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Abstract

:

The Renewable Energy Directive II introduces renewable energy communities, enhancing energy sharing. However, many existing initiatives, focussing only on electricity, overlook the substantial energy demand in building sector comprising residential and commercial spaces. Energy communities in this sector can leverage district heating and cooling technology for thermal energy sharing, contributing to carbon neutrality by enhancing efficiency and reducing primary energy usage. Advanced strategies such as integrating renewables into heating and cooling grids, sector coupling, and utilising waste heat are key in moving away from fossil fuels. The Campania Region (Italy), abundant in geothermal energy potential, chose a district in which to implement the GeoGRID system. This innovative setup combines a four-pipe district heating and cooling network with an Organic Rankine Cycle plant, tapping into geothermal energy from the Solfatara area. The geothermal fluid’s heat feeds the ORC evaporator and then powers the thermal network, allowing direct heating and domestic hot water supply during winter. A thorough techno-economic analysis assessed the energy potential extractable from the geothermal fluid. Crucial aspects of this study are the evaluation of the energy and environmental efficiency of the system within the renewable energy community framework. Additionally, the paper introduces a methodology applicable for assessing geothermal energy communities on a global scale.
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1. Introduction


In 2019, the civil sector contributed to approximately 36% of total world greenhouse gas emissions due to energy consumption [1]. Efforts toward decarbonisation have primarily been steered by the Energy Performance Building Directive [2]. Additionally, the Renewable Energy Directive (RED II) [3] introduced the concept of Renewable Energy Communities (RECs), allowing user aggregation to share energy loads and utilise renewable energy sources (RESs) from local available resources. Numerous studies have examined the multifaceted benefits of energy communities, spanning energy, socioeconomic, and environmental aspects. For instance, a study [4] focusing on a community in Southern Italy, comprising three residential users utilising photovoltaic systems, revealed substantial advantages. This energy community configuration enabled a 61% reduction in primary energy usage compared to a scenario without REC, along with a 64% decrease in CO2 emissions. Moreover, it significantly alleviated energy poverty conditions for the involved families, reducing it by approximately 16%. Another study [5] explored the benefits of collective energy production through shared photovoltaic (PV) facilities in Southern France. A comparison between scenarios—one where seven consumers operated as individual PV prosumers and another implementing a collective system—underscored the necessity for new models to optimise distributed energy in energy community projects. Furthermore, a REC analysed in [6], comprising four residential members with different capacities of PV plants, exhibited optimisation when the electricity was used to recharge electric vehicles. A comprehensive review [7] identified key success factors for energy communities, emphasising the use of programmable RES or hybrid systems, engaging various user types, integrating thermal and electric energy sharing, and outlining a robust business plan as fundamental for constructing efficient energy communities. An example of energy management and optimization of RES integration for office buildings is provided in ref. [8].



As well as the use of RES, another pathway for decarbonisation is through energy efficiency measures.



District heating and cooling (DHC) systems are considered energy-efficient solutions for decarbonising the civil sector for several reasons [9]. DHC systems involve a centralised production of heating or cooling energy, allowing for more efficient energy generation and often using more efficient technologies (such as combined heat and power plants or renewable energy sources) that can be optimized for large-scale operation and benefit from economies of scale. This is due to their more efficient operation and maintenance of equipment, reducing overall costs per unit of energy delivered to end-users. The new generation of DHC systems deliver heat to low-energy buildings while minimizing grid losses, incorporating low-temperature heat sources within smart energy systems [10,11]. Volkova et al. [12] used multi-criteria analysis to quantify the main identified barriers and drivers behind the implementation of the fifth generation of district heating and cooling systems. These systems often make use of waste heat from various sources, such as industrial processes or power generation, that would otherwise be released into the environment. DHC systems can easily integrate renewable energy sources like geothermal, solar thermal, or biomass, which might not be feasible or as efficient on a smaller scale.



For this reason, whenever possible, medium-enthalpy geothermal energy for DHC is an excellent solution because it combines the use of RES and the efficiency of a ‘democratic’ technology, and avoids modifying existing heating systems. The use of geothermal energy entails the consideration of a range of technical and socio-economic management factors [13], especially if coupled with an ORC power plant.



Several studies emphasize the efficiency, versatility, and environmental benefits of integrating geothermal energy into district heating and cooling systems. District heating and cooling networks (DHCNs) are highlighted as mature, environmentally friendly solutions for the building sector’s thermal energy demands, especially when coupled with low-medium temperature renewable energy sources like geothermal energy.



Santamarta et al. [14] examined nine touristic infrastructures in the Canary Islands that transitioned from traditional heat production systems to shallow geothermal energy systems. The findings highlighted the techno-economic and environmental benefits of these systems, especially on volcanic islands with high heating and cooling demands. Abugabbara et al. [15] modelled the first Swedish district system with simultaneous heating and cooling demands and bidirectional energy flows. The simulation results underscored several advantages of integrating district heating and cooling with heat pump technologies. Romanov et al. [16] investigated multi-faceted geothermal systems in the context of building sector development and DHC. These systems are versatile due to the varying temperatures at different depths, enabling them to meet diverse needs for district heating, cooling, and building requirements. Ghiasirad et al. [17] developed a thermo-economic assessment of a geothermal-based system that combines cooling, heating, and power, integrated with a humidification–dehumidification desalination unit and an absorption heat transformer. Carotenuto et al. [18] implemented a novel solution for district heating and cooling, integrating geothermal, solar, and biomass energy sources. This study also employed dynamic simulations to assess system performance. Patureau et al. [19] presented a typology for assessing the potential development of district heating and cooling networks in France. Naples geothermal energy district potential has been investigated in [20]; the study defined a geothermal energy district to supply heating, cooling, and hot water to 90 buildings using a DHCN. It resulted in a reduction in CO2 emissions of 5490 tons per year, with a mean thermal power from the ground of about 4.5 MW.



Moreover, the potential of geothermal-based systems to reduce CO2 emissions, achieving energy self-sufficiency and providing economically viable solutions for community-scale systems, can be associated with poli-generation technologies. For instance, a recent study presents the numerical solution of the thermal field of geothermal coaxial probes coupled with the surrounding soil, demonstrating the feasibility of converting these probes for efficient heat transfer in geothermal plants [21].



Calise et al. [22] analysed an ORC with 6 kW nominal electric power, a 17 kW absorption chiller, a biomass heater, and a 45.56 kWh lithium-ion storage system. The system, powered by a 96 °C geothermal well and a solar field in Campi Flegrei (Naples), achieved 94.54% primary energy saving and a 97.36% reduction in CO2 emissions. However, the high capital cost led to a 16.7-year payback period. The Pantelleria case study was analysed in [23], wherein a geothermal energy community was involved in the thermal drying of wastewater sludge and electricity supply using an ORC. The system demonstrated economic profitability with an 8.34-year payback period.



This study focuses on the design and simulation of a geothermal-based energy community in the Pisciarelli district of Pozzuoli, located in the geothermal area of Phlegraean Fields, South Italy, and including an economic analysis based on energy incentives. The community is composed of existing buildings in Pisciarelli and uses geothermal energy from two extraction wells, with a temperature of approximately 145 °C and varying geothermal gradients (0.12 to 2.9 °C/m). An Organic Rankine Cycle (ORC) module is employed to generate electricity from the geothermal source for multiple users. The geothermal fluid is also used in a DHCN for producing hot water, supplying space heating, cooling, and domestic needs in a cascading application. The plant system was simulated in the TRNSYS [24] environment, with the ORC module developed using AspenEDR and AspenONE [25]. Building models were defined using TRNbuild 18 and EdilClima v.6 [26].



The study claims novelty in assessing combined thermal and energy sharing in a REC using geothermal energy. The main novelties of this work with respect to the available literature can be resumed as follows:




	
The definition of a community based on thermal (cooling/heating and domestic hot water) and electric sharing composed of different user sectors;



	
The use of economic analysis according to REDII and its Italian transposition for an electric and thermal REC;



	
The modelling of existing buildings using real data from audit and simulations in order to characterise the energy loads of REC;



	
The use of real data related to the geothermal wells;



	
The energy index definition used to evaluate the benefits of a geothermal-based community.








Such an application is suitable for sites that show a geothermal interest, with geothermal fluid availability in the temperature range of about 90–240 °C. These areas cover different zones of the world with geothermal sources at different temperatures, as highlighted in Table 1.




2. Methods


In this section, the methodology used to evaluate the energy, environmental, and economic performances of the energy community will be described according to literature [4,20]. The following analysis will be conducted with reference to the system described in Section 3 and it refers to electricity sharing according to the energy directive in Italy for RECs. This section is split into three subsections, the first one for energy analysis, the second one for the environmental methodology of analysis, and the last one for definition of the socio-economic parameters of this work.



2.1. Buildings’ Energy Model


Electric load evaluation. Electric loads were assessed separately according to the intended use of the buildings. With regard to the evaluation of the electricity load of residential buildings, they have been simulated using the results provided by the CREST v.8 [32] simulation software. CREST is an application for simulating the electricity demand of domestic users developed by a research group at the University of Loughborough (UK), updated in 2016 to integrate simulations of electricity and thermal demand. The research group Industrial Technical Physics of the University of Sannio has carried out, using the CREST software, simulations of the load profile of 4 types of users, differentiating them according to the number and type of occupants:




	
User 1: 2 working adults, 2 children of school age;



	
User 2: 2 working adults, 1 child of school age, 1 elderly person;



	
User 3: 2 retired elderly people;



	
User 4: 2 working adults.








The electric load for the identified user types is reported in the following Section 3.1.



The electricity consumption of office buildings was assessed using actual data from the bills available.



Heating, DHW, and cooling loads evaluation. In this work, the analysis of the thermal and cooling loads of buildings was carried out using two different software programmes: EdilClima v.6 was used for the evaluation of residential buildings, while TRNBuild 18 was employed for the office buildings. The following sections provide detailed illustrations of the reference models adopted. For both uses, the modelling process takes into account the architectural plans and prospects of the buildings, available from the on-site measurements. To correctly assess the thermal load, it is necessary to define the thermophysical characteristics of the transparent and opaque building envelope. In Table 2, the main characteristics of the office building’s envelope are reported.



The climatic data considered for the simulations refer to the climatic year on an hourly basis developed by the “Italian Technical Committee” (CTI) in 2015. The respective monthly average values are contained in UNI 10349-1 [33]. In the evaluation, it was assumed that in the heating season the temperature of regulation was set to 20 °C during the hours of operation of the plant, and to 26 °C in the summer season.



For the calculation of the thermal energy demand for domestic hot water, a water consumption of 50 L/person per day was considered.



Below, we examine in detail and distinctly the two types of simulations (for residential buildings and office buildings):




	
The dynamic hourly demand of residential buildings has been evaluated with the EdilClima v.6 software that uses the dynamic approach of the standard UNI EN ISO 52016-1 [34]. It includes simplified hourly dynamic calculation methods for assessing energy needs for heating and cooling, internal temperatures, and other relevant thermal parameters. At the beginning of the simulation the initial indoor temperature is equal to 20 °C. Weather-related parameters are chosen from an archive of hourly climatic data, including the hourly values of outdoor temperature, direct and diffuse solar irradiance, outdoor relative humidity, vapour pressure, and average wind speed (“Typical years” provided by Italian Technical Committee). Internal Heat Gains, such as occupants, lighting, appliances, and equipment, are assumed considering the standard ISO18523-1 [35]. Thermal Properties of the Building are chosen according to the Italian Minister’s Decreed ‘Minimal Requirements’ for new buildings. The method requires that the element class and the total thermal capacity of the structure, expressed in kJ/m2K, are defined for each opaque building component. Each element of the building envelope (opaque or transparent component) is discretised in a number of parallel layers separated by internal, external, and internal nodes from the building element. This method is detailed in Equations (1)–(5).








The method outputs, for each thermal zone and for each hour, the values of parameters such as air temperature     θ   i n t , a , z t c , t     ° C    , the average radiant temperature     θ   i n t , r , m n , z t c , t     ° C    , the average operating temperature     θ   i n t , o p , z t c , t     ° C   ,   and the heating or cooling load     ∅   H / C , l d , z t c , t     W    . The thermal balance equation for a zone (ztc) is as follows:


        C   i n t ,   z t c     ∆ t   +   ∑  e l i = 1   e l n        A   e l i     ·   h   c i , e l i     +   ∑  v e i = 1   v e n        H   v e , v e i , t       +   H   t r , t b , z t c               ·     θ   i n t , a , z t c , t   −   ∑  e l i = 1   e l n        A   e l i       · h   c i , e l i     ·   θ   p l n .   e l i , t           =     C   i n t ,   z t c     ∆ t     ·     θ   i n t , a , z t c , t − 1     +   ∑  v e i = 1   v e n        H   v e , v e i , t     ·     θ   s u p , v e i , t       +   H   t r , t b , z t c     ·     θ   e , a , t     +   f   i n t , c     ·     ∅   i n t , z t c , t   +   f   s o l , c       ·     ∅   s o l , z t c , t   +   f     H   C   ,   c   ·     ∅     H   C   , z t c   t    



(1)







The thermal balances of the building elements are carried out for each node. In particular, the balance equation for the internal surface node (pli = pln) is as follows:


    − h   p l i − 1 , e l i     ·     θ   p l i − 1 ,   e l i , t     +       k   p l i ,   e l i     ∆ t   +   h   c i , e l i   +   h   r i ,   e l i     ·     ∑  e l k = 1   e l n          A   e l k         A   t o t       +     h   p l i − 1 , e l i             ·     θ   p l i ,   e l i ,   t       − h   c i , e l i     ·     θ   i n t ,   a ,   z t ,   t       −   ∑  e l k = 1   e l n          A   e l k         A   t o t       ·     h   r i , e l i , t     ·     θ   p l i ,   e l k ,   t            =     κ   p l i ,   e l i     ∆ t     ·   θ   p l i ,   e l i ,   t − 1        +   1     A   t o t           1 −   f   i n t , c       ·     ∅   i n t , z t c , t   +     1 − f   s o l , c       ·     ∅   s o l , z t c , t   +     1 − f     H   C   ,   c     ·     ∅     H   C   , z t c , t      



(2)







For the external surface node (pli = 1), the energy balance equations is as follows:


        k   p l i ,   e l i     ∆ t   +   h   c e , e l i   +   h   r e ,   e l i     +   h   p l i , e l i       ·     θ   p l i ,   e l i ,   t       − h   p l i , e l i     ·     θ   p l i + 1 ,   e l i ,   t       =     k   p l i ,   e l i     ∆ t     ·   θ   p l i ,   e l i ,   t − 1     +       h   c e , e l i   +   h   r e ,   e l i       ·   θ   e , t   +   a   s o l ,   p l i ,   e l i   ·       I   s o l , d i f , e l i , t   +   I   s o l , d i r , e l i , t         F   s h , o b s t , e l i , t i         −   ∅   s k y , e l i , t     



(3)







The parameters of the equation are reported in Table 3.



An     A     interference matrix will be constructed, with the number of rows and columns a function of the number of nodes in the structures. An     X     matrix is then created, which is the unknown temperatures of the node and the vector of known terms     B    .


    A     X   =   B    



(4)






    X   =     A     − 1     B    



(5)







	-

	
To accurately assess the thermal loads of office buildings for both heating and cooling, a detailed simulation was conducted in the TRNBuild 18 environment through the multizone building model. This component model deals with the thermal balances of a building. The building model in Type 56 is a non-geometrical balance model with one air node per zone, representing the thermal capacity of the zone air volume and capacities that are closely connected, like furniture, with the air node. The existing transfer function method of the building model TYPE 56 for walls can be used for solving the one-dimensional heat conduction problem. The Transfer Function Method (TFM) in TRNSYS’s building model TYPE 56 is essential for simulating the thermal behaviour of buildings. TFM dynamically calculates heat transfer in buildings, modelling the response to indoor and outdoor temperature variations. It represents indoor temperature and heat flux as functions of past outdoor conditions and internal heat gains. TFM balances computational efficiency with accuracy by simplifying heat transfer into linear equations, making it suitable for detailed energy analysis. The boundary (like external weather, adjacent structures, ground conditions, and internal loads) and initial conditions (such as starting temperatures, HVAC system status, and moisture content) are defined by the user. The occupancy schedule of office rooms covers a range of 1–10 person from 7 a.m. to 8 p.m. In line with Italian regulations and the climatic region encompassing Naples, the heating period spans from 15 November to 31 March [36], while the cooling season is selected between 1 June and 30 September. The periods between these seasons (1 April–31 May and 1 October–14 November) do not demand space heating or cooling.







Energy analysis. The most important term of energy and economic analysis regards the definition of sharing energy as, in accordance with incentive directive, meaning the hourly minimum between the produced electricity put into the electric substation and the electricity taken from that as reported in Equation (6). This kind of evaluation allows for the measure of effective self-consumed onsite electricity by using virtual self-consumption. In addition, two fundamental parameters for a REC have been defined according to scientific literature [37]. The first index, “s”, calculates the amount of electricity demand from REC covered by the geothermal-based ORC plant and its electricity production (Equation (7)). The second index is named “d”, and it is the ratio between the geothermal self-consumed energy (that in accordance with the directive is the virtual sharing from the substation) with respect to the total amount of geothermal electricity produced in the layout (Equation (8)).


    N E   E l , o s   O R C , R E C   = m i n     ∑  i = t Δ t     t + 1   Δ t      N E   E l , p r   O R C , R E C     ,   ∑  i = t Δ t     t + 1   Δ t      E   E l   R E C        



(6)






     s   R E C     =     N E   E l , o s   O R C , R E C       E   E l   R E C     · 100   



(7)






     d   R E C     =     N E   E l , o s   O R C , R E C       N E   E l , p r   O R C , R E C     · 100   



(8)







In the aforementioned equations,     N E   E l , o s   O R C ,   R E C     represents the net electricity produced by ORC plants and consumed on-site by REC,     E   E l   R E C     is the electricity requested by the community and   N   E   E l , p r   O R C , R E C     is the total electricity produced by ORC plant. These indexes are referred only to electricity production because the system is calibrated to supply all thermal energy required by community for heating, cooling, and DHW demands. The proposed system is also compared with a traditional system that consists of an electricity grid connection to supply the electric pure energy loads and cooling load due to electric air-to-air heat pumps and a traditional natural gas boiler for heating and DHW. The reduced primary energy or primary energy saving (PES) is calculated as reported in Equation (9), where     P E   T S     is the primary energy associated with the traditional system and     P E   R E C     is the primary energy associated with the geothermal REC community.


  P E S =     P E   T S   −   P E   R E C       P E   T S      



(9)







In Equations (5) and (6) the primary energy of each configuration is reported.


    P E   T S   =     E   E l , P G   T S       η   P G     +     E   T h , G B   T S       η   G B      



(10)






    P E   R E C   =     E   E l , P G   R E C       η   P G      



(11)




where     E   E l , P G   T S     and     E   E l , P G   R E C     are the electricity taken from the grid in the TS and REC configuration.     η   P G     is the average yearly efficiency of PG     η   P G     fixed to 0.781, considering that the electric efficiency that does not account for the primary energy request for RES, and to 0.495, considering the average annual values of efficiency indicators [38]. This indicator refers to the Italian electricity production mix, including fossil fuels and RESs.     E   T h , G B   T S     is the thermal energy demand of TS and     η   G B       is the fixed value of gas-boiler efficiency of TS equal to 0.90. The Equation (11) for the primary energy associated to thermal load is not evaluated because in the geothermal-based system it is completely produced by a geothermal plant. In addition, these equations are implemented with a time step of one hour according to the technical regulation of the REC incentive definition by GSE.




2.2. Environmental Analysis


The amount of reduced CO2 has been calculated by the following formulation:


     E   E l , P G   T S       ×    F  E E     −   E   E l , P G   R E C     ×    F  E E     



(12)




where     E   E l , P G   T S     is the total demand for electricity from buildings, FEE is the electricity emission factor linked to the national grid, and     E   E l , P G   R E C     represents the amount of electricity purchased from the grid in case the system is not able to provide it. In order to obtain a dynamic analysis on an hourly basis for environmental analysis, the hourly emission factors for electricity grid emissions have been considered for Italy using the analysed data of a previous study [38]. The electricity emission has been evaluated in REC only for the share of electric energy taken from national power grid, while for the condition under which all electric load is satisfied by the geothermal plant, FEE is assumed equal to zero.




2.3. Socio-Economic Plan Analysis for Electric Sharing


Economic analysis has been realised in order to carry out the Simple Payback Period (SPB) associated with electricity sharing. According to the Italian transposition of REDII, only electricity self-consumption has been considered for REC incentive. By evaluating the SPB, the number of years needed to balance the initial investment cost associated with the ORC plant (ZTOT), including ORC module, hydronic pumps, DHCN, thermal substation, geothermal heat exchanger, and well costs, can be evaluated by considering the REC condition and not-REC condition. The sum of the annual electric cash (Fk,El) flows under traditional and REC conditions has been calculated by including the operating and maintenance cost of REC.



Considering cash flows as constant every year, the SPB is defined as:


  S P B =     Z   T O T       Δ F   k , E l      



(13)




where the     Δ F   k , E l     is the difference between the cash flow referring to the k-th year (Fk) for TS and REC. This can be defined for one year as reported in following equation:


    Δ F   E l   =     O C   E l     −   C   O & M    



(14)




where:




	-

	
OCEl represents the operating cost associated with yearly electricity demand;




	-

	
CO&M includes the maintenance and management costs of plants, including the software for REC management and two employed persons for technical staff. This parameter is null under TS conditions.









For economic analysis, the yearly operating cost (OC) is calculated for each configuration as reported in Equations (15) and (16). In detail, for TS the electricity cost is associated with the entire electricity demand of the community; otherwise, for REC conditions, the operating cost of electricity considers the cash outflow for electricity taken from PG, the cash inflow for the sharing energy incentive, and the cash inflow for electric energy sold to PG. In these equations related to operating cost, the positive income is assumed to be less.


    O C   E l   T S   =   D E   E l , P G   T S   ·   c   E l , P G    



(15)






    O C   E l   R E C   =   D E   E l   P G   ·   c   E l , P G   −   N E   E l , o s   O R C , R E C   ·   p   E l , o s   O R C , R E C   −   T E   E l   P G   ·   c   E l , T G    



(16)




where     O C   E l   T S     and     O C   E l   R E C     are the yearly operating cost for each layout for electricity.     c   E l , P G     is the electricity unitary price referring to the grid electricity network. The     p   E l , o s   O R C , R E C     is the economic incentive for electricity self-consumption in the REC layout.     T E   E l   P G     is the electricity sold to the electricity grid and     c   E l , T G     is the unitary electricity price for sold energy.



The evaluation of     C   O & M     is reported in Equation (17) as the sum of technical staff cost, maintenance plant component cost, and REC management software platform cost.


    C   O & M   =   C   s t a f f   +   C   M   +   C   R E C , s p    



(17)







Finally, SPB is defined as follows by supposing that the investment cost of the plant is managed by the REC organization:


  S P B =     Z   T O T       F   k , E l   T S   −   F   k , E l   R E C      



(18)







In this study, an additional socio-economic evaluation will be conducted according to innovative literature studies that consider the possibility of REC development in order to mitigate the energy poverty conditions in a popular energy district [4]. For this reason, an analysis of the energy poverty conditions of the citizens who occupy the five residential buildings is proposed. According to literature study, the most widespread social index used to perform an analysis on energy poverty is a “10%” indicator that evaluates the ratio between the global energy cost for a family based on the yearly and overall family income [39]. This index defines that if the ratio is equal to or higher than 0.10, the family is in a condition of energy poverty. In this study, only the electricity consumption of families is considered because the eventuality of thermal energy sharing is not considered for the shared energy incentive. For this reason, gas consumption is neglected by assuming that the main aim of this study is to evaluate the reduction of this index in passing from traditional simple users to community members. The energy poverty index (EPI) is calculated as reported in Equation (19) by considering the yearly electricity operating cost of a typical residential user (    O C   E l   T S , u s e r    ) with respect to his family’s income (    I   u s e r   )  .


    E P I   u s e r   =     O C   E l   T S , u s e r       I   u s e r      



(19)









3. Case Study


In this section the case study is presented, describing the geothermal site, the buildings of the district considered in the analysis, and the plant configuration modelled.



3.1. Geothermal Area


The case study under examination proposes a sustainable approach to harness low and medium enthalpy geothermal energy. The innovative system design not only aims to optimise the utilisation of geothermal resources in the area, but also seeks to integrate seamlessly with the local environment and community, underscoring a commitment to both sustainability and regional development. The location of Pozzuoli, Naples (in the south of Italy) is one site of high geothermal source interest. As reported in Figure 1, the zone is near to more pre-existing and unused geothermal wells in Campi Flegrei.




3.2. Building and User Description


In this work, a multi-purpose energy community composed of eight buildings is investigated. Three of them are used for office activities and are located in the Pisciarelli district Via Antiniana, as reported in Figure 2. For these users, the electricity bill data are available and an energy audit has been carried out.



The three office buildings (buildings F, G, I) are equipped with a range of 3–8 floors with a total area of about 27,000 m2. The office buildings are characterised by 124 thermal zones (50 for building G, 34 for building I, and 40 for building F) including unconditioned zones, such as flights of stairs and elevators. The height of each floor is equal to 2.8 m for the basement floor and 3 m for other floors in building G; equal to 2.3 m for the basement floor and 3 m for other floors in building I; and equal throughout to 3 m in building F.



With regard to the electric energy consumption of office buildings evaluated by using real bill data, it is reported hourly for a typical winter day in Figure 3.



With regard to the electricity load of residential buildings, the electric load of a typical winter day for the residential user type is detailed in the Section 4, distinguishing between the week and weekend days (Figure 4).



Below an energy model of the building is shown in Figure 5.




3.3. System Configuration and Components


The proposed system (Figure 6) comprises an ORC, the combined production of electric energy, and a grid for the distribution of cooling and thermal energy. The geothermal- ORC system is a sophisticated and integrated energy solution. It primarily serves the REC by meeting its electricity demands. The system works in a cascade, wherein it generates electricity and supports a district heating network. This network provides heating, cooling, and domestic hot water to eight buildings.



In this setup, a small portion of the generated electricity is utilised for the self-consumption of the network’s auxiliary components. The process begins with the extraction of geothermal fluid. This fluid first passes through a heat exchanger that supplies the ORC system. The ORC system, with its nominal electric power capacity of 500 kW, converts thermal energy into electricity.



Following this, a second heat exchanger comes into play. It takes the residual heat from the geothermal fluid to feed the thermal network. This network is responsible for district heating, providing essential services such as heating, cooling, and hot water.



Additionally, the system includes an absorption chiller. This component is crucial for producing cooling energy, complementing the heating and hot water supply. The infrastructure supporting this integrated system includes a dedicated pipeline, extending to 1.6 km, along with substations for each of the eight buildings. Each substation houses three heat exchangers and fan coils, which are distributed across various thermal zones within the buildings.



The first well is used to withdraw the geothermal fluid, which is at a temperature of 145 °C and has a mass flow rate of 59 kg/s (Table 4). These values have been chosen based on real data collected through the investigations conducted on site. The geothermal fluid is sent, through a pump, to the evaporator of the ORC. The evaporator, customised for the designed configuration, exchanges a thermal power of 5 MW, resulting in the conversion efficiency of the ORC system being equal to almost 10%. ORC turbogenerators use a closed-cycle organic fluid (R245fa) instead of steam to move the turbines: the organic fluid is evaporated thanks to the heat coming from the geothermal fluid; the organic fluid vaporises, expands, and feeds the turbine, which produces electrical energy as it is coupled to an electrical generator. Then, the fluid circulates through a regenerator and a condenser connected to an evaporative tower. The cooled organic working fluid then restarts the cycle.



Once the geothermal fluid has passed through the evaporator of the customised ORC module, it has a temperature of 125 °C and reaches a second heat exchanger of 10 MW.



This second heat exchanger supplies the district thermal network and feeds both the absorber and the network: the working fluid enters the absorber at 95 °C and the temperature difference within the outlet is 10 °C, while on the district heating side there is an inlet temperature of 75 °C, with a temperature difference of about 5 °C.



The winter configuration allows the network to become part of a so-called fourth generation network, based on the temperature of the circulating fluid, and allows a reinjection into the well at a temperature of 115.7 °C. In the summer configuration, where the simultaneous supply of thermal energy must be guaranteed to produce domestic hot water through the district heating network and cooling energy through a dedicated network, the reinjection temperature of the geothermal fluid in the reinjection well is lower (104.2 °C) with a temperature difference of about 20 °C. The network configuration is based on a four-pipe system, two supply and two return for district heating and cooling, which extends for a total of 3.2 km. The entire system is designed to supply the thermal heating and cooling energy demand associated with all eight of the buildings.



Each building is equipped with a substation tailored to meet its specific energy requirements. The composition of each substation is as follows. It includes a heat exchanger for space heating, operational exclusively during the winter season, which spans from November 15th to March 15th. This aspect of the system is designed in compliance with Italian regulations, considering the climatic zone of the plant’s location. Additionally, there is a heat exchanger dedicated to supplying domestic hot water, which functions throughout the year without interruption. Lastly, there is a heat exchanger for space cooling, which is in use during the summer months, from June to September.





4. Results


The energy results include electricity and thermal energy information, while regarding the environmental and economic analysis only electricity will be involved according to the sharing directive. As a matter of fact, considering that the ORC has been sized to completely cover the thermal energy load of the community, the CO2 emission associated with heating, cooling, and domestic hot water is null. From the economic point of view, the investment costs associated with the district heating and cooling network and other auxiliaries have been included in global ORC plant cost.



4.1. Energy Results


Figure 7 and Figure 8 show the trends in heating, cooling, and domestic hot water requests, respectively, for an office-type building and for a residential building. For office buildings, the supply of domestic hot water through the network is not envisaged, while this request is present for residential buildings, as can be seen from the graph. The schedule is different for the two types of building: for the offices, the system is switched on during the week from 9:00 to 20:00, while it is switched off during the weekend; for residential buildings, the system is switched on from 14:00 to 20:00 during the week and from 9:00 to 20:00 during the weekend.



Table 5 reports the maximum thermal power demands for the heating and cooling of each building. The thermal power requirements of office and residential buildings with identical electric loads and occupancy schedules differ due to transmission losses through the building envelope, which are determined by external environmental factors (such as orientation to the sun) and the thermal conditions of neighbouring apartments. The reduction in primary energy for heating, cooling, and DHW amounts to 218 MWh per year for residential buildings and 185 MWh per year for offices.



The yearly electricity consumption is reported for each building in Table 6.



Considering the electric loads associated with lighting and electric appliances in the buildings (both residential and tertiary), the global electricity request by residential and tertiary buildings is equal to 3739 MWhEl/y, while it is 384 MWhEl/y for the electricity consumption of the heating and cooling network and plant. Without the REC configuration and in the absence of an ORC geothermal-based plant, this electricity would be bought entirely from the PG. In REC conditions, the electricity production from ORC is equal to 4380 MWhEl/y. Due to the high hourly production, it is not necessary to integrate electricity from the power grid during many hours of the year (4747 h on 8760). Otherwise, for 4015 h during the year, the REC gives the surplus of electricity to the PG (for a total value equal to 445.15 MWhEl/y). This condition is shown by the report on the main electricity vectors of REC in Figure 9 for the entire year by using monthly values.



The patterned blue and white area shows the shared energy, the yellow area reports the amount of electricity sold to PG, and the black line reports the ORC electricity production. The results highlight a higher share of energy integrated from PG during summer, when less electric energy is available from ORC due to higher self-consumption for auxiliaries of the district heating network in winter. In detail, the electricity demands for district heating network auxiliaries results in a mean equal to 75 kWh during winter hours and 150 kWh during summer hours.



By assuming an efficiency for the power grid that is variable hourly [38], the reduced primary energy results are equal to 6572 MWh/y and the equivalent PES results in an average yearly value equal to 82%. The index of self-consumption is expressed as the ratio between the ORC electricity consumed on-site and the total electricity request (d), and self-sufficiency (s) is expressed as the ratio between the ORC electricity consumed on-site and the total electricity produced, which are equal to 85% and 89%, respectively, on a yearly basis. The indexes assume different values during the year and their monthly variation is reported in Figure 10, according to shared electricity and electricity sold to PG.



During the winter period, self-sufficiency is higher than during summer and the amount of electricity sold to the grid assumes values higher than 40 MWh per month, while the self-consumption index is not higher than 85%. Otherwise, during summer values of d higher than 90% are obtained but self-sufficiency does not exceed 81%, resulting in lower levels of electricity selling (about 20 MWh per month).




4.2. Environmental Results


The environmental impact of CO2 emissions, linked to electricity consumption and the amounts of it taken from the PG, shows a reduction of 126.7 tCO2 by obtaining a mitigation of about 81% with respect to the traditional electricity total purchase from the PG. In Figure 11, the emissions for each month of simulated years have been reported by considering TS and REC combined with the emission factor monthly mean.



The maximum mean emission factor is equal to 457 gCO2/kWh and it is verified during October; in this month, the emission due to electricity consumption is equal to 142 tCO2 and 22.4 tCO2, respectively, for TS and REC conditions, showing a reduction of 84%. The highest percentage of avoided emission is verified during September (93%), during which the emission factor assumes a minimum and maximum, respectively, equal to 252 gCO2/kWh and 573 gCO2/kWh.




4.3. Economic Results


In order to realise the economic analysis about REC and the conditions in which it is possible, the discussion of results has been conducted by evaluation of electricity vectors. First of all, the parameters for economic analysis are listed in Table 7. For economic analysis of REC, three different electricity market scenarios have been considered as reported in the following bullet points:




	
For the first case (C#1),     c   E l , P G     and     c   E l , T G     are fixed to 0.30 €/kWh by considering the electricity price from 2021, before the energetic conflict involving Ukraine and Russia, and 53.40 €/MWh, which corresponds to the minimum price at which the geothermal plant’s energy can be sold to the PG [47].



	
For the second case (C#2),     c   E l , P G     and     c   E l , T G     are fixed to 0.39 €/kWh by considering an increment of 30% of unit electricity price after the energetic conflict and to 69.42 €/MWh, which corresponds to an increment of 30% with respect to the minimum price for geothermal energy to sell to the PG.



	
For the third case (C#3),     c   E l , P G     and     c   E l , T G     are fixed to 0.48 €/kWh by considering an increment of 60% of unit electricity price after the energetic conflict and to 111.07 €/MWh, which corresponds to an increment of 60% with respect to the minimum price for geothermal energy sell to the PG.








According to the Italian transposition of REDII [48], the incentive associated with shared electricity produced by a RES-based plant of REC is considered fixed at 118 €/MWh. The investment cost is evaluated by considering literature and market data and, in particular, for ORC a unit cost of 3000 €/kW. Otherwise, the maintenance cost has an assumed value of 5% of investment cost per year. Additional investment costs involve the well cost, hydronic pump cost, geothermal heat exchanger cost, and district heating and cooling network cost.





 





Table 7. REC costs [48,49,50].
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	Symbol
	Description
	Unit
	Value (C#1/C#2/C#3)





	     c   E l , P G     
	Unit price for electricity taken from PG
	€/kWh
	0.30/0.39/0.48



	     p   E l , o s   O R C , R E C     
	Economic incentive for self-consumption REC
	€/MWh
	118



	     c   E l , T G     
	Unit price for electricity sell to PG
	€/MWh
	53.4/69.4/111



	     C   s t a f f     
	Economic cost for two workers on REC staff
	k€/y
	64



	     C   M , O R C     
	Economic cost of ORC maintenance calculated as 5% of investment cost
	k€/y
	75



	     C   R E C , s p     
	Economic cost for management software for RECs
	k€/y
	13



	     O C   E l   T S , u s e r     
	Operating cost for electricity for residential user
	€/y
	1424 *



	     I   u s e r     
	Income for residential user
	k€/y
	12



	ZORC
	Investment cost for ORC
	k€
	1500



	Zwells
	Well investment cost
	k€
	130



	Zpumps
	Hydronic pump investment cost
	€
	3031



	ZGHEs
	GHEs investment cost
	k€
	90.5



	ZDHN
	DHN investment cost
	k€
	2275



	CM
	Maintenance cost
	k€/y
	199.7







* Calculated as a mean value of different residential user typologies.











In Table 8, the results of economic analysis are reported by considering for REC the income from the sharing incentive, selling to PG, and the purchase from PG as reported in the first, second, and third row, respectively. The sharing incentive income does not change with different electricity market conditions. The increment of income due to better selling conditions and the increasing of electricity purchase cost defines a global improvement on the operating cost of REC equal to 13% and 22%, respectively, for C#2 and C#3 with respect to C#1. This analysis shows that the impact of higher     c   E l , T G     on global REC income varies from C#1 to C#2 and it does not have a linear behavior. The yearly reduced cost shows a reduction equal to 78%, 85%, and 89%, respectively, in C#1, C#2, and C#3, compared to the traditional system. These data highlight the fact that, for good self-consumption behaviour in the community, the conditions of the electricity market have a lower impact on economic balance. As the matter of fact, the SPB in C#1 assume a good value equal to 4 years that is reduced to 3 and 2 years in C#2 and C#3.



The monthly value of electricity cash flow is reported for the C#1 case in Figure 12. The electricity sharing allows for a monthly income, which includes the sharing incentive and income for electricity sold to the PG, for the community even higher than 85,000 € (green bars). The electricity cost for energy taken from the PG (orange bars) is higher during the winter period than in summer (for example, 13,922 € in January and 6223 € in August). The electricity sold to the PG (light green bars) assumes a lower value during the summer period due to lower available electricity from the ORC, depending on higher self-consumption of auxiliaries.



For the socio-economic analysis, a residential user family with a minimum income of 12,000 €/y is considered. The energy yearly electric load is equal to 4220 kWh/y, which represents 0.13% of global REC consumption and, assuming a democratic redistribution of REC income, it could be represent a share of family income from REC by excluding the operating and maintenance cost. The user spends 1266, 1688, and 2110 €/y, respectively, for C#1, C#2, and C#3 on the electricity bill, and he obtains (in the best case, with global income given to members) about 1237 €/y, 1580 €/y, and 1935 €/y for C#1, C#2, and C#3 that could be added to his personal income. The results show that the EPI suggests rapidly passing from TS to REC conditions as, as reported in Figure 13, a reduction equal to 9%, 12%, and 14%, respectively, for C#1, C#2, and C#3 is presented.




4.4. Additional Considerations


Considering that these case studies present a high share of produced electricity sold to the PG, the possibility of including 15 additional residential buildings has been considered in this study in order to improve the d index and also to reduce the SPB. Under these conditions, the global load amounts to 3782 MWhEl/y, and consequently the sharing energy in REC is equal to 3100 MWhEl/y, the energy sell to grid is equal to 402 MWhEl/y, and 758 MWhEl/y is taken from grid. In this way, the s index is equal to 87.8% as a mean yearly value, allowing for a complete RES covering many hours. The second index d presents a self-consumed energy equal to 86.6%, increasing the economic advantage from the REC incentive to share energy. The reduced CO2 emission amounts, under these conditions, to 84.8% and the time for investment recovery does not change.





5. Conclusions


In this study, an energy, environmental, and economic analysis of geothermal community has been defined according to the renewable energy community directive to evaluate the advantage of a shared energy system and the acceptability of RES plants.



The main findings are summarised in the following bullet points:




	
For electricity consumption, the geogrid system allows for a reduction of 82% of primary energy;



	
The index of self-consumption and self-sufficiency are equal to 85% and 89%, respectively;



	
The SPB changes from four to two as a function of the market conditions;



	
The environmental impact caused by the geogrid system allows for a reduction of 81.2% of CO2 emissions with respect to the traditional configuration for electricity that uses the Italian electricity mix to supply electric energy consumption and 100% of thermal energy.








Future studies should try to develop a strategy to evaluate the advantages of thermal sharing in a geothermal-based smart energy community.
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Figure 1. Campi Flegrei Deep Drilling Project (CFDDP) map [31,40,41,42,43,44,45,46]. 
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Figure 2. Real office buildings. 
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Figure 3. Electricity energy demand for offices. 
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Figure 4. Residential simulated load. 
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Figure 5. Energy model referring to a residential building (sfw. EDILCLIMA v.11). 
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Figure 6. Layout of the ORC system. 






Figure 6. Layout of the ORC system.



[image: Energies 17 01248 g006]







[image: Energies 17 01248 g007] 





Figure 7. Thermal energy demand of the office building. 
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Figure 8. Thermal energy demand of the residential building. 
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Figure 9. Electricity vector on a monthly basis. 
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Figure 10. Self-consumption, self-sufficiency indexes, energy sold to grid, and self-consumed on a monthly basis. 






Figure 10. Self-consumption, self-sufficiency indexes, energy sold to grid, and self-consumed on a monthly basis.



[image: Energies 17 01248 g010]







[image: Energies 17 01248 g011] 





Figure 11. Environmental emission for TS and REC with respect to the emission factor for electricity power mix. 
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Figure 12. Electricity cash flow for energy community. 
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Figure 13. Socio-economic index. 






Figure 13. Socio-economic index.



[image: Energies 17 01248 g013]







 





Table 1. Geothermal source temperature by zone.






Table 1. Geothermal source temperature by zone.





	
Zone

	
Geothermal Source Temperature

	






	
Greece (Aristino—Alexandroupolis area)

	
99 °C

	
[27]




	
Thailand

	
About 100 °C

	
[28]




	
Mexico

	
About 100 °C




	
Island

	
>110




	
Bulgaria

	
100 °C




	
Hungary

	
108 °C




	
Romania

	
About 90 °C




	
Germany (north east)

	
120 °C

	
[29]




	
Turkey

	
240 °C

	
[30]




	
Italy (Ferrara)

	
About 100 °C

	
[31]




	
Italy (Phlegrean Fields)

	
Up to 240 °C











 





Table 2. Main characteristics of the office building’s envelope.






Table 2. Main characteristics of the office building’s envelope.





	Building Element
	Transmittance [W/m2K]
	Thickness

[m]
	g-Value

[−]
	Longwave Emission Coefficient [−]
	Solar Absorptance

[−]





	External Walls, First

floor
	0.740
	0.34
	-
	0.9
	0.6



	External Wall
	0.843
	0.34
	-
	0.9
	0.6



	Inner Wall
	0.293
	0.12
	-
	-
	-



	Ground Floor
	1.78
	0.46
	-
	-
	-



	Ceiling
	1.30
	0.24
	-
	-
	-



	Roof
	1.69
	0.20
	-
	0.9
	0.6



	Window
	1.40
	-
	0.76
	-
	-










 





Table 3. Parameter descriptions.






Table 3. Parameter descriptions.





	Parameter
	Description





	    C   i n t ,   z t c     [J/K]
	Zone internal thermal capacity



	    A   e l i       [m2]
	Area of the building element “eli”



	    A   t o t       [m2]
	Sum of     A   e l k       areas of all construction elements “elk = 1…eln”



	    h   c i , e l i     [W/m2K]
	Convective coefficient for the inner surface



	    h   r i , e l i     [W/m2K]
	Radiative coefficient for the inner surface



	    h   p l i , e l i     [W/m2K]
	Conductance between the “pli” node and the “pli-1” node



	    θ   p l n .   e l i , t     [°C]
	Internal surface temperature of the building element “eli”



	    θ   p l i .   e l i , t     [°C]
	Temperature at the “pli” node



	    θ   s u p , v e i , t       [°C]
	Supply air temperature of the ventilation flow “vei”



	    f   i n t , c     [W/K]
	Convective fraction of the internal inputs



	    f   s o l , c     [W/K]
	Convective fraction of solar inputs



	    f     H   C   , c      [W/K]
	Convective fraction of heating and cooling inputs



	    H   v e , v e i , t     [W/K]
	Global heat transfer coefficient for ventilation, for ventilation flow “vei”



	    H   t r , t b , z t c     [W/K]
	Global heat transfer coefficient through thermal bridges



	    ∅   i n t , z t c , t     [W]
	Global contribution of internal heating



	    ∅   s o l , z t c , t     [W]
	Contribution of directly transmitted solar heating to the zone



	    ∅     H   C   , z t c   t     [W]
	Heating or cooling load



	    k   p l i , e l i     [J/m2K]
	Thermal capacity



	     a   s o l , p l i , e l i     
	Sola absorption coefficient



	    I   s o l , d i f , e l i , t     [W/m2]
	Solar irradiance (hourly, diffuse)



	    I   s o l , d i r , e l i , t     [W/m2]
	Solar irradiance (hourly, direct)



	    ∅   s k y , e l i , t     [W/m2]
	Thermal radiation to the sky










 





Table 4. Main characteristics of the considered extraction well.






Table 4. Main characteristics of the considered extraction well.





	Water Temperature at the Wellhead
	145 °C



	Average Flow Rate
	59 kg/s



	Specific Heat of the Geothermal Fluid
	4.19 kJ/kgK



	Density
	1.08 kg/L










 





Table 5. Heating and cooling power demands for each building.






Table 5. Heating and cooling power demands for each building.





	Building
	Heating Demand [kW]
	Cooling Demand [kW]





	Office-F
	383
	707



	Office-I
	270
	498



	Office-G
	306
	565



	Residential-1
	333
	545



	Residential-2
	158
	285



	Residential-3
	142
	243



	Residential-4
	142
	243



	Residential-5
	142
	243










 





Table 6. Annual electric energy demand for each building.






Table 6. Annual electric energy demand for each building.





	Building
	Electricity Demand [MWh/y]





	Office-F
	1367



	Office-I
	911



	Office-G
	1215



	Residential-1
	76.0



	Residential-2
	42.6



	Residential-3
	42.6



	Residential-4
	42.6



	Residential-5
	42.6










 





Table 8. Economic analysis REC.






Table 8. Economic analysis REC.





	

	
C#1

	
C#2

	
C#3






	
REC




	
    N E   E l , o s   O R C , R E C   ·   p   E l , o s   O R C , R E C     [€/y]

	
360,774

	
360,774

	
360,774




	
    T E   E l   P G   ·   c   E l , T G     [€/y]

	
23,771

	
30,902

	
49,443




	
    D E   E l   P G   ·   c   E l , P G     [€/y]

	
133,543

	
173,607

	
213,670




	
    O C   E l   R E C     [€/y]

	
251,001

	
218,069

	
196,547




	
    F   k   R E C     [€/y]

	
25,757

	
58,689

	
80,211




	
TS




	
    O C   E l   T S     or     F   k   T S     [€/y]

	
1,121,812

	
1,458,355

	
1,794,899




	
REC vs. TS




	
SPB [y]

	
4

	
3

	
2




	
    Δ O C   E l   T S − R E C     [€/y]

	
1,096,054

	
1,399,666

	
1,714,688
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