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Abstract

:

The life cycle assessment of components is becoming increasingly important for planning and construction. In this paper, a novel storage technology for excess electricity consisting of a heat pump, a heat storage and an organic rankine cycle is investigated with regards to its environmental impact. Waste heat is exergetically upgraded, stored in a hot water storage unit and afterwards reconverted to electricity when needed. Such a pilot plant on a lab scale is currently built in Germany. The first part of this paper focuses on geothermal energy as a potential heat source for the storage system and its environmental impact. For a large scale application, geothermal hotspots in Germany are further investigated. The second part analyzes the storage technology itself and compares it to the impacts of commonly used battery storage technologies. Especially during the manufacturing process, significantly better global warming potential values are shown compared to lithium-ion and lead batteries. The least environmental impact while operating the system is with wind power, which suggests an implementation of the storage system into the grid in the northern part of Germany.
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1. Introduction


Due to climate change, the issue of sustainability and environmental impacts is becoming increasingly dominant. In the field of energy supply, a focus on renewable energy sources is indispensable, especially wind and solar power are experiencing a rapid expansion. The problem of weather dependency can be reduced with the help of storage facilities, as it is possible to smoothen the fluctuating feed-in into the grid or to shift the energy to a later time period.



Probably the best known as well as most efficient power storage devices are batteries. Due to their continual improvement, they have a power-to-power efficiency of 85% or higher and a high level of technological maturity [1]. Batteries are one of the most commonly used energy storage devices and witness a significant market growth over the last few years. Depending on which battery technology is used, they still have major limitations like high costs, a short life span or consisting of limited available raw materials [1].



In contrast, thermal storages, such as pressurized hot water storages, have a long lifetime and low cost, which makes them economically competitive with batteries. The concept behind a thermal storage system is the charging or discharging of thermal energy to the storage medium, so that the stored energy can be used later. The simplest type of thermal storage systems are sensible heat storages, where the medium is just changing its temperature but not undergoing any phase change. The most popular storage medium is water. It is used in either residential or industrial applications due to its cheap nature, high storage density and zero toxicity. Possible heat sources to charge the storage can be for example industrial waste heat, solarthermal or geothermal energy [2].



At the Energie Campus Nürnberg, Germany, the main focus of an ongoing joint research project is a new pumped thermal energy storage (PTES) consisting of a heat pump (HP), hot water storage and organic rankine cycle (ORC) [3]. A laboratory system with a storage capacity of up to 1 MWh is being built and further developed there, which general performance parameters are used for this study. By evaporating a working fluid with low temperature heat and raising its pressure with a compressor, the condensation temperature of the working fluid is raised above the targeted storage temperature of 120 °C and charges the thermal energy storage during its condensation in the storage heat exchanger. Contrary to the counter clockwise heat pump cycle, the discharging of the thermal energy storage is realised by means of a clockwise organic rankine cycle. In this clockwise process the same working fluid as in the HP is used. The pressurised fluid is evaporated in the storage heat exchanger by the heat extracted out of the thermal energy storage. Afterwards the pressurized vapour is expanded in a working machine to convert the stored energy back to electricity. The overall efficiency of the system is around 50% [4].



Since a later use of the storage system is planned for significantly larger storage capacities, the question of a reliable waste heat source must be clarified. For this purpose a heat supply from geothermal energy is best suited as it is available without time restrictions. Studies on the geothermal energy potential in Germany have existed for a long time [5,6], which should be made available as a digital atlas following the proposal of Paschen [7]. Since 2005 an open-access atlas called Geothermal Information System GeotIS (www.geotis.de) [8] exists. GeotIS is now funded by the German Federal Ministry of Economic Affairs and Energy and includes more than 30,000 drillings throughout Germany. With this data base, temperature profiles can be created vertically or horizontally down to a depth of 5000 m. In addition to the data sets and maps of geothermal energy use published by Suchi [9] in 2014, Weber [10] updated them for the period 2016–2018. In order to facilitate the selection of a location for the heat storage system and its heat demand, a potential analysis of possible locations in Germany was carried out. For this purpose, selected locations in the known hotspot regions in Germany were analysed in detail and compared with each other. Creating an overview of the known hotspots based on different published data sets is therefore the first contribution in this paper.



The environmental impact of a product or service is obtained by a life cycle assessment (LCA). An LCA considers the entire life cycle of the product and takes into account all the environmental impacts that occur. Figure 1 shows such a cycle. Starting with the extraction of raw materials, it continues through processing and production to the use phase. Once the product has reached the end of its life, some or all of it can be recycled and thus reused. The more parts of the product end up as waste, the greater the environmental impact of the product can be. The entire methodology of an LCA is very complex, which is why the European standard EN ISO 14044 [11] was developed and contains instructions for the implementation of an LCA.



Differences in the setup of a geothermal plant or uncertainties of geological conditions of the site are two major factors that make the evaluation with an LCA a difficult task. However, Frick [12] comes to the conclusion that general statements can be drawn. The LCA is significantly influenced by the construction, which includes the plant itself and drilling. The environmental impact can therefore be reduced even before construction if efforts are made to access the heat reservoir with as few boreholes as possible. Similar results can be found in Karlsdottir [13], Praitiwi [14] and McCay [15], with the construction phase dominating most impacts. Our second contribution in this paper are correlations for the individual environmental impacts as a function of characteristic parameters of the plant.



After the heat supply has been examined for its environmental influences, a more detailed analysis of the heat storage system must be carried out. Results published in the literature so far refer either to individual components or a partial combination, not to a combination of HP, heat storage and ORC. LCAs for heat storages with different storage mediums were performed by Koroneos [16] and Piemonte [17]. Depending on the heat sources, Simons [18] has carried out an LCA for various heat pump systems and a hot water storage tank, whereas Gracia [19] investigated the environmental impact of heat pumps and storage tanks with phase-change materials as storage medium. In addition to the analysis of the environmental impact of an ORC for waste heat recovery described by Liu [20], a solar-assisted storage system with hybrid combined cooling heating and power system was investigated bye Wang [21]. It is not possible to combine these individual results because of different assumptions they made or due to different setups which include components that are not part of the novel pumped thermal energy storage. Therefore, an LCA is performed for the entire pumped thermal energy storage system which represents the third contribution in this paper. Finally, these results were compared with the environmental impact of lithium ion batteries as well as lead acid batteries. Since the environmental influences of geothermal energy presented in this paper only represent one possible heat source, these results are not included in the direct comparison between the batteries and the pumped thermal heat storage. Both industrial waste heat and solar thermal energy are also potential heat sources, which would distort the results of the study if any heat source is included in the comparison.




2. Technical Concept


In this section we give a short introduction for the thermal storage system. The technical concept is based on [3] and will be summed up briefly in this paper. The main advantage of this pumped thermal energy storage is, that it becomes more efficient if excess electricity is not converted directly into heat but used to operate a heat pump. Waste heat, which under normal circumstances would have no use anymore, can therefore be exergetically upgraded and stored in a hot water storage. Excess electricity stored as heat can thus be recovered more efficiently with an ORC. With no limiting factors except for the available heat, the size of the PTES can theoretical be upscaled up to a power rating of a conventional power plant. For this a change of the working machines from scroll, piston or screw towards turbo machines would be necessary, which would also increase the power-to-power (P2P) efficiency of the system due to isentropic efficiencies.



In addition to the use of waste heat sources, a further significant advantage of this particular PTES, compared to other systems with separated charging and discharging processes, are the reduced investment costs. Most components can be used for both heat pump and ORC operation. Especially the expensive heat exchangers can be used for both modes. A further option, depending on the design, might be the use of the compressor also as an expander although this may reduce the overall efficiency. Here, the possible investment costs must be compared to the loss of efficiency. Additionally, a throttle and a pump distinguish between the two operating modes (see Figure 2).



The storage capacity can be increased not only with increasing temperature spread between charging and discharging temperature, but also with the storage temperature itself. High storage temperatures increase the Carnot efficiency of the ORC process, allowing the storage volume to be reduced. In contrast, the coefficient-of-performance (COP) of the heat pump decreases as the storage tank temperature increases. Thus, either the investment costs and the economic efficiency of the system or the desired environmental effects determine the optimum of the system parameters.



The overall efficiency of the system, also known as power-to-power efficiency (  η  P 2 P   ), is therefore better when existing waste heat is upgraded with excess electricity   P  e x c e s s   , for example from solar or wind power. Consequently, significantly better efficiencies are achieved if the surplus electricity is used to operate a heat pump. The resulting exergetically upgraded heat flow   Q ˙   is fed into the heat storage tank. If a loss-free heat storage tank is assumed, the heat flow can be converted back into electricity with the ORC (  P  O R C   ). Thus the P2P efficiency depends directly on the coefficient of performance of the heat pump (  C O  P  H P    ) as well as on the efficiency of the ORC (  η  O R C   ).


   η  P 2 P   =   P  O R C    P  e x c e s s    =    η  O R C   ·  Q ˙     Q ˙  / C O  P  H P     =  η  O R C   · C O  P  H P    



(1)







In Equation (1) the losses of the heat storage are not considered. They depend mainly on the storage period and are negligible for a daily operation. If the storage tank is well insulated, the losses to the environment are negligible in comparison to the storage tank capacity. Only internal mixing and loss of the thermal layers cause large exergetic losses, which can be minimized to a large extent by the storage design [22,23]. While small scale applications might use industrial waste heat as a heat source, big scale applications have to rely on energy sources with a scalable output, for example geothermal energy.




3. Geothermal Potential in Germany


Without a continuous (waste) heat supply, the heat storage cannot be operated. In addition to the potential of industrial waste heat or solar thermal heat as sources, geothermal energy can be used to ensure a permanent heat supply for the system, especially on a bigger scale. The analysis of geothermal hotspots in Germany is based on the data available in GeotIS. The main focus is on temperatures for direct power generation, although lower temperature values (85 °C or higher) could also be used to operate the heat pump.



The main focus is on deep geothermal energy, which can be divided into hydrothermal and petrothermal systems [24]. In hydrothermal systems, the heated groundwater in so-called aquifers is used for heat transfer. From a water temperature of approx. 100 °C, electricity can be produced from it [25]. Petrothermal systems on the other hand, mainly use the energy stored in the deep earth rock without access to aquifers. By means of hydraulic stimulation a kind of underground heat exchanger is created [24]. To generate electricity from petrothermal energy, the rocks should have a temperature of at least 150 °C [25].



In Figure 3 the most promising areas in Germany for a geothermal application are colored in orange: The North German basin, the rhine valley in the southwest and the molasse basin in the south. No efficient analysis can be made for the central part of Germany, where geothermal use would also be interesting, as there is simply almost no data available for this area at present [26].



A total of 66 sites in Germany for deep geothermal use were analysed and evaluated. The main criterion is a high temperature gradient, whereby a high temperature is already reached at a shallow depth. Depending on the underlying system (hydrothermal or petrothermal), the depth will vary significantly. Additionally, drilling deeper into the ground also means that the costs for the entire project will increase. Since the construction of a geothermal plant is largely determined by economic viability, thermal anomalies are best suited for geothermal sites. The red dots in Figure 3 represent the best locations for the respective regions. Due to the number of sites considered, only the three best locations per region will be further discussed.



Table 1 shows the results for the hydrothermal analysis of the GeotIS data of Germany. In the North German basin, in the areas of Parchim, Perleberg or Anklam, the necessary temperature of 100 °C is reached at around 2200 m. All other analysed places show similar results in the North German basin with necessary depths between 2200 m and 2700 m. Similarities are found within the Molasse Basin for Mühldorf am Inn, Mindelheim or München, where the depth is around 2000 m. Compared to these two regions, the Rhine Valley is by far the best and can be considered a real hotspot. Landau an der Pfalz represents a real exception. It has the best temperature gradient for hydrothermal systems as it reaches a temperature of 100 °C at around one kilometer. Böhl-Iggelheim aswell as Darmstadt are still good choices, but reach the necessary temperature at a depth of around 1.5 km.



The petrothermal potential looks a bit different for each region. As Table 2 shows, the Molasse basin has no petrothermal potential according to the underlying data of GeotIS. The reason is, that the average temperature for this region is 140 °C for an average depth of 4000 m. With data only available for depths between 4000 and 5000 m and a necessary temperature of at least 150 °C, no further analysis could be made for the Molasse Basin. For the North German Basin, the three best spots completely changed to Vechelde, Celle and Hannover. Here, the temperature of 150 °C is reached at around 3700 km. Even though the top three changed, Parchim, Perleberg and Anklam are still considered good spots as they are in the range between 3900 and 4200 m with several other spots. The Rhine Valley is again the best choice compared to the other regions. Landau an der Pfalz again is significantly better with a required depth of 2150 m. At Böhl-Iggelheim a distance of around 2400 m is required. This time, Karlsruhe takes the third spot for best petrothermal potential in this region




4. Life Cycle Assessment and Environmental Impact


In this section, the general approach of an LCA is further detailed. After that, the methods of an LCA are applied to geothermal stations and the heat storage system.



Overall, an LCA can be divided into the following four phases: definition of the objective and scope of the study, life cycle inventory, impact assessment and, finally, the evaluation. At the beginning, the scope of the investigation and the objective of a project are described. For this purpose, a functional unit is defined which acts as a measurable reference value for standardisation. With this functional unit, a comparison to similar systems can be made. Furthermore, the system boundary is determined to consider all the contained processes. The life cycle inventory describes phase two, in which both input and output data are gathered for the entire life cycle. This includes material and energy flows as well as emissions. These values are standardised to the functional unit so that a comparison with other LCAs is possible in the impact assessment (phase three). For the impact assessment, so-called impact categories are defined according to [27], since the EN ISO 14044 standard does not specify any requirements for this. These categories include for example climate change, ozone formation or acidification. Each category can thus be assigned an equivalent, for example a kg CO2 equivalent for the global warming potential. Finally, the evaluation takes place in three steps. First, significant parameters are determined which have the biggest influence on the results. Then a sensitivity and consistency check is performed and finally a conclusion is drawn from the results.



In this paper an LCA was performed for geothermal stations and the heat storage system. All LCAs were created with the open source software OpenLCA (www.openlca.org). Since there was no access to established, fee-based databases such as Ecoinvent, it was necessary to fall back on the free databases. In these free databases, not every single component was available. If this was the case, other datasets of similar materials were used which get as close as possible to the desired material. This means that the following results will change slightly when using a more detailed database but still provides a good insight into the environmental impacts per se. Furthermore, transport as well as recycling rates for components are included whenever possible. In general, recycling rates were only used if several literature sources made a similar statement, otherwise pessimistic calculations were made with a recycling rate of 0%. Likewise, the extraction and processing of raw materials was based entirely in Germany. As no usable data was available for transport by rail, all transport routes were planned with trucks.



The analysis of the environmental influences was limited to the four probably most important factors: Acidification Potential (AP), Global Warming Potential (GWP), Human Toxicity Potential (HTP) and the Cumulative Energy Demand (CED). The AP is expressed in kg SO2 equivalents and describes the promotion of acidification, which leads to acidification of lakes or soils. The GWP is a measure of the greenhouse gas potential of a gas and is converted into kg CO2 equivalents. The HTP represents the toxicity of substances to humans and refers to 1,4-dichlorobenzene equivalents in kg. The last considered influence is the CED, which describes the energy input for the production of the product in GJ.



4.1. Geothermal Station


Geothermal stations are a huge project in terms of planning and implementation, therefore the right location must be chosen carefully. Since the potential analysis already provides help for the choice of location, the goal is to develop a kind of simplified mathematical representation of LCAgeo. In principle, the LCA for geothermal stations can be represented as written in Equation (2).


  L C  A  g e o    ( x  [ m ]  , v  [   m 3  h  ]  )  = L C  A  s t a t i c   + L C  A  d e p t h    ( x )  + L C  A  t h e r m a l    ( v )   



(2)







In addition to a static part (LCAstatic), there are also dependancies on the depth x (LCAdepth) and volume flow v (LCAthermal). With LCAstatic, influences are taken into account which remain mostly the same for each geothermal station. These include, for example, the building itself or the stimulation of the subsoil. The first variable part, LCAdepth, depends on the depth of the borehole. A deeper borehole inevitably means more wear of the drill bit and drill head as well as more pipes and cementing necessary for the borehole. However, the drilling depth is linearly included in the overall result, which allows a linear interpolation to be made. The second variable component, LCAthermal, describes the thermal power output. A larger volume flow rate results in a higher thermal output of the system but the pumping effort also increases.



To be able to perform the LCA, a few boundary conditions must be established. The first is an optimistic assumption, namely that two drillings per site can be carried out without complications. Furthermore, a new drilling rig is expected for each location and is assigned to the static part of the LCA. Although a drilling rig can be used several times, this pessimistic assumption takes into account a possible fluctuation in the static part, for example for a larger building or complications with the foundation. The observation period of the whole system and its corresponding operation phase is set to 30 years according to [28].



For the static part, the most important materials with their necessary weigth are summarized in Table 3. It includes the flushing pumps [29], flushing tanks [30], the building [31], the deep drilling rig [32], deconstruction [33], stimulation [31], power generators [34] and the sealing of the well site [33].



For the depth-dependent part of the LCA, the most important materials can be summarized as shown in Table 4. For this purpose, the drilling [35], drilling bit [36], drilling fluid [31] aswell as piping and cementation [31] were taken into account. For the performance-dependent part, no simple representation can be made, since many individual components have a different influence. The filter change [12], thermal water circuit [31], feed pump [37] as well as the injection pump [38] were considered for that part.



Due to the geological conditions in Germany there are currently far more petrothermal hotspots known than hydrothermal ones, which is why the focus is shifted to them for the detailed LCA analysis. In order to make a statement that is as representative as possible, the LCA is not carried out for the top candidates in the Rhine Valley but for Perleberg in the North German Basin. Perleberg is neither a good nor bad candidate compared to the other locations of that region, which allows a more general statement. The required depth for 150 °C is about 4200 m. Furthermore a thermal power of 38 MW was selected, which corresponds to a thermal volume flow of approx. 241 m   3  /h. This represents the average thermal power of a new geothermal plant. In Figure 4 the results of the LCA for the four investigated environmental influences are compared.



When comparing the results from Figure 4 with each other, it is obvious that the components feed pump, piping and cementation, drilling and drilling rig have the greatest environmental impact. As already mentioned, the drilling rig is based on the pessimistic assumption so its actual influence should be lower. As it is the biggest impact in the static part, influences of a bigger building can therefore be neglected. The strong influence of the feed pump can be explained by its short life time during continuous operation for geothermal stations, which makes it a component that has to be replaced regularly during the 30 years of operation. Piping and cementation mainly occur at the beginning of the project but represent enormous material expenses. The drilling process itself is by far the biggest part in the CED but has a much smaller part in the GWP. This is due to the excessive energy necessary (converted to diesel) which results in equally high values for AP and HTP. Furthermore, components like pressurized tanks or noise barriers were also not included in the figures but included in the final results for Perleberg shown in Table 5.



The results from Table 5 are splitted in the mentioned static and variable parts and displayed in Table 6.



To get a first rough approximation for different locations, mathematical equations were developed based on the results of Perleberg in Table 6. The goal was to shape the equations like Equation (2) with a static part and two variable parts, dependant on the depth x and the volume flow v. For each variable part, a different curve is fitted according to the LCA results. The LCA results dependant on the depth x are linear interpolated, contrary to the volume flow dependant values. The power equation of a pump is a third degree polynomial, which represents the second variable part in Equation (2). The results after fitting the seperate parts to a curve and combining them into one equation are displayed in Equations (3)–(7), with the different parts separated in brackets. With these equations the effects of a geothermal station can be roughly calculated depending on the drilling depth and desired thermal output. For a simpler overview, a part of the volume flow dependent equation was summarized in   D ( v )  .



	-

	
Volume flow dependant D


  D  ( v  [   m 3  h  ]  )  = 5 . 22 ·  10  − 13   · v ·  ( 136 , 417 ·  v 2  + 60 )   



(3)








	-

	
Acidification in kg SO   2   eq


  L C  A  A P    ( x  [ m ]  , v  [   m 3  h  ]  )  = 14 , 867 +  ( x · 5 . 07 )  +  ( 37 . 92 + v · 8 . 95 + D  ( v )  · 14 , 569 )   



(4)








	-

	
Global Warming in kg CO   2   eq


  L C  A  G W P    ( x  [ m ]  , v  [   m 3  h  ]  )  = 5 , 981 , 086 +  ( x · 2268 . 27 )  +  ( 8221 . 43 + v · 5767 . 87 + D  ( v )  · 8 , 791 , 870 )   



(5)








	-

	
Human Toxicity in kg 1,4-db eq


  L C  A  H T P    ( x  [ m ]  , v  [   m 3  h  ]  )  = 199 , 175 +  ( x · 56 . 17 )  +  ( 526 . 64 + v · 93 . 69 + D  ( v )  · 154 , 775 )   



(6)








	-

	
Cumulative Energy Demand in MJ


  L C  A  C E D    ( x  [ m ]  , v  [   m 3  h  ]  )  = 38 , 835 , 085 +  ( x · 24 , 227 )  +  ( 30 , 507 + v · 39 , 631 + D  ( v )  · 43 , 151 , 385 )   



(7)











First, the necessary depth for 150 °C is determined for the desired location. Then the depth in meters is used for x and the wanted flow rate in m   3  /h for v.



The results of the equations are compared with the results determined in OpenLCA and examined for their deviation from one another (Table 7).



A direct comparison was made between the already existing results of Perleberg (4.1 km and 241 m   3  /h) and the results of the equations. The error of about 0.1% is due to possible rounding errors. To illustrate the influence of x, the depth was reduced by almost 1 kilometer while maintaining the same volume flow. Although the deviation increases minimally, it still remains at roughly 0.1%. The same was done for v, with only the flow rate being reduced from 241 to 95. A greater influence on the error can be seen with deviations between 1 and 1.5%. Finally, the equations were compared with the results for another potential location. The LCA for Rheinau in the Rhine Valley is calculated with OpenLCA and the estimations for a depth of 3192 m and a flow rate of 95. Overall, the error is less than 2%. Therefore it is shown that the equations designed allow the results of the LCA to be calculated relatively well and accurately. For a first estimation of the results a deviation of about 2% is acceptable.




4.2. Pumped Thermal Energy Storage


The basic aim of the pumped thermal energy storage is its use as a base load storage unit. This means that the storage tank can be constantly charged and discharged over a period of several hours. For this purpose, the components of the heat pump and the ORC are designed so that a period of 10 hours of constant charging or discharging is guaranteed. For the determination of the COP of the HP and efficiency of the ORC, the model provided in [4] was used. The following assumptions for the boundary conditions are involved: a heat source inlet temperature of 85 °C, an outlet temperature of 70 °C after the heat pump evaporator, an evaporation temperature of 65 °C in the heat pump evaporator for the working fluid cyclopentane and a condensation temperature of 121 °C in the heat storage. Together with an isentropic efficiency of 0.7 for the compressor and a pinch point of 5 K in all heat exchangers, this results in a COP of 4.88. For the ORC an evaporation temperature of 91.8 °C and a condensation temperature of 30 °C achieved the best results with an efficiency of 10.25%. The isentropic efficiency is again 0.7. The P2P efficiency is therefore 50.02% for the entire system. In Figure 5 the heat storage heat exchanger is shown in detail with a t-Q-diagram providing the exact temperatures along both ways for the charging and discharging process.



The storage capacity is thus chosen as the functional unit, as the necessary parameters of individual components can be determined based on the storage size. The following components were included in the analysis: generator [34], compressor [39], pump [40], turbine, piping and apparatuses [41], heat exchanger [42], water reservoir [30] as well as the working fluid [43].



In Table 8 an overview of the different compositions for the working machines is given. An identical composition was used for both the compressor and the turbine as they are very similar in their construction but separate machines were considered for the setup. For the required heat exchangers it was assumed that they are mainly made of steel. Therefore, the heat exchangers of the pilot plant were weighed and normalized for their power. The plant section “piping and accessories” is split into two parts for better clarity. The first part describes the pipes themselves, for which estimates of the required overall length are also made based on the pilot plant. The second part describes the accessories which can be described in a simplified way as part of the pipe, for example the throttle or valves. The heat storage is by far the largest component of the system. With a storage capacity of 1 MWh and a temperature difference of 30 °C between charging and discharging, about 28,500 litres of water are required. Assuming a cylindrical water storage tank, the necessary amount of insulating material (rock wool) is calculated in addition to steel. The working fluid of the heat pump and the ORC is cyclopentane.



The results of the LCA are shown in Figure 6. It can be clearly seen that the heat storage system has by far the greatest impact on the environment. The mass of steel to be melted, water to be purified and insulation to be produced exceeds the impact of all other plant components by far. In second place is the compressor, which is twice as large as the turbine of the plant. Throttle, valves and other accessories in the piping show that they also make up a proportion not to be underestimated compared to the working machines. Since the P2P efficiency is specified as 50%, the choice of the working fluid does not enter in the LCA as a function of operating parameters, but in those of the construction of the plant. The energy required for the production of cyclopentane was calculated based on [43]. For the calculation of the GWP, an equivalent of 11 kg carbon dioxide per 1 kg of cyclopentane was included in the calculations.



Many results depend on the provider used for steel in the software OpenLCA. A provider contains necessary data of a material to calculate the environmental impact of a process. With another provider available for steel in the free databases used, a sensitivity analysis is recommended. The results of both providers are displayed in Figure 7 and show that there are hardly any differences across the storage components between the two providers. Only for the heat storage unit itself are small differences visible. As the differences between the providers are unknown, the more pessimistic provider 2 was used for the calculations due to the many simplifications already made.



In summary, it can be said that, with regard to the production of the storage system, the heat storage is the decisive component for environmental pollution. In addition to its production, the operation of the storage system must also be examined. According to the sources cited, all components have a service life of 15 to 30 years, therefore the service life of the entire system is set at 20 years for further consideration. For the analysis of the operation, three different power-mix scenarios were examined and compared. The first one represents a mix of renewable and fossil energy sources according to ELCD database 2.0. The next is photovoltaic electricity from monocrystalline silicon modules, based on the NEEDS database of 2003. The last case considers electricity from wind power, also according to ELCD database 2.0. According to [44], a stationary energy storage system for the integration of renewable energies experiences 400 full storage cycles per year. At a P2P efficiency of 50% and a storage capacity of 1 MWh, the electricity input amounts to 800 MWh per year. The output and the losses are both 400 MWh each. In Table 9 the environmental factors for the production as well as for the operation with different power sources are compared. It can be clearly seen that the production of the storage system is surpassed by its operation in one year. As expected, the electricity mix shows the worst results, as it still contains a high proportion of fossil fuels. Since the data for photovoltaic electricity is based on a dataset from 2003, better values are very likely to be expected with the current state of the art, but it is unlikely that the values from wind power can be surpassed. This can be explained by the fact that the energy-intensive production and processing of silicon is not comparable to the construction of a wind turbine.





5. Comparison with Batteries


In order to better evaluate the LCA of the heat storage system, it is compared with the most common battery systems without the influence of any heat source. Lead-acid batteries as well as lithium-ion batteries are used as a reference. The lead battery has been used for many years in motor vehicles as well as stationary power storage in industry and residential buildings. Lithium ion batteries are widely used in the portable sector but are also increasingly used as stationary energy storage devices. For lithium ion batteries, only the lithium iron phosphate battery (LFP) and the lithium nickel cobalt manganese oxide battery (NCM) are considered in detail.



For the three battery systems all displayed results are literature values. They refer to a functional unit of 1 kWh electricity output and were scaled linearly to 1 MWh for a better comparison. Since the literature values also contain no or hardly any transport for use, similar transport routes like for the heat storage system are added. The data used are shown in Table 10 and are based for the lead acid battery on the results of [45,46,47], for LFP and NCM on [48]. In the categories considered, it can be seen that the lead-acid battery only performs worse than the lithium-ion battery in the CED.



The operating phase is analysed in the same way as the heat storage tank but the focus is now only on wind power. The analysis with a mix of fossil and renewable electricity served to illustrate the immense influence of fossil versus renewable power generation on the environment. Similarly, an analysis with photovoltaic electricity is not included as the free database used is outdated and would therefore distort the comparison. The P2P efficiency of all battery systems is set at 90% with a life span of 10 years [44].



The operating time as well as the annual number of cycles is assumed to be identical to the pumped thermal energy storage system, which means that two battery storage units are necessary over the course of 20 years. This necessity can be seen in the results in Figure 8 between years 9 and 10. None of the four curves in the individual diagrams start from zero, as this represents the production of the storage systems. The higher the starting value of a curve, the greater the impact of this system on the environment. Accordingly, the jump in the curve is equal to the start value. In comparison, lithium-ion batteries are by far the biggest environmental polluters in the AP, GWP and HTP categories. Only in terms of CED they are better than lead-acid batteries. The lead-acid battery is closer to the lithium-ion batteries in the GWP, but has very similar values to the heat storage in the AP and HTP categories. Overall, the pumped thermal energy storage performs best in all categories analysed.




6. Conclusions


In Germany, the geothermal potential is widely available for petrothermal systems. The Rhine Valley region performs best, but the North German Basin with its large spatial extension and high number of thermal anomalies should not be underestimated. The LCA for geothermal stations estimates the environmental impact for an operating time of 30 years. Correlations for a first rough estimation of the environmental impacts AP, GWP, HTP and CED of geothermal stations were developed. It turned out that there is a static part and two variable influences. The first variable is the drilling depth of the plant and thus the desired temperature level. It was also shown that the drilling and associated work steps such as the cementing of the borehole are among the largest sources of environmental impact. During operation, the production pump with its short service life dominates, which primarily describes the second variable part: the thermal output of the station.



An LCA was also carried out in accordance with the European standard for the new type of heat storage system presented, because despite the simpler design, no comparable LCA for a storage system of this type was found in the literature. Although the LCA could only be analysed with free databases, there is a first good approximation for the environmental impacts of this storage system. In all categories examined, it was found that the heat storage unit itself has the greatest environmental impact compared to the other components. This is mainly explained by the high mass of steel and insulation material. A more detailed analysis of the operating phase shows, that production is not the dominant factor. Due to the low P2P efficiency of 50%, the emissions in the second year of operation already exceed the effects of production, regardless of the electricity mix. Finally, the comparison with battery storage systems showed that when operated with electricity from pure wind power, the pumped thermal energy storage system is consistently more environmentally friendly than the lithium-ion or lead-acid batteries under consideration. This is the impact of rare earths and quantities of different chemicals in the battery systems compared to a storage with hot water and made out of steel. This topic will be part of a future work. The efficiencies of the heat pump as well as the ORC have a decisive influence on the P2P efficiency of the storage system. A more detailed analysis should show in which order of magnitude the environmental influences can be reduced if the P2P efficiency can be increased to 60% or even 70%.



The LCA results are based on data sets available free of charge, so they should only be used as a first rough guide. They can be further specified or improved with commercially available data sets such as Ecoinvent. However, these initial findings show that a potential large-scale use of the storage system is best in northern Germany in terms of an environmental impact. Heat anomalies in the North German Basin as well as off- and onshore wind farms in the North of Germany can cover the electricity and heat demand of the storage system in the most environmentally friendly way. The supply of heat or electricity are both limiting factors for the storage system, which is why for future work the focus will be shifted away from Germany to a more international level. Other countries such as Indonesia or Turkey use geothermal energy far more successfully, which makes the use of the system in these countries more interesting. Besides an analysis of the heat supply in other countries, the supply of surplus electricity is also a factor that influences the operation of the storage a lot. A worldwide potential analysis for different applications of the system should answer these questions in the future.
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Figure 1. Simplified Life Cycle Assessment. 
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Figure 2. System setup for the reversible HP / ORC storage system during: (a) charging and (b) discharging [3]. 
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Figure 3. Map of Germany with potential geothermal hotspots. 
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Figure 4. LCA results of a geothermal station for: (a) AP; (b) GWP; (c) HTP and (d) CED. 
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Figure 5. t-Q-diagram for the heat storage heat exchanger for HP and ORC. 
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Figure 6. Life Cycle Assessment results of the heat storage system per MWh storage capacity for: (a) AP; (b) GWP; (c) HTP and (d) CED. 
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Figure 7. Sensitivity Analysis of different steel providers per MWh storage capacity for: (a) AP; (b) GWP; (c) HTP and (d) CED. 
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Figure 8. Analysis of use phase for pumped thermal energy storage and batteries per MWh storage capacity for: (a) AP; (b) GWP; (c) HTP and (d) CED. 
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Table 1. Minimum depth for hydrothermal usage (100 °C).
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	North German Basin
	m
	
	
	Rhine Valley
	m
	
	
	Molasse Basin
	m





	Parchim
	2130
	
	
	Landau in der Pfalz
	1020
	
	
	Mühldorf am Inn
	1920



	Perleberg
	2200
	
	
	Böhl-Iggelheim
	1460
	
	
	Mindelheim
	1950



	Anklam
	2270
	
	
	Darmstadt
	1600
	
	
	München
	2060
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Table 2. Minimum depth for petrothermal usage (150 °C).
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	North German Basin
	m
	
	
	Rhine Valley
	m
	
	
	Molasse Basin
	m





	Vechelde
	3660
	
	
	Landau in der Pfalz
	2150
	
	
	-
	-



	Celle
	3780
	
	
	Böhl-Iggelheim
	2400
	
	
	-
	-



	Hannover
	3780
	
	
	Karlsruhe
	3120
	
	
	-
	-
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Table 3. Materials used for the “static” part of a geothermal station in t.
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	Unit
	Diesel
	Cement
	Concrete
	Wood
	Gravel
	Low-alloy Steel
	Decalcified Water
	Quartz Sand
	Insulation





	t
	9.3
	21.3
	2798
	119.7
	176
	166.2
	   260 ·  10 3    
	60
	76
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Table 4. Materials used for the “variable” part of a geothermal station in kg per meter depth.
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	Unit
	Diesel
	Cement
	Steel
	Tungsten Carbide
	Decalcified Water
	Low-Alloy Steel
	High-Alloy Steel





	kg/m
	154.5
	7
	2.98
	0.0078
	688
	69
	34
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Table 5. Life Cycle Assessment results for Perleberg with 4181 m and 241 m   3  /h.
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	AP in t SO    2    eq.
	GWP in t CO    2    eq.
	HTP in t 1.4-DB eq.
	CED in GJ





	52.8
	25,658
	612
	192,895
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Table 6. Static and variable parts of the LCA for Perleberg with 4181 m and 241 m   3  /h.
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	Environmental Influence
	LCAstatic
	LCAdepth
	LCAthermal





	AP in t SO2 eq.
	14.8
	21.2
	16.7



	GWP in t CO2 eq.
	5981
	9485
	10,191



	HTP in t 1.4-DB eq.
	199
	235
	178



	CED in GJ
	38,835
	101,316
	52,743
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Table 7. Error in % for calculated LCA results with formula approach.
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	Environmental Influence
	Perleberg 4181 m + 241 m    3   /h
	Perleberg 3192 m
	Perleberg 95 m    3   /h
	Rheinau 3192 m + 95 m    3   /h





	AP
	0.11
	0.12
	1.17
	1.34



	GWP
	0.12
	0.13
	1.44
	1.65



	HTP
	0.09
	0.10
	1.04
	1.17



	CED
	0.09
	0.11
	1.04
	1.23










[image: Table] 





Table 8. Used physical composition for a generator, compressor and pump in kg pro kW.
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	Material
	Generator
	Compressor/Turbine
	Pump





	Electrical Sheet
	3.98
	-
	-



	Steel
	0.68
	1.1
	2.01



	Cast Iron
	0.12
	9.9
	1.3



	Aluminium
	0.12
	0.21
	-



	Copper
	0.45
	0.53
	-
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Table 9. Comparison between storage and source of electricity.
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	Evaluated Feature
	AP in kg SO    2    eq.
	GWP in kg CO    2    eq.
	HTP in kg 1.4-DB eq.
	CED in GJ





	Heat Storage
	18.51
	5998.6
	213.95
	74.6



	PV
	368
	70,982
	83,926
	838



	Wind
	21
	5300
	637
	53.5



	Mix
	970
	566,151
	15,976
	5357
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Table 10. LCA for different battery systems per MWh storage capacity.
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	Battery
	AP in kg SO    2    eq.
	GWP in kg CO    2    eq.
	HTP in kg 1.4-DB eq.
	CED in GJ





	Lead-Acid
	235
	109,825
	373
	1636



	LFP
	1294
	161,463
	260,015
	976



	NCM
	2034
	160,463
	482,015
	1036
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