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Abstract

:

In this paper, we assess using two alternative allocation schemes, namely exergy and primary energy saving (PES) to compare products generated in different combined heat and power (CHP) geothermal systems. In particular, the adequacy and feasibility of the schemes recommended for allocation are demonstrated by their application to three relevant and significantly different case studies of geothermal CHPs, i.e., (1) Chiusdino in Italy, (2) Altheim in Austria, and (3) Hellisheidi in Iceland. The results showed that, given the generally low temperature level of the cogenerated heat (80–100 °C, usually exploited in district heating), the use of exergy allocation largely marginalizes the importance of the heat byproduct, thus, becoming almost equivalent to electricity for the Chiusdino and Hellisheidi power plants. Therefore, the PES scheme is found to be the more appropriate allocation scheme. Additionally, the exergy scheme is mandatory for allocating power plants’ environmental impacts at a component level in CHP systems. The main drawback of the PES scheme is its country dependency due to the different fuels used, but reasonable and representative values can be achieved based on average EU heat and power generation efficiencies.
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1. Introduction


The European Union (EU) has initiated an ambitious energy and climate policy framework called “Clean Energy for all Europeans”. This framework sets specific targets to be met by 2030 in order to reduce greenhouse gas (GHG) emissions, increase the share of renewable energy in the EU’s energy mix, and increase energy efficiency throughout the entire energy value chain [1,2]. In this context, power generation has been identified as one of the sectors with the highest potential to fully decarbonize. Energy production from renewable sources should play a key role in achieving such an ambitious objective. Among renewables, geothermal energy is currently attracting attention for its potential as a reliable, low-emitting source of heat and power that provides continuous base-load energy production in contrast to the highly fluctuating production profiles of, for example, wind and solar energy. Furthermore, geothermal energy is an excellent source of heat for district heating purposes. Therefore, environmental sustainability of power plants and geothermal exploitation settlements are receiving increased attention. A life cycle assessment (LCA) is one of the acknowledged methodologies for assessing the sustainability of energy systems [3]. The application of a LCA to geothermal power plants has received increased interest and importance in the last decade [4,5]. The results of a LCA can vary significantly depending on the methodological choices made, i.e., the use of different characterization models to assess a certain impact category or the use of specific allocation methods. This is especially important in the context of energy systems, where a multigeneration system is considered to be one of the ways of enhancing the utilization of primary resources and reducing wasted energy. Detailed methodological guidelines that facilitate a LCA specifically for deep geothermal installations have been developed within the EU GEOENVI project [6]. The function of a geothermal system is to produce electricity or heat. In a multigeneration energy system, such as a combined heat and power (CHP) plant, these products can be generated simultaneously. Heat from a CHP plant can be used for hot water, space heating directly or by district heating, industrial heating, and also for cooling by using it to drive absorption chillers [7].



Generally, much of the literature refers to LCA results for electricity output, especially in deep geothermal applications where it represents the main product, but also when analyzing CHP stations. This has led to marginalization of the cogenerated heat, which is often a relevant and very useful product for district heating (DH) of local neighborhood communities.



According to the ISO 14040 standards for LCA [8], when systems have more than one product, either partitioning or allocation of the system impacts is inadvisable while “expanding the product system to include the additional functions related to the coproducts” is recommended. However, in practice, the system expansion approach is often based on inaccurate data regarding the alternative production or exported functions [9].



As far as the literature is concerned, different methods of environmental burden allocation for heat and power production have been suggested and assessed. For example, Tereshchenko et al. [10] compared seven methods for emissions allocation from combined cycle power plants (CCPP) and demonstrated how the allocation factors could vary for the same case study. More specifically, the fuel allocation for heat with the alternative generation method was 38.3%, while it was equal to 22.3% with the power bonus method.



Karlsdottir et al. [11] discussed the possibility of using different methods to calculate partitioning and allocation factors, to be later applied for evaluating the products generated in the geothermal CHP plant. Specifically, they applied the following approaches: no allocation, energy, exergy, economic, and alternative generation method, to divide the primary energy factor (PEF) and greenhouse gas (GHG) emissions between power and heat produced at the Hellisheidi geothermal power plant.



The results of the abovementioned studies confirm the need for a reliable allocation scheme to distribute the life cycle inventory (LCI) data and environmental burdens between the different coproducts for CHP systems, especially in the context of EU energy and climate policy. Concerning geothermal systems, the GEOENVI methodological guidelines [6,12] recommend using two approaches to solve a multifunctionality problem, depending on the share between coproducts. If the contribution of one of the products (electricity or heat) exceeds 75%, a system expansion with a substitution model for the coproducts is proposed, while if the share between the coproducts is lower than 75%, the system allocation scheme should be based on the exergy method. Moreover, for systems producing large amounts of heat, a comparison of the allocation schemes using either exergy or primary energy saving (PES) methodology can be applied [6]. From a thermodynamic point of view, the exergy allocation method is considered to be a fair method for dividing the benefits of the CHP production between electricity and heat; moreover, it is widely used in LCA studies related to the geothermal sector [13,14]. However, geothermal CHP plants in various locations around the world are either heat or electricity production oriented, depending on the local energy demand and climatic conditions; the choice of the allocation scheme significantly affects the impacts of the electricity and heat outputs. Such an issue can be addressed using a PES approach which is a specific measure used for evaluating energy systems producing both electricity and heat that compares locally generated CHP coproducts to those from a conventional system separately producing separately the same two amounts of electricity and heat. This indicator provides, similarly to exergy, a common basis for various products generated in energy systems, and therefore can be used to formulate the allocation factor.



In this study, we present and compare two allocation procedures based on exergy and PES methods for evaluating the useful products of geothermal CHP plants. The main novelty of this study is the assessment of how the PES allocation method may suitably valorize heat production in geothermal CHP systems with respect to the traditional exergy allocation method. Moreover, in this study, we extend the abovementioned methods to address the allocation problem for relevant and representative case studies of geothermal CHP plants, i.e., Chiusdino (Italy), Altheim (Austria), and Hellisheidi (Iceland), and we investigate how the chosen allocation scheme would affect the impact of heat- and electricity-oriented CHP plants of different technical and geographical scales.



For the analysis, we chose allocation factors based only on the physical properties of the products. Economically based allocation factors are excluded from this study since the prices that are the basis of this method are strongly variable and easily influenced by decision and policy makers.



An energy allocation approach is considered to be questionable from a thermodynamic point of view, especially for CHP systems where it does not reflect the difference in terms of energy quality and usefulness among the two functions provided by the system. However, it is used in this study to provide a general comparative framework.



This paper is divided into the following sections: In Section 2, we introduce and describe the case studies and methodology used to calculate the allocation factors used in the analysis; in Section 3, we present the results of the allocation factors for electricity and heat from the three different geothermal CHP plants; in Section 4, a final discussion of the results and concluding remarks are presented.




2. Materials and Methods


2.1. Case Studies Description


The case studies considered in this study were three existing geothermal CHP power plants, i.e., Chiusdino, Altheim, and Hellisheidi. General information regarding the power plants is reported in Table 1. The efficiency of a CHP plant is calculated as follows: gross electricity or heat produced/energy input. In a geothermal power plant, the energy input is defined as the total mass of fluid (kg/s) multiplied by the average enthalpy of inlet fluid (kJ/kg) [15].



Chiusdino is a power plant with a 20 MWel nominal capacity located in Italy, in the municipality of Chiusdino, within the Larderello geothermal field [16]. A district heating unit, designed to provide heat to a neighboring town by exploiting the excess available geothermal heat, was recently initiated. When completed, the district heating will provide a 6744 kWth nominal heating power, serving the central part of the town and some surrounding areas by hot water (a loop with delivery (TD) and return (TR) temperatures of 90 and 65 °C, respectively).



The Altheim power plant [17,18] uses low-enthalpy geothermal water in the Austrian part of the Molasse Basin. The hot water flow is divided into two parts. After passing through a plate-type heat exchanger and depending on ambient temperature, approximately 11 MWth at 90 °C in secondary closed-loop flows are used for heating public and residential buildings. The remainder of the hot water flow is directed to an organic Rankine cycle (ORC) turbine and power generator with a capacity of 1 MWel. The organic fluid employed in the power cycle is R134a [17,18]. The brine loop includes a submersible pump with an electrical power of 350 kW installed at 290 m [19]. Reinjection pressure at the wellhead was found to be 16 bars at a temperature of 65 °C.



The Altheim power plant combines the advantages of both parallel and serial CHP configurations. While the parallel configuration offers high temperature levels for the district heating system, the serial configuration allows high utilization of the heat source.



The Hellisheidi power plant is a double flash CHP plant with 303.3 MWel nominal electric capacity and 133 MWth thermal capacity. It is located in the high-temperature geothermal area of southwest Iceland, around 30 km to Reykjavik. Electricity generation is realized using two pressure stages (6 × 45 MW high pressure turbines and 1 × 33.3 MW low pressure turbine) [20,21]. This power plant is arranged as a hybrid scheme for CHP, with serial freshwater low temperature preheating from the high-pressure flash exhaust steam, and parallel feed from the low-pressure flash condensate stream to heat preheated water up to the temperature required by the district heating of around 90 °C.



The amounts of electricity and heat produced by a CHP geothermal plant need to be quantified. For the purpose of this study, for the Chiusdino and Hellisheidi power plants, we assumed that the electricity production represented the annual electricity supplied to the national grid, estimated as 7500 h of power plant operation at maximal load and an average 4% of parasitic consumption. For the Altheim power plant, parasitic consumption of a borehole pump (350 kW) was considered.



Usable heat provided to the district heating systems varied in compliance with the duration curve of external temperature. Therefore, to evaluate the heat supplied to a district heating system by the geothermal CHP plant, an estimate of the winter heat load of the town was performed.



The heating degree-days (  H D  D  h e a t i n g    ) approach is considered to be an approximate parameter to determine the seasonal heat load. The   H D  D  h e a t i n g     are determined by integrating the daily differences between the reference temperature    T  r e f     (18.3 °C/65 °F) and hourly outdoor temperature    T  o u t , i    . The outdoor temperature is derived from typical meteorological year (TMY) data [22,23] for the selected locations. The degree days are defined as:


  H D  D  h e a t i n g   =  1  24     ∑   i = 1  n     T  r e f   −  T  o u t , i      



(1)




where  n  refers to seasonal heating days.



On this basis, and considering hourly temperatures, the DH heat load ( Q ) was estimated as proportional to the indoor and outdoor average daily temperature difference during the heating season, having set the indoor temperature at 20 °C. The nominal design load of the CHP was the coldest hour in the year for each location. The heating period equivalent to the considered climatic zones was also considered.



The heat load fraction (  D H   L o a d   F a c t o  r i   ) is defined as the ratio between the daily representative indoor and outdoor average temperature difference and the maximum indoor and outdoor temperature difference (corresponding to the design heat load) and can be calculated as follows:


  D H   L o a d   F a c t o  r i  =    T  i n   −  T  o u t , i      T  i n   −  T  o u t , m a x      



(2)




where    T  i n     and    T  o u t , i     are the indoor and outdoor temperatures, respectively;    T  o u t , m a x     are the outdoor temperatures corresponding to the design heat loads (−6.2 °C, −12.1 °C, and −10.1 °C for Chiusdino, Altheim, and Reykjavík, respectively). The average monthly climatic data and DH load factors are reported in Figure 1.



Referring to these data and to the assumptions outlined, the overall expected annual heating load factors were evaluated to be about 44, 45, and 78%, roughly corresponding to 3341, 3392, and 6797 operating hours/year for Chiusdino, Altheim, and Hellisheidi power plants, respectively. The obtained values are in line with site-specific data [16,18,20].




2.2. Exergy Allocation


Exergy represents the maximum useful work that could be obtained from a system as it is brought to the specified reference environment from system state and it is the commonly accepted measure of quality or usefulness of the various energy forms and material streams flowing through a system and exiting as products and wastes [24,25]. Typically, the reference environment is specified in terms of temperature, pressure, and chemical composition. In other words, exergy measures the value of the various forms of energy associated with a material system at given conditions, expressed by its temperature, pressure, and chemical composition, which depends on the maximum work achievable from the system. On the one hand, from the definition of exergy, mechanical and electrical energies are equivalent to exergy because they can be integrally converted into work. On the other hand, heat is not pure exergy as the second principle of thermodynamics states that heat cannot be completely converted into work. Indeed, exergy of heat increases with an increase in temperature, because the maximum achievable work from a heat source increases with an increase in temperature. If temperature were infinite, the related heat would be pure exergy. The exergy of material streams, considering their mass flow rate, allows evaluating thermodynamic systems converting heat into electricity, heat, and cold as output products. In the case of chemicals as secondary output products of the system, the use of chemical exergy is recommended [26,27]. For a material stream, physical exergy flow [MW] is defined as follows:


  E x =  m ˙  ∙     h −  h o    −  T o    s − s      



(3)




where  h  is specific enthalpy and   s     is specific entropy at the system state conditions,    h o    and    s o    refer to the reference conditions (usually    p o    = 101.325 kPa and    T o    = 298.16 K), and   m ˙   is the mass flow rate.



For the common situation where electricity and heat are produced (a CHP system), exergy is a useful approach for evaluating the output of the multigeneration system. As for shaft work, the exergy associated with electricity (  E  x  e l    ) is equivalent to work energy (   E  e l    ) as:


  E  x  e l   =  E  e l    



(4)







Exergy of heat ( Q ) supplied by thermal energy reservoirs is equivalent to the work output of a Carnot heat engine operating between the reservoir (here, the heat source temperature driving force is the medium temperature of the geothermal resource) and the environment (here, the reference environment temperature is the annual external temperature in selected locations, i.e., 15, 10, and 5 °C for Chiusdino, Altheim, and Reykjavík, respectively). Here, heat exergy is identified as   E  x Q    and can be expressed as follows:


  E  x Q  = θ ∙ Q  



(5)




where  θ  (Carnot factor or exergetic temperature accounting for the value of heat) is expressed as:


  θ =   1 −    T o     T Q       



(6)




and    T Q    and    T o    denote thermal product and reference environment temperatures, respectively.    T Q    is the entropy-average temperature of the heat produced by the CHP unit, calculated as:


   T Q  =  Q    ∆ S      



(7)




where   ∆ S   is the overall entropy variation of the heat interaction (from delivery to return in the case of a district heating system). The preceding equation can be applied for systems distributing either steam (with condensate recovery) or water, or other heat transfer fluids. In the specific case of distributing a single-phase heat transfer fluid,    T Q    can be evaluated as a log-mean temperature as follows:


   T Q  =    T D  −  T R    log      T D     T R         



(8)




where    T D    is the delivery temperature and    T R    is the return temperature referring to the district heating system (primary circuit at plant gate).



The multiproduct issue about geothermal plants, seen as a whole with no details about internal subprocesses, is well addressed using exergy. In principle, the LCI, which involves creating an inventory of material and energy input and output flows for a product system, is also considered to be a whole. Moreover, the use of exergy is also recommended to solve allocation problems, which may arise depending on the parallel/serial arrangement with respect to the use of the resource. In principle, a LCA recommends that allocation should be avoided when a component serves one specific product.




2.3. Primary Energy Savings Allocation


Primary energy savings (PESs) is a measure used to evaluate the thermodynamic benefits during the operation time in the use phase (i.e., year), related to a CHP conversion system that produces fixed amounts of electricity and heat by recovering at least part of the heat necessary released to the environment as compared with two different systems separately producing the two amounts of electricity and heat using two different primary energy sources. The PESs of a CHP unit as a whole is expressed as follows [28]:


  P E S = P  E  R e f H   + P  E  R e f E   − P  E  C H P    



(9)




where   P  E  C H P     is the primary energy used in the cogeneration unit for producing electricity and heat,   P  E  R e f H     is the primary energy used in the reference system used for the separate production of heat, and   P  E  R e f E     is the primary energy used in the reference system used for the separate production of electricity. The primary energy for electricity or heat from non-combustible renewables (hydro, wind, solar, and geothermal) is accounted for by using the “zero equivalent method.” The zero equivalent method uses an equivalence of 0% between primary energy and electricity for all non-combustible renewable energy sources, i.e., 1 MJ of electricity produced in a geothermal plant equals 0 MJ of primary energy from a geothermal source [29]. The overall primary energy savings,   P E S  , can be used later to obtain the allocated share of electricity and heat produced by the CHP unit.



Figure 2 presents a general concept of the PESs giving an idea of the achievable savings of a cogeneration system in terms of primary energy. A generic CHP system transforms 100 units of primary energy into 41 units of electricity and 44 units of heat. The remaining part of the primary energy is unavoidably lost into the environment. If the same amount of electricity and heat were produced separately in a conventional power plant and a boiler, the primary energy consumption would be higher (46 + 125 = 171 primary energy units), mainly because of the quite low conversion efficiency, and thus higher primary energy consumption for separate electricity production. The PESs due to the cogeneration unit as a whole is 171 − 100 = 70 units.



The PES accounts for the overall primary energy saving in a combined electricity and heat production as compared with separated production, generally non-renewable based and can also be presented as a ratio as follows:


  P E S =     P  E  R e f   H   + P  E  R e f   E   − P  E  C H P     P  E  R e f   H   + P  E  R e f   E       ∙ 100 %  



(10)







Equation (10) leads to the expression of PES defined in Directive 2004/8/EC of the European Parliament [30] as:


  P E S =   1 −  1     η  C H P   H      η  R e f   H     +    η  C H P   E      η  R e f   E         ∙ 100 %  



(11)




where     η  C H P   H     is the heat efficiency of the cogeneration production defined as the annual useful heat output divided by the fuel input used to produce the sum of useful heat output and electricity from cogeneration,    η  R e f   H       is the reference efficiency at a national level for separate heat production,    η  C H P   E     is the electrical efficiency of the cogeneration production defined as the annual electricity from cogeneration divided by the fuel input used to produce the sum of useful heat output and electricity from cogeneration, and    η  R e f   E     is the reference efficiency at a national level for separate production of electricity.



The PES can be remarkably effective for assessing systems with coproduction of electricity and heat, even though it is country dependent (through    η  R e f   H     and    η  R e f   E    , which primarily depend upon the reference fuel for separate heat and electricity production) and possibly variable in time. Moreover, PES is selected as an allocation method within the PCR UN CPC 171 and 173, Electricity, Steam and Hot/Cold Water Generation and Distribution, Version 4.0 of the International EPD® System [31]. Within Annex B of EN 15316-4-5:2017 [32], a template to specify the reference efficiency is provided, as well as informative default values (   η  R e f   E   = 0.4  ,     η  R e f   H   = 0.9   for all types of fuels). In Table 2, values of    η  R e f   E     and    η  R e f   H     for some European countries, as well as the average for EU28, calculated in agreement with complete energy balances published periodically by EUROSTAT [33], are reported.



The average EU28 values of reference efficiencies for separate heat and power production are very close to those suggested in Annex B of EN 15316-4-5:2017. To gain generality and harmonization across different countries, these average values for efficiency reference are later proposed for calculations.





3. Results


According to the technical parameters of the case study power plants and by applying the definitions of exergy and PES reported in Section 2, the exergies and PESs related to electricity and heat generated by a geothermal CHP were calculated, as well as their sums which represent the total produced output. The results are presented in Table 3. Figure 3 compares allocation factors obtained from the different allocation schemes for heat and electricity produced by the three geothermal power plants.



Generally, it can be observed that considering the low exergy value of the delivered heat due to the low temperature (typical of district heating), the contribution of heat in the total exergy output is significantly small. In addition, considering the limited operation of DH at full load, exergy characterizes the geothermal power station mainly as an electricity station. This is especially observed for the Chiusdino and Hellisheidi power plants, where the heat produced is below 10% (1.4 and 5.2%, respectively) of the total exergy output, despite being nominally sized for about 7 MWth vs. 20 MWel, and 133 MWth vs. 303 MWel, respectively, and producing a relevant amount of district heating (8% Chiusdino and 24% Hellisheidi).



In such cases, the PES allows a more effective evaluation of the direct use of heat with respect to exergy. Figure 3 shows that the share of heat of the PES (PES,heat = EQ/ηRef H) is much reduced with respect to the energy share (from 87 to 71–76% for Altheim, from 8 to 3–4% for Chiusdino, and from 24 to 13–16% for Hellisheidi, depending on the national or EU reference values adopted). In most countries, renewables are a valuable substitute of fossil fuels to produce heat from CHP district heating networks. In these specific cases, the use of PES allows a better valorization of heat.



A parametric study was performed to investigate how the exergy and the PES allocation factors change considering electricity- or heat-oriented CHP production, and to generalize the results. To this aim, the contribution of heat production was varied between 10 and 90% of the total, and the obtained allocation factors were compared in absolute terms and as a difference between energy shares (red line) and exergy, as well as the PES allocation factors for heat (Δ heat share, heat allocation factor). In Figure 4, the results of the parametric investigation are summarized.



In Figure 4a,b, it can be observed that, in the whole range considered here, the exergy allocation factors are significantly lower (from 8 to 38%) with respect to the share of heat produced. Considering the PES allocation rule, heat impact is still underestimated (from 4 to 14%, depending on the heat production share) with respect to simple energy allocation. The PES allocation factor depends only on efficiency factors of separate heat production which can vary according to national conditions but is not affected by either external parameters (i.e., the reference temperature) or by the temperature level at which heat is produced, as for the exergy method.



Furthermore, by analyzing the difference between the heat share and allocation factors (Figure 4b), it should be noted that the difference increases with an increase in the heat share of the total production achieving its maximum value of 60 and 70% of heat contribution, for the PES and exergy methodologies, respectively. In particular, for the exergy method, the reduction in the maximum point is around 40%, which significantly marginalizes the thermal energy while it overestimates the electricity impact in the heat production-oriented system.



Moreover, using the exergy method when dealing with the final use of low temperature heat (comfort heating for dwellings), further underestimates the impact of heat. Therefore, especially when using the exergy allocation method, one should be aware of proper interpretation of the results. In this light, the PES method may represent a valuable base for the allocation scheme.




4. Discussion and Conclusions


In this study, we assess different methodologies used for allocating the impacts of electricity and heat in CHP units. Exergy is often recommended for a LCA to solve the allocation problems of components producing electricity or heat, as it is a thermodynamic variable representing the value of a heat (or energy) interaction in comparable terms with electric power. However, this approach presents some limitations for analyzing the final (direct) use of heat (e.g., district heating). When heat is available at relatively low temperatures, the exergy is low, thus its value does not represent the real economic and environmental value of energy. This may result, in some cases, in almost the total replacement of electricity for all the considered impact categories. Typically, due to often low valorization of low-grade heat or moderate seasonal utilization (as happens, for example, when serving district heating), allocation methods using exergy or, even worse, power, marginalize the value of a fundamental service in CHP units, often more important than power. In this way, the fundamental benefit to the local community for using the combined produced heat, which otherwise should be in most cases provided with fossil fuels, is marginalized.



The PES approach to a CHP system, with specific reference to geothermal energy systems, allows a generalized comparison among quite different regional contexts. The PES is a more correct meter of comparison for CHP systems (ranging from 100% electricity to 100% heat) when it is adopted to evaluate the benefits of the direct use of heat. Moreover, it is an accepted indicator for systems producing heat and power (EU Directive 2004/8/EC [30]).



The PES method enables a more effective evaluation of the direct use of heat with respect to exergy because it does not penalize the heat due to its low temperature level, as exergy does. The use of the PES to allocate the impacts between useful products may suitably valorize the heat production in CHP systems. The PES has been used to compare different power plants, also including those electricity-oriented CHP systems, even though, for the latter, the significance of the PES for magnifying the value of heat produced is clearly lost. In this case, the use of the PES may also correctly allow a reasonable valorization of the heat for the functional units in CHP systems against powerplants producing electricity only.



In addition to the non-dimensional PES, it is also possible to calculate the overall PES (MWh/y), that is, the amount of primary energy saved (at a national level or in a specific project) by the energy-efficient use of combined heat and power.



Allocation based on the PES method is far more suitable than exergy and energy and is recommended for geothermal CHP plants. Although the method has been demonstrated for geothermal CHP plants, it can also be extended to any energy plant producing more than one useful energy flow.
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Figure 1. Average monthly external temperature, heating degree days (HDD), and district heating winter seasonal district heating (DH) load factor for the municipalities of Chiusdino, Altheim, and Reykjavik. 
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Figure 2. Primary energy savings. CHP vs. separate production. 
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Figure 3. Allocation factors for heat and electricity produced by the Chiusdino, Altheim, and Hellisheidi power plants A, energy allocation; B, exergy allocation; C1, PES average national allocation; C2, PES average EU28 allocation; C3, PES natural gas allocation. 
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Figure 4. Allocation factors for useful heat as a function of heat contribution in CHP production. (a) Absolute values; (b) differences between heat share (energy allocation). 
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Table 1. Characteristics of the geothermal combined heat and power (CHP) case study power plants.
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	Location
	
	Chiusdino
	Altheim
	Hellisheidi





	Geothermal source type
	
	Liquid/Vapor
	Liquid/Vapor
	Liquid/Vapor



	Energy generation technology
	
	Flash
	Binary/ORC
	Double Flash



	Final energy use
	
	CHP
	CHP
	CHP



	
	
	Electricity-oriented CHP

Medium scale
	Heat-oriented CHP

Small scale
	Electricity-oriented CHP

Large scale



	Production scheme
	
	Serial
	Serial/Parallel
	Serial/Parallel



	Installed capacity
	
	
	
	



	Thermal
	MWth
	6.744
	11
	133



	Electric
	MWel
	20
	1
	303.3



	Geothermal fluid
	
	
	
	



	Geothermal flow rate
	t/h
	130
	278
	1050



	Temperature
	°C
	196
	106
	180



	Pressure
	bar
	14.5
	7.5
	10



	Specific enthalpy
	kJ/kg
	834
	444
	1365



	Energy efficiency
	
	
	
	



	Thermal
	-
	0.07
	0.60
	0.10



	Electric
	-
	0.20
	0.05
	0.23



	Annual energy production
	
	
	
	



	Thermal
	MWh
	13,094
	32,168
	520,475



	Electric
	MWh
	145,152
	4852
	2,219,049



	District heating temperatures
	
	
	
	



	TD
	°C
	90
	90
	90



	TR
	°C
	65
	60
	40



	Tamb
	°C
	15
	10
	5
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Table 2. Country related electricity and heat production and values of the reference efficiency at a national level for separate production of electricity (   η  R e f   E   )   and the reference efficiency at a national level for separate heat production (   η  R e f   H    ), for 2017 [33].






Table 2. Country related electricity and heat production and values of the reference efficiency at a national level for separate production of electricity (   η  R e f   E   )   and the reference efficiency at a national level for separate heat production (   η  R e f   H    ), for 2017 [33].





	

	
Separate Electricity

	
CHP Electricity

	
Separate Heat

	
CHP Heat

	
     η  R e f   E      

	
     η  R e f   E      




	
Geographical Reference

	
GWh

	
GWh

	
GWh

	
GWh

	
-

	
-






	
Italy

	
184,138

	
91,392

	
3759

	
42,155

	
0.49

	
0.90




	
France

	
530,072

	
11,252

	
17,542

	
21,166

	
0.35

	
0.90




	
Germany

	
503,234

	
93,140

	
35,267

	
93,152

	
0.42

	
0.88




	
Iceland

	
14,628

	
4611

	
6196

	
2475

	
0.44

	
0.89




	
Turkey

	
273,506

	
3488

	
-

	
6254

	
0.48

	
-




	
Average EU28

	
2,495,661

	
501,187

	
168,831

	
403,256

	
0.40

	
0.89




	
Average EU28 + Iceland + Turkey

	
2,783,794

	
509,286

	
175,028

	
411,986

	
0.41

	
0.89




	
Annex B of EN

15316-4-5:2017

	
184,138

	
91,392

	
3759

	
42,155

	
0.40

	
0.90
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Table 3. Annual exergy and primary energy saving for national (N), European (EU) and natural gas (NG) efficiencies for three geothermal CHP power plants.






Table 3. Annual exergy and primary energy saving for national (N), European (EU) and natural gas (NG) efficiencies for three geothermal CHP power plants.












	Power Plant
	
	Chiusdino
	Altheim
	Hellisheidi





	Carnot factor,  θ 
	-
	0.178
	0.186
	0.176



	Exergy, heat,   E  x Q   
	MWh/y
	2329
	4780
	122,904



	Exergy, electricity     E  x  E L    
	MWh/y
	145,152
	4852
	2,219,050



	Exergy, total     E  x  t o t    
	MWh/y
	147,481
	9632
	2,341,953



	PES, heat (N)
	MWh/y
	12,468
	28,844
	784,926



	PES, electricity (N)
	MWh/y
	296,229
	11,028
	5,043,294



	PES, total (N)
	MWh/y
	308,696
	39,871
	5,828,220



	PES, heat (EU)
	MWh/y
	12,608
	28,844
	784,926



	PES, electricity (EU)
	MWh/y
	354,029
	11,835
	5,412,316



	PES, total (EU)
	MWh/y
	366,637
	40,678
	6,197,242



	PES, heat (NG)
	MWh/y
	12,468
	28,523
	776,204



	PES, electricity (NG)
	MWh/y
	273,872
	9155
	4,186,886



	PES, total (N)
	MWh/y
	286,339
	37,678
	4,963,090
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