	
8.9

	
10.6

	
-

	
-




	
Combined heat and power production

	
23.3

	
27.7

	
26.1

	
75.7




	
Separate heat production

	
-

	
-

	
8.4

	
24.3




	
Total production

	
68.3

	
81.3

	
34.5

	
100




	
Net imports of electricity

	
15.7

	
18.7

	
-

	
-




	
Total

	
84

	
100.0

	
34.5

	
100












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file56.jpg





media/file8.jpg
Biofuel Ngas
3% 2%





media/file48.jpg
(TWh/a) (M) Finland e raly
2500

2000

1500

1000

500

- 8 B 888

o
Res75% busecase  RESIN  RESGO%

Totalenergy consumtion 8 Total C02 emission Totalenergy consumption B Total CO2 emission

@ (b)





media/file27.png
16

14

12

10

UMD

— 7098
_ 618
_ 9578
_ €508
_ 08¢
— 189
— pOSL
— TeEL 3
_ 8ETL Z
5569

2119

6859 T
— 90p9 ©
— €779

Dec

_ 1985 &
— pr95 @
— 16¥S
— 80€S
— GTIS
— Tvep
_ 65LY
— 9/5p
— €6EP
— 0TZY
— LT0v
— pv8E
_ 199¢
_ 8L¥E
— G6ZE
— ZTIE
_ 6262
— 9T
_ €957
_ 08€C
61T
— p102
_ 1€8T

Apr May Jun Jul Aug

Mar

— S91
— ¢8C1
— 6601
— 916
— EEL
— 089S
— L9¢
— P81
— T

Feb

Jan





media/file43.png
RES
60 %

Oil
20 %

RES-E
13 %





media/file12.jpg
vvvvv





media/file14.jpg





media/file35.png
Jan






media/file20.jpg
Import/Export:
1%

/

Geothdrmal
2% 2%

(a) (b)






media/file53.png
60

50

40

ATV

20

10

16

14

12

10

FINLAND





media/file5.png





media/file19.png
| N

Feb

Jan





media/file58.jpg
sersasazz-c

2% 8oz o= 2 °





media/file45.png
Nuclear
19 %

RES
50 %

Oil
19 %

6%

Biomass
37 %

RES-E
13 %





media/file54.jpg
FINLAND





nav.xhtml


  energies-11-03523


  
    		
      energies-11-03523
    


  




  





media/file11.png
lli

H ! , | Il |

h 1

|

ﬁ | “W
il WWW WIWWWWWWWMM "

i






media/file41.png
RES Biomass

RES-E
35% 23 % '

12 %

6%





media/file37.png
250

200

R =
UMW/3






media/file46.jpg
Nuclear
13%

RES
75%

RES-E
19%





media/file10.jpg





media/file40.jpg
RES Biomass RES-E
3% 23% 12%






media/file16.jpg
Solar
23%

Geothermal
6%





media/file3.png
oil
Biomass 11%
15%






media/file22.jpg
1%

1





media/file55.png
ITALY

160

140

120

100

80

40

20

0 50 100 150 200
FINLAND

250





media/file25.png
Coal
0%

Electricity
41 %






media/file52.jpg
10

FINLAND





media/file0.jpg





media/file60.png





media/file26.jpg





media/file57.png
250

200

wos
T9v8
1878
1018 @
1Z64L
wiL

1024 2

~
~
Feb

Jan





media/file34.jpg





media/file13.png
@ B X @O N =
= = B O = & W @ v T @Mm N = O

MO/YMO ymo

=
(=]





media/file31.png
Biofuel _

5 9% | _—Ngas

=






media/file39.png
CHP
28%

Import/Expo
rt
19%

(a)

(b)





media/file18.jpg
IR





media/file9.png
Biofuel _ Ngas
3% ‘ 2%





media/file42.jpg
oil
20%

RES
60%

RES-E
13%





media/file23.png
il

1098

Tors

1oz8 .
1008 A
108L

1094

TovL

ﬁomh‘w
T100L

1089

1099 §
ﬁoew.m
1029
1009
1085
T09S
Tors
10Zs
T100S
108v
T09Y
Tovy
10y
100V
108¢
T109¢€
Tove
10Z¢
100€
1082
1092
Tove
10z
1002
1081
1091
Tort
10zt
T00T
108

109

10V

10¢

Feb Mar Apr May Jun Jul Aug Sep

—
Jan





media/file50.jpg
g

a,
2=
=5
5
=

=

Zi
it





media/file36.jpg
Q'Eiiﬂﬂiiiiﬁi! FEEEEE ii;igiﬁ i
ok -






media/file15.png
12

ke o
. LSL8 — 198
_ 8558 — T9¥8
~ 6SE8 — 1828
~ 0918 — 1018
. 196Z — 1L g
29t — TwLL
. gosy — T195¢
| B i
174 | ro0e 2
- 9969 — 1$89
—  L9L9 — 1999
_ womow — 189 8
~ 69%£9 — T0€9
. 0L19 — 1219
—  TL6S = — T¥es a
= s 8 — 195 8
— €LSS —| 58S
— TOVS
—  VLES _| zore
— SIS — wos 2
— 9L6v _ 108y <
— LY — 189%
— 8ISV — T0S¥
~ 6LEv 3 —_ -~ TeEv 3
. 08IV ~ — Tvivy
| teee — T96€
— 18LE
et s
— TIWE
—  PSBEE — TYTE
_ S8IE — T90€
~ 9867 — 1887 8
(8Lt = — T0LT
_  88SC 1252
] = Sho
061 M | vaet <
1661 _| o8t
. T6LT i — Tty
- 65t 8 — TWYIS
. P6ET — 1971
—  S6IT — 180T
— 966 ~— T06
. l6L m — TZL m
_ g6¢ — TS
1 ese — 19¢
- ooz s
¢ § n ”
o o o

Yymo

(b)





media/file28.jpg
Coal
15%

13%





media/file49.png
Finland (TWh/a) (Mt/a) Italy

(TWh/a) (Mt/a)
500 2500
400 7 2000 77 7 e
f;fiﬂ | .
300 1500 | | .-
s -:_':.1 '.-__
e s :
200 1000 5’5}% [rmad fre
s
i . ,
100 500 ;ffi e S
7 7 :
0 ol ) 1 )\
base case RES-75% base case RES-35% RES-60%
Total energy consumption M Total CO2 emission Total energy consumption M Total CO2 emission

(a) (b)






media/file2.jpg
oil
Biomass 11%
15%






media/file32.jpg
EELHEEH EEEEE R ELEREREER EEFREEER D
MMMMMMMMMM





media/file59.png
GWh

60

50

40

30

20

10

90

80

e
2
S
W

1234567 8 9101112131415161718192021222324
h

(a)

1234567 8 95101112131415161718192021222324
h

(b)





media/file6.jpg
coal Biomass _ Electricity

10% o% a% o

Electricty o
3% 14%

Blomass
o%

(a) (b)





media/file24.jpg
Coal
0%

Electricity
41%






media/file29.png
Coal






media/file1.png
I

|

im (11

mikl

Y

l

|

I

|

il

HM H

~ T/98
~ 9Tv8
. Sﬁmm
— 9064
-~ TS9Z
- 96€L 3
=
— IPTIL
~ 9889
- T€99 8
— 9/€£9
— 1219
. o
9985 &
- TT19S
-~ 9GES
(@)]
- TOTS Z
-~ 9p8Y
— 165V
- 9gep 3
~ 180V
~ 978€
3
— TLSE™
-~ 9I€€
~ T90€ >
~ 9087 =
~ TSST
- 962C
— 1I¥0T
— 98/T
- TeST S
~ 9471
~ T20T
O

- TIS
— 95¢





media/file7.png
Electricity
33%

Biomass
0%

(a)

Coal
10 %

Ngas
43 %

Biomass Electricity

0% 4% Coal

1%






media/file33.png
0.35






media/file44.jpg
Nuclear
19%

Biomass
7%






media/file47.png
Nuclear
13%

RES
75%
Qil
9%

RES-E
19%





media/file38.jpg
e
2%

Import/Expe.
19%

(a)





media/file17.png
Solar

| Geothermal
L .
A0





media/file4.jpg





media/file30.jpg





media/file51.png
Z098
61v8
9€i8
€508
048L

Dec

Jun Jul

May

Mar

Feb

Jan





media/file21.png
Import/Export
13%

Geothermal

CHP
28% 2%

(a) (b)





