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Abstract

:

Increasing the share of grid frequency converter-connected renewables reduces power system inertia, which is crucial for grid frequency stability. However, this development is insufficiently covered by energy system modelling and analysis as well as related scientific literature. Additionally, only synchronous inertia from fossil fuel-emitting power plants is represented, although renewable generators are a source of synthetic inertia, thus resulting in increased must-run capacities, CO2 emissions and system costs. The work at hands adds an analysis of the future German power system considering sufficient inertia to the literature. Therefore, results of an novel open-source energy system model are analysed. The model depicts minimum system inertia constraints as well as wind turbines and battery storage systems as a carbon-dioxide-free source for a synthetic inertial response. Results indicate that integrating system inertia constraints in energy system models has a high impact on indicators such as system costs. Especially when investments in additional storage units providing an inertial response are necessary. With respect to researched scenarios, system cost increases range from 1% up to 23%. The incremental costs for providing additional inertia varies between 0.002 EURO/kg·m2 and 0.61 EURO/kg·m2.
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1. Introduction


Energy systems are decarbonised to limit the consequences of climate change by integrating a Renewable Energy Source (RES). To a large extent, such state-of-the-art RES such as wind turbines and photovoltaic systems are connected to the power system via grid frequency converters [1]. Due to the fluctuating nature of feed-in from wind turbines and photovoltaic systems, the demand for energy storage systems increases [2]. Most short- and medium-term energy storage units are connected to the power system via grid frequency converters as well [3]. The integration of large shares of frequency converter-connected generation sources and energy storage units imposes considerable challenges on grid operators, power producers and authorities [4]. Grid frequency stability due to decreasing power system inertia is a challenge of increasing interest [1,5].



Sufficient power system inertia is the basis for grid frequency controllability [1]. The speed with which the grid frequency changes, also known as the Rate of Change of Frequency (ROCOF), is minimised by system inertia. Further, system inertia supplies time to units providing ancillary services such as primary frequency control to adapt power output [1]. The grid frequency is the indicator for power balance in AC power systems and has to be maintained within limitations for the purpose of power system security, e.g., to prevent disconnection of generators, interconnectors or power consumers [6,7]. The replacement of fossil-fuel-fired power plants and their synchronously connected generators by frequency converter connected RES reduces overall power system inertia [1]. Inertia can either be provided by synchronously connected rotating masses [1], e.g., synchronously connected generator or storage units, or emulated by frequency converter connected generation sources [8] and storage units [3]. An emulated inertial response is commonly referred to as Synthetic Inertia (SI) [1]. Hence, in future power systems, generation units and storage units also have to be dispatched intentionally with the purpose of securing sufficient system inertia.



Grid operators already face times with low inertia systems. The Canadian transmission network operator Hydro-Québec required wind turbines to provide an inertial response with the same performance as a synchronously connected generator in the case of a power imbalance [9,10]. The Irish Transmission System Operator (TSO) defines a frequency-sensitive mode for wind turbines [11] and curtails wind feed-in in times of low power system inertia [12]. Further, thresholds for non-synchronous penetration, the ROCOF and an operational limit for system inertia are defined [13]. The European Network of Transmission System Operators for Electricity (ENTSO-E) addresses the importance of inertia for grid frequency stability [4] as well as defining ROCOF withstand capabilities [14].



Although some power systems are already characterised by decreasing power system inertia, the development of system inertia in future power systems due to the integration of large shares of RES is a topic which has barely been focused on in energy system modelling. In general, energy system modelling is a key approach for energy system analysis [15] and aids in designing, planning and implementing future energy systems [16]. Four publications stand out in modelling inertia in future energy systems. Teng et al. analysed the 2030 Great Britain electricity network applying a unit commitment and economic dispatch model [17]. The ROCOF threshold is increased stepwise from 0.5 Hz/s up to 0.2 Hz/s to determine needed system inertia and assesses the impact on the system dispatch. In conclusion, a ROCOF threshold of 0.2 Hz/s will result in a 120% increase of operation costs as well as increased wind feed-in curtailment of 35%. Collins et al. implemented a 0.75 Hz/s rocof threshold into the PRIMES-REF 2030 European Union (EU) scenario analysing wind and PV curtailment, levels of interconnector congestion and power prices [18]. An energy system disptach model was created applying the modelling tool PLEXOS. Ireland’s RES curtailment increased by 11% and the average interconnector congestion during 24% of the modelled time periods. Minimum inertia requirements on the other side are neglectable for Continental Europe, since sufficient inertia is shared amongst member countries. Johnson et al.’s objective is to close the gap of knowledge of insufficient inertia in unit commitment and dispatch models [19]. Therefore, a linear programming model of the ERCOT power system using PLEXOS software is created. When constraining inertia to meet minimum thresholds, fossil-fuel-fired generation plants are dispatched, resulting in increased system costs of $85 million. Mehigan et al. also implemented a rocof threshold into a mixed linear integer programming model of the European power system, analysing effects on curtailment of variable RES, carbon dioxide emissions and production costs [20]. A ROCOF threshold of 1 Hz/s results in increased system costs by 53.1% and CO   2   emissions by 48.9%. In conclusion, the four publications showed that inertia constraints result in increased must-run-capacities, as well as higher system costs and carbon dioxide emissions. It has to be highlighted that none of the presented publications included sources for SI such as wind turbines of battery storage systems, although they acknowledged their beneficial support or synchronous storage units [19,20].



The work at hand adds an evaluation of system costs because of the provision of inertia in the German power system to the literature. The German power system is already characterised by high shares of frequency inverter connected generation sources and ambitious goals in terms of RES integration [21]. Although embedded in the Continental European power system in which power system inertia is shared transnationally, it is assumed that in future power systems, inertia has to be provided by each country in a principle of joint action, likewise to primary frequency control [22]. Thereby it is to some extent ensured that power provided by an inertial response is not restricted by transmission capacities between member states. To evaluate system costs in the German power system, a novel unit commitment and economic inertia dispatch model is designed, applying an open-source modelling tool. Minimum inertia constraints are defined and sources for synchronous and SI are provided. The model’s innovative approach is to consider inertia not only by synchronously connected generators but also by synchronously connected storage units and the provision of SI from wind turbines and battery storage systems. Hence, sources for inertia are dispatched alongside variable RES and dispatchable units to supply power demand. Different energy system pathways are assessed, including the impact of fast frequency response and CO   2   emission prices. Scenarios are based on the 2020 Ten-Year Network Development Plan (TYNDP) [23] and a 100%-res scenario based on the e-Highway 2050 study [24].



The work is structured as follows: Section 2 presents the methodology. The scenarios are introduced in Section 3 and data in Section 4. Section 5 presents results, and sensitivities are presented in Section 6. The results of this study are discussed in Section 7 and concluded in Section 8.




2. Methodology


Introduced hereafter are the methods applied in this work to model inertia as an integral part of a dispatch model of future German power systems. This includes, in particular, inertia constraints and sources providing synchronous and non-synchronous inertia. Beforehand, the elementary basis of system inertia and its functionality are explained.



2.1. Fundamentals of Power System Inertia


In AC electrical networks, the generation and consumption of power have to be balanced at any given point in time [6]. The indicator for such an equilibrium is the grid frequency,   f  g r i d   , the representation of the rotational speed of all synchronously connected rotating masses [6]. The grid frequency deviates from its nominal value in the event of an imbalance of power generation and consumption,   Δ P   [6]. The ROCOF,   δ f / δ t  , which represents the speed with which the grid frequency changes, is determined by the overall provided inertia from all, synchronously to the system-connected rotating masses,   J  s y s   , and depicted in Equation (1) [1].


    δ f   δ t   =   Δ P   4 ·  π 2  ·  f  g r i d   ·  J  s y s      



(1)







Kinetic energy stored in the rotational motion of the synchronously connected machine is described by Equation (2), where   E  g , k i n    is the stored kinetic energy of the unit g.


   E  g , k i n   =  1 2  ·  J g  · 4 ·  π 2  ·  f  g r i d  2   



(2)







Commonly, the provided inertia of a single rotating mass connected synchronously to the power system is expressed via the inertia constant, H   g   [6]. The inertia constant is the proportional ratio of the machines’ stored kinetic energy,   E  g , k i n   , with respect to the units of 3. apparent power,   S g   [1,6].


   H g  =   E  g , k i n    S g    



(3)







The inertia constant describes the theoretical time a synchronously connected rotating mass, e.g., synchronously connected generator, is able to supply nominal power only by the generators’ stored kinetic energy [6]. In the same manner, the robustness of electrical systems in case of deviations between power generation and consumption can be expressed with the power system inertia constant,   H  s y s    [1].



Generation and energy storage units which are connected to the power system via grid frequency converters are electronically decoupled from the power system. Hence, even if a rotating mass exists as in the case of wind turbines, their rotational speed is isolated from the electrical grid and stored kinetic energy is hidden [1]. However, such units are capable of emulating the inertial response of a synchronously connected rotating machine in the event of a power imbalance known as Synthetic Inertia (SI) [1,3]. The provided inertial power,   P  S I    is described by Equation (4) and determined by the emulated moment of inertia,   J  S I   , as well as the grid frequency and the ROCOF.


   P  S I   =  J  S I   · 4 ·  π 2  ·  f  g r i d   ·   δ f   δ t    



(4)







Inertia provided by synchronously connected rotating masses cannot directly be subsituted by SI [5]. The emulated inertial response is delayed due to the measurement of the grid frequency and precise detection of events which demand an inertial response [25]. Thus, to sustain controllability of the grid frequency in power systems with a high share of non-synchronous penetration, sufficient synchronous and non-synchronous inertia has to be provided. For synchronous inertia which responds instantaneously to limit the ROCOF, and non-synchronous inertia which is activated with a time delay after the power imbalance occurrence and synchronous inertia in combination, both provide time to units supplying grid frequency control servives and thus limiting the grid frequency nadir [1,25,26]. This is depicted in Equation (5) and further illustrated in Figure 1, in which   H  s y n c    is the provided synchronous inertia,   H  S I    is the provided non-synchronous inertia,   H  s y s , s y n c , m i n    the minimum required synchronous system inertia and   H  s y s , m i n    the minimum required system inertia comprising a synchronous and a non-synchronous share. Thus, both requirements being met prevents ROCOF relays from triggering and the disconnection of loads or generation units due to the violation of grid frequency thresholds.


   H  s y s   =      ∑ g   H  g , s y n c   ·  S  g , s y n c      ∑ g   S g    ⏞   s y s t e m   s y n c h r o n o u s   i n e r t i a   +      ∑ g   H  g , S I   ·  S  g , S I      ∑ g   S g    ⏞   s y s t e m   s y n t h e t   i c i n e r t i a    



(5)








2.2. Unit Commitment and Dispatch Model Formulation


To evaluate system costs in the future German power system due to the provision of synchronous and non-synchronous inertia, the open-source modelling tool Open Inertia Modelling (OpInMod) is used. OpInMod is an open-source modelling framework able create unit commitment and economic inertia dispatch models [27]. It is built upon the basic functionalities of the Open Energy Modelling Framework (oemof) package solph [28,29]. OpInMod is implemented in python and inherits oemof’s design philosophy and core functionalities. Hence, scientific principles such as reproducibility, transparency and easy accessibility are met [30,31,32,33]. Like oemof.solph, OpInMod creates Mixed Integer Linear Programming (MILP) optimisation problems [29] applying python’s pyomo package [34]. An external solver is used to solve the optimisation problem. A simple validation and verification of OpInMod is presented in [27]. Therin, a stepwise presentation of OpInMods’s capabilites is shown. The presentation builds upon oemof’s examples which are provided alongside the model via Github [35]. Further, oemof itself has been reviewed and discussed in [36,37]. OpInMod is published under MIT License and can be accessed via Github [38] and zenodo [39]. A simplistic summary of the modelling procedure is illustrated in Figure 2.



In order to create a model of the German power system and to assess costs due to the provision of synchronous inertia and SI, the scenarios have to be defined first. Since the modelling tool OpInMod does not provide data by source, information such as feed-in series from wind turbines or solar photovoltaic system have to be provided. The same applies, e.g., for power demand series or generator characteristics such as the inertia constant or the generators’ efficiency. The unit dispatch and economic inertia dispatch model is created using OpInMod’s functionalities. This includes oemof’s core functions to represent energy systems. The created optimisation function of the unit dispatch and economic inertia dispatch model is solved by an external solver. The solver is freely selectable and has to be installed separately. Solver output is processed and transferred into a tabular data format for further analysis.



The optimisation function of the unit commitment and economic inertia dispatch model depicted in Equation (6) minimise the total system costs. The first term of the equation represents the costs of the energy flows by the variable costs of the unit,   c g  v c   , and the flow variable,   x g  f l o w   , and is inherented from oemof.solph [29]. The second part of the optimisation function describes inertia-related costs. The generators’ moment of inertia is depicted by   J g   and the costs of the unit providing inertia by   c g  i c   . A synchronously connected rotating machine provides its total inertia to the power system while it is connected with the grid. The binary variable   x g  s o u r c e _ i n e r t i a    expresses this logic. Investment costs of storage units providing inertia,   c s  i n v e s t _ i n e r t i a   , are defined as the annualised inertia costs including fixed operation and maintenance costs.


     min :  ∑ t       ∑ g      c g  v c   ·  x g  f l o w    ( t )   ⏞   c o s t s   f l o w   +     x g  s o u r c e _ i n e r t i a   ·  c g  i c   ·  J g   ( t )   ⏞   c o s t s   i n e r t i a   +           ∑ s      c s  i n v e s t _ i n e r t i a   ·  J s   ⏞   i n v e s t m e n t   s t o r a g e   i n e r t i a       



(6)







The following paragraphs present how inertia is modelled within OpInMod and how constraints are created. Four sources for synchronous and non-synchronous inertia are implemented in OpInMod and presented hereafter. Although inertia is provided by synchronously connected loads as well [40,41], it is not incorporated into OpInMod. Research on the topic of load inertia is shallow [40,41], but more importantly, more loads in future power systems will be connected to the grid via frequency converters; thus, the inertial contribution of loads is further reduced [40].



2.2.1. System Inertia Constraints Formulation


As introduced in Section 2.1, future electrical grid systems will comprise of a minimum synchronous inertia part and a non-synchronous inertia part. To account for both system requirements in the unit dispatch model, two constraints are created. First, the minimum synchronous inertia constraint as expressed in Inequation (7) in which   J  m i n _ s y s _ s y n c    represents the minimum system inherent inertia while the right part of the Inequation the overall moment of inertia of all synchronously connected generators.


   J  m i n _ s y s _ s y n c   ≤  ∑ g   x g  s o u r c e _ i n e r t i a   ·  J g  s y n c    



(7)







Second, the overall minimum system inertia requirement is depicted by Inequation (8). The minimum system inertia requirement is depicted via the variable   J  m i n _ s y s   . The right side of Inequation (8) shows the overall accumulated inertia of all connected generators providing either an inherent inertial response (  J g  s y n c   ) or an non-inherent inertial response   J g  S I   , i.e., SI.


   J  m i n _ s y s   ≤  ∑ g   x g  s o u r c e _ i n e r t i a   ·  (  J g  s y n c   +  J g  S I   )   



(8)








2.2.2. Inertia by Synchronously Connected Generators


The first source able to provide inertia in the unit commitment and economic inertia dispatch model of the future German power system are synchronously connected generators. As indicated by the name, synchronously connected generators provide synchronous inertia. The inertia representation of synchronously connected generators and its characteristics are expressed via two constraints in this model. Shown by Inequation (9) is the first constraint. The energy flow variable,   x g  f l o w   , of the synchronously connected generator has to be greater than the product of the generators nominated power,   P g  r a t e d   , and its lowest possible stable operation point,   P g  m i n _ s t a b l e _ o p   , per unit. Whether the synchronously connected generator is connected or disconnected from the power system is expressed by the binary variable   x g  s o u r c e _ i n e r t i a   .


   x g  f l o w   ≥  x g  s o u r c e _ i n e r t i a   ·  P g  m i n _ s t a b l e _ o p   ·  P g  r a t e d    



(9)







The second constraint determines the value of the binary connection variable,   x g  s o u r c e _ i n e r t i a   , and is expressed by Inequation (10). The right side of Inequation (10) is a proportional expression of the synchronously connected units’ flow,   x g  f l o w   , and the units’ nominated power,   P g  r a t e d   . As soon as the generators’ flow is greater then zero, the unit is connected to the system and thus supplies it total moment of inertia, i.e.,   x g  s o u r c e _ i n e r t i a   . Thus,   x g  s o u r c e _ i n e r t i a    is set to the numeric value of one. Otherwise, the binary variables value is set to zero.


   x g  s o u r c e _ i n e r t i a   ≥   x g  f l o w    P g  r a t e d     



(10)








2.2.3. Inertia by Synchronously Connected Storage Units


Another source for synchronous inertia is synchronously connected storage units, and in this case, more precisely, synchronous condensers. Synchronous condensers are a source of inertia already in application but also used to provide ancillary services such as reactive power [42,43]. Since reactive power support is not part of the model, synchronous condensers in this model are only used for synchronous inertia provision. Synchronous condensers in the energy system model are either connected to the power system, i.e., providing full inertia, or are not connected to the power system and hence do not provide a synchronous inertial response.




2.2.4. Inertia by Wind Turbines


A source with a high potential for SI is wind turbines, which are thus integrated [1,8]. A common method to provide a synthetic inertial response with wind turbines is to adapt the electric power output with respect the power systems need, i.e., ROCOF and the grid frequency [1]. As a result, the wind turbines’ rotational speed changes, and stored kinetic energy is exchanged with the power system [44]. The wind turbine might then be operated at non-optimal rotational speed which could lead to undesired behaviour of the wind turbine and in worst case to the disconnection of the wind turbine due to over- or underspeed safety measures while providing a synthetic inertial response [8]. Thus, not only the SI support is lost, but the wind turbines’ regular non-inertia-related feed-in is lost as well [8]. To prevent such undesired consequences, the variable H controller is introduced by Gloe et al. [8]. The solution suggested by the authors is to scale the provided emulated moment of inertia with the actual operation point of the wind turbine. Therefore, the emulated inertial response is scaled with cut-in wind speed and the nominal speed of the wind turbine generator [8]. Hence, the risk of the wind turbine being disconnected from the grid is reduced while SI is provided. Therefore, the power systems’ demand for inertia is expressed by the inertia constant,   H  d e m    [8]. It is defined by the respective TSO and based on the power systems’ specific requirements. The wind turbines’ variable inertia constant is normalised such that it is supplied at nominal speed [8].



A simplified approach to depict the potential provided SI with wind turbines based on the control concept of the variable H controller is implemented in OpInMod [27]. The method is illustrated in Figure 3. Since the simplified method to model wind inertia is based on the actual operation point of the wind turbine, normalised specifications of the open-source NREL 5 MW wind turbine generator are used [45,46]. The wind turbine’s operation point is used to determine corresponding normalised rotational speed. This is illustrated in the Figure 3 top subplot. Afterwards, the determined normalised rotational speed is used to specify the variable inertia constant,   H  v a r   , with with regard to the demanded inertia constant,   H  d e m   . This is visualised in the Figure 3 bottom subplot.




2.2.5. Inertia by Non-Synchronously Connected Energy Storage Units


The fourth source for inertia implemented is non-synchronously connected energy storage units. Different types of non-synchronously connected energy storage units can be applied to provide SI-like battery storage units [3,47]. Since most non-synchronously connected energy storage units do not have a physical rotating mass, the emulated moment of inertia,   J  S I   , is almost freely selectable, thus resulting in the SI power provision,   P  S I   , depicted in Equation (4). However, the maximum provided SI power provision is limited by the energy storage units’ rated power,   P  r a t e d   , and the power output to balance power demand,   P  p o w e r _ b a l a n c e   , as depicted in Equation (11).


   P  S I   =  P  r a t e d   −  P  p o w e r _ b a l a n c e    



(11)







Combining Equation (4) and Equation (11) leads to Equation (12), which determines the emulated moment of inertia,   J  S I   , of a non-synchronously connected energy storage unit.


     P  r a t e d   −  P  p o w e r _ b a l a n c e     4 ·  π 2  ·  f  g r i d   ·   δ f   δ t     =  J  S I    



(12)










3. Scenario Design


The system costs evaluation in the work at hand is based on a unit commitment and economic inertia dispatch model of the German power system. Although the German power system is part of the Continental European power system and inertia is shared transnationally, it is assumed that in future systems, similar to primary load frequency control, inertia has to be provided by each member of the Regional Group of Continental Europe in a principle of joint action [22].



Each TSO has to contribute to primary load frequency control with respect to its contribution coefficient, which is the proportional expression of the generated electricity in the respective control block with respect to the overall generated electricity of all participants [22]. In a future power system when inertia is not a secondary product of power generation units and has to be provided intentionally to maintain controllability of the grid frequency, a similar regulation has to be established. Hence, a principle of joint action to share synchronous inertia and SI between the participants of the Continental European power system has to be introduced. It is calculated as depicted in Equation (13). Since such a regulation has to be implemented into national law by each member country, the analysis of this work is conducted for the future German power system, aggregating its current four control blocks, i.e., the four German TSOs.


   C i  i n e r t i a   =   E i   E u    



(13)







As Germany is still embedded in the European power system and to account for cross-border flows, the neighbouring countries of Germany are modelled as well. However, only power generation is modelled, and provision of inertia for these countries is neglected. To reduce model complexity, smaller power systems are aggregated and grouped into single nodes: the Netherlands, Belgium and Luxemburg are grouped into one node; Switzerland and Austria are grouped into another node; and Poland and the Czech Republic are grouped into one node as well. France, Denmark, Sweden and Norway are each represented by a single node.



Three scenarios are designed, of which two are based on the 2020 TYNDP of the ENTSO-E [23], and one scenario is based on the e-Highway 2050 study [24]. A detailed description including all assumptions and limitations of the 2020 TYNDP scenarios is provided by the ENTSO-E [23,48] and of the scenarios of the e-Highway 2050 study [24]. Basic assumptions of the three scenarios are summarised in the following paragraphs:




	
National Trends (NT): The NT scenario from the 2020 TYNDP sums up the individual commitments and climate policies of the EU member states fixed in the National Energy and Climate Plans CO   2   emission reduction target lines, with the requirement to meet European 2030 energy strategy targets. The power sector in particular experiences a high increase in installed capacity of photovoltaic systems and wind turbine generators. Solutions for large-scale battery units are limited. Generators driven by natural gas or nuclear power replace fossil coal generation plants.



	
Distributed Energy (DE): The DE scenario from the 2020 TYNDP is designed with a decentralised approach to meet the Paris Agreement Objective of an average global temperature increase of 1.5 °C or at least well below 2 °C by the end of the century. Especially small-scale photovoltaic system solutions such as rooftop photovoltaic systems of power consumers actively participating in the transformation process and regional use of biomass are applied as well as high generation from onshore wind capacities.



	
RE100: As indicated by the name, the RE100 scenario from the e-Highway 2050 study relies on a carbon-free 100% res future. Hence, nuclear and/or fossil-fuel-fired power plants are excluded from the generation mix. Photovoltaic systems and wind turbines are the most prominent generation sources in the generation mix.









4. Data


Data to model the DE and NT scenarios are extracted from the 2020 TYNDP of the ENTSO-E [23,49]. The data set provides installed capacities for conventional generation units, RES capacities, transmission line capacities and installed capacities for storage units, such as hydro pump storage units or battery storage systems [49]. The data sets to model the RE100 scenario are extracted from the e-Highway 2050 study [24,50]. Figure 4 provides an overview of the power generation mix per scenario and the respective installed capacities [49,50].



Table 1 provides an overview of commodity prices [49,51]. Specifications of conventional thermal power plants such as the units’ efficiency, the lowest possible point of stable operation and costs for Operation and Maintenance (O&M) are listed in Table 2 [51,52]. The results of a literature review summing up inertia constants for each generator type are also shown in Table 2 [20,53,54,55,56,57,58]. Costs for O&M in Table 2 vary with respect to the assumed CO   2   emission prices as listed in Table 3. Also shown in Table 3 is the annual power demand for Germany for the respective scenario [49,50].



Investment options for storage units providing either a synchronous or an emulated inertial (SI) response are synchronous condensers or battery storage units, respectively. Synchronous condensers equipped with an additional flywheel system are a source of synchronous inertia already in application [42,43]. An overview of different battery storage systems providing SI is presented in [3]. Table 4 provides an overview of the parameters for the storage investment options. Inertia which has to be provided by storage untis translates into power and energy capacity. Applying Equation (4) translates the storage units’ inertia into power. The storage capacity is determined by incorporating the needed inertia from storage units into Equation (2). The methodology is also applied in [3]. The parameter WACC represents the weighted average capital costs.



Wind turbine and photovoltaic system feed-in time series in hourly resolution are provided by the Pan-European Climate Database. The data source provides a fixed power factor in a per unit quantity, per generation unit [61]. The power factor in per unit is applied to determine the provided SI with wind turbines as introduced in Section 2.2.4. Inflow of hydro units such as run-of-river plants is provided in a daily time resolution and for hydro reservoir and open pump storage units on a weekly basis [61]. The inflow profiles are converted into hourly inflow profiles.



As introduced above, the instantaneous ROCOF after the power imbalance is primarily determined by the system synchronous inertia,   J  s y s , s y n c    (see Equation (1)). The ROCOF has to be limited to avoid ROCOF relays from triggering [1]. Thus, grid components such as generators or interconnectors are not damaged by high ROCOF values [1]. According to the ENTSO-E, ROCOFs higher then 1 Hz/s are critical and might lead to chain reactions of negative events [26]. However, the ENTSO-E has also concluded that grid users in future power system shall be able to withstand a ROCOF of at least 2 Hz/s [26]. Therefore, the minimum system’s synchronous inertia,   J  m i n _ s y s _ s y n c   , to build the constraint depicted in Inequation (7) is determined by rearranging Equation (1) for   J  s y s , s y n c    assuming once a maximum ROCOF of 1 Hz/s and once considering a maximum ROCOF of 2 Hz/s. The power imbalance,   Δ P  , needed to determine   J  s y s , s y n c    is assumed to be the loss of the largest transmission line in the respective scenario. Currently, the power imbalance is the ENTSO-E reference incident, i.e., 3 GW [22]. However, the ENTSO-E concludes that the Continental European power system must be able to resist split scenarios, i.e., the loss of transmission lines or interconnectors [26]. The transmission line with the largest capacity, which in the case of its disconnection marks the worst-case scenario in terms of the power imbalance, is 6 GW for DE and NT scenario (a transmission line between France and Spain) and 10.4 GW for the RE100 scenario (a transmission line between Germany and Norway). Additionally, the nominal grid frequency,   f  g r i d   , of 50 Hz is assumed to calculate   J  s y s , s y n c   .



In future power systems, the combination of both synchronous inertia and SI is needed to limit the grid frequency nadir. To dimension the minimum needed system inertia and to build the constraint depicted in Inequation (8), a simplified grid frequency model which is also used in [3] is applied in this work as well. The model depicts the grid frequency development in the event of a power imbalance and calculates the grid frequency nadir considering the balancing effect of power system inertia and primary load frequency control with characteristics specified by the ENTSO-E [22]. A self regulation effect of loads of 1%/% is assumed [22]. The objective is to limit the grid frequency nadir to a lower bound of 49 Hz, since this is the lower threshold before load is shedded [22]. The needed system inertia is once determined assuming load frequency characteristics as currently specified [22], e.g., a deployment time of 30 s, and once considering the application of a fast frequency control service with a deployment time of 2 s as applied by the Irish grid operator [11].



Thereof, three parameter combinations of the ROCOF threshold and deployment time of primary load frequency control to limit the grid frequency nadir are combined to determine the required system synchronous inertia as well as the overall system inertia:




	(1)

	
A minimum ROCOF of 1 Hz/s and a deployment time of 30 s representing the current system specifications. This parameter combination is hereafter referred to as 1 Hz/s, 30 s;




	(2)

	
A minimum ROCOF of 1 Hz/s and a deployment time of 2 s. The parameter combination is hereafter referred to as 1 Hz/s, 2 s;




	(3)

	
A minimum ROCOF of 2 Hz/s and a deployment time of 2 s, which is hereafter referred as 2 Hz/s, 2 s.









It is introduced in Section 3 that in the future Continental European power system, participants have to provide inertia in a principle of joint action likewise to current standards of primary frequency control [22]. Table 5 depicts the total energy generation in Germany and Continental Europe per scenario [49,50], as well as the resulting inertia contribution coefficient,   C i  i n e r t i a   , in percent as calculated when applying Equation (13). Table 6 provides an overview of the required system synchronous inertia and system inertia for Germany per scenario and parameter combination.




5. Results


To analyse system costs in future German power systems due to the provision of inertia, the scenarios are compared to the base scenarios. The base scenarios are optmised for each scenario (NT, DE and RE100) without consideration of provided inertia and system inertia constraints. Thus, the influence of of the inertia constraints on the dispatch and resulting system costs as well as carbon dioxide emissions can be isolated. As introduced in Section 3, two parameters which determine the required minimum system synchronous inertia as well as the minimum system inertia are varied. An overview of the parameter combinations and required system inertia parameters is provided via Table 6. Each possible scenario and parameter combination is optimised.



Figure 5 depicts a 24 h time series of the results of the NT base scenario without the consideration of inertia in the optimisation problem. To depict the influence of inertia constraints in the optimisation results, Figure 6 illustrates the exact same scenario and point in time as shown in the previous figure. However, Figure 6 shows results of the 1 Hz, 2 s parameter combination. The time series is selected randomly to illustrate the model’s functionality, hence the impact of the introduced inertia constraints on the flow and inertia output of dispatchable units. Thus, the presented results within the two figures are a qualitative validation of the model functionality and outcome. The top subplots of Figure 5 and Figure 6 each illustrate the electric power flow in GW. In positive direction of the y-axis, feed-in to the power system is depicted, i.e., generated power by RES or fossil-fuel-driven generation units and power output from storage units and imports from transmission cross-border units. In negative direction of the x-axis, cross-border outputs and energy inflow of energy storage units are shown. The bottom subplot shows the supplied moment of inertia in kg·m   2  . In the previouly published literature, the supplied inertia is expressed via the system-wide stored kinetic energy or the system inertia constant of all connected synchronously generators [19,20,54]. As the wind turbine inertia provision concept introduced by Gloe et al. [8] is applied, the stored kinetic energy in the wind turbine’s rotor or wind turbine’s inertia constant is not an appropriate expression of the actual emulated inertia introduced by Gloe et al. [8]. Further, the moment of inertia in future systems should be introduced as a tradeable commodity [3].



The top subplot in Figure 5 shows the electric power flow results. Until 15:00 of the day, power demand could potentially satisfied by feed-in from onshore and offshore wind turbines as well as photovoltaic system feed-in. However, electric energy is still imported and at the same time exported. Hence, during this time, the German power system is a transit country for electrical energy. Electrical energy is also to a large extent stored in energy storage units such as batteries and pump storage units. By the end of the day, natural-gas-driven generators are dispatched to complement decreasing feed-in from onshore and offshore wind turbines and meet the power demand. During the first three hours of the day, hydro power plants and pump storage units are dispatched with minimum power output. Thereafter, with decreasing wind power feed-in, their output increases, thus resulting in the provided inertia as depicted by the bottom subplot during the first three hours of the depicted day. Thereafter, more units of these categories get connected to the system, which results in more inertia provided. Until 17:00, pump storage and power to gas units get connected to the system for a single hour, explaining the inertia peaks. As soon as gas-fired power plants get connected to the electrical grid, supplied inertia increases significantly.



Figure 6 depicts the results of the NT scenario and the 1 Hz/s, 2 s parameter combination. Again, feed-in from onshore and offshore wind turbines plus photovoltaic system feed-in during the midday could potentially satisfy power demand. However, due to the minimum synchronous inertia constraint and minimum system inertia constraint, more hydro and pump storage units are connected to the electrical grid until 17:00 of the day to meet the inertia constraints. This is visible when comparing the bottom subplots of Figure 5 and Figure 6. The inertia constraints are satisfied by hydro and pump storage units. Although the provided SI from wind turbines is high, pump storage and hydro units are both connected to the system to provide synchronous inertia, since the single connection of either of the units themselves would not be high enough to meet the system synchronous inertia constraint. Thus, both inertia constraints are met by the units providing an inherent inertial response, and SI by wind turbine generators would not be needed. However, due to the fact that inertia provision by wind turbines is not associated with costs and due to the model’s logic of the binary variable,   x g  s o u r c e _ i n e r t i a   , wind turbines provide full SI. By the end of the day, when natural-gas-driven generation units are connected to the electrical system to compensate decreasing feed-in from RES, synchronous inertia provided by such units increases.



Table 7 provides an overview of the optimisation results for each scenario and parameter combination. Shown are results of overall CO   2   emission, the number of synchronous condensers, the overall system costs and the costs for the provided inertia. The results of costs for the provided annual inertia are calculated by taking additional system costs due to the provision of inertia with respect to the additionally provided inertia to meet the inertia constraints and maintain grid frequency controllability. With respect to the base scenarios, carbon dioxide emissions for the 1 Hz/s, 30 s parameter combination of the NT as well as of the DE increase. In the NT scenario and parameter combination 1 Hz/s, 30 s, additional synchronous condensers provide a moment of inertia of overall 12 × 10   9   kg·m   2   for the modelled time period. Battery storage units to provide a synthetic inertial response are not included by the model’s investment module. In the DE scenario and parameter combination 1 Hz/s, 30 s, synchronous condensers provided an overall additional moment of inertia of 6 × 10   9   kg·m   2  . This investment optimisation result is reflected by higher system costs of bn 17.5 EURO for the NT scenario and bn 9.5 EURO for the DE scenario. The RE100 scenario and the parameter combination 1 Hz/s, 30 s, is also characterised by increased system costs of bn 31.9 EURO. Reducing the demand for overall inertia due to faster response of primary frequency control (from 30 s response time to 2 s time until full activation) results in decreasing system costs for the NT and DE scenario. However, CO   2   emissions increase with respect to the base scenario. For these parameter combinations, it is overall less costly to dispatch fossil-fuel-fired power plants compared to investing in additional storage units providing synchronous inertia or SI. The last column of Table 7 depicts additional cost per provided additional inertia. Obviously, with decreasing demand for inertia, the cost per provided inertia decrease significantly. For the parameter combination 1 Hz/s, 30 s, to 1 Hz/s, 2 s, of the NT scenario, costs decrease from 0.44 EURO/kg·m   2   to 0.04 EURO/kg·m   2  . For the parameter combination 1 Hz/s, 30 s, to 1 Hz/s, 2 s, of the DE scenario, costs decrease from 0.21 EURO/kg·m   2   to 0.03 EURO/kg·m   2   and for the RE100 scenario from 0.61 EURO/kg·m   2   to 0.003 EURO/kg·m   2  .



Figure 7 depicts the overall system costs of each scenario and parameter combination in bn EURO. The overall system costs for all of the RE100 scenarios are higher, because investments in additional storage units providing inertia have to be conducted to meet the inertia constraints. The overall system costs of the DE scenarios are lowest for all parameter combinations. Figure 8 shows the additional system costs with respect to the additionally provided inertia due to the inertia constraints depicted as bar plots. Costs for inertia for the parameter combination of 1 Hz/s, 30 s, are highest in all scenarios due to the high investments. Decreasing the activation time of primary frequency control, resulting in less overall inertia needed, decreases the costs for additional inertia significantly.




6. Sensitivity Analysis


Results indicate that activation time for units providing primary frequency control services and thus the needed overall system inertia is one of the main drivers for increased overall system costs. However, carbon dioxide emissions increase at the same time. This is because it is more cost-efficient from a systems perspective to dispatch carbon-dioxide-emitting fossil fuel power plants than to invest in storage units providing synchronous inertia or SI. A market-driven solution would be to increase the costs for CO   2   emissions, e.g., by decreasing the number of tradeable certificates. Figure 9 depicts the development of increasing prices for CO   2   emissions for the NT scenario and 1 Hz/s, 2 s, parameter combination. For the analysis, price increments of 25 EURO/t    C  O 2     are assumed. With increasing prices for CO   2   emissions, as expected, emissions decrease. The highest change is visible for increased prices from 200 EURO/t    C  O 2     to 225 EURO/t    C  O 2    . Thereafter, carbon dioxide emissions do not decrease any further. In this case, fossil fuel generators are dispatched to meet power demand and not system inertia demand, hence, in times when power demand cannot be met by carbon-dioxide-emission-free generation or storage units.



As already introduced, the scenarios in this research are based on the TYNDP of the ENTSO-E and the e-Highway 2050 study. Since the designed scenarios are characterised by high installed capacities of weather-driven generation sources such as onshore wind, solar PV or run-of-river units, the respective weather input is of high influence to the results. The 2020 TYNDP applies three different climate years from the Pan-European Climate Database, namely the climate years from 1982, 1984 and 2007 [48,61]. The climate years are considered to be representative by the ENTSO-E [23]. To reduce complexity, the previous results are all modelled applying the 1984 climate year data sets. However, the impact of the climate years 1982 and 2007 on the overall system costs is analysed in this sensitivity section as well. Table 8 provides an overview of the climate years and their influence. For example, considering the factor Demand, it is highest for the climate year of 1984 compared to the climate years of 1982 or 2007. For Hydro Inflow, inflow is highest for the climate year 2007 compared with the climate years of 1982 and 1984.



Each scenario and the parameter combination of 1 Hz/s, 2 s, has been analysed with respect to the three climate years. The results of the overall system costs are illustrated as a bar plot in Figure 10. For the climate year of 1982, system costs are highest since the potential for onshore and offshore wind is low. Hence, less SI is provided by such sources. Additionally, hydro inflow is in the middle region. Overall, this results in highest system costs compared to the other climate years and scenarios, since more inertia has to be provided by fossil-fuel-fired power plants and storage sources providing inertia. For the climate year of 1984, system costs are equally high. SI provision potential by onshore wind turbines in the middle region and inertia provision potential by hydro units is low. For the 2007 climate year, system costs are significantly lower, since the SI provision potential of onshore wind turbines and hydro units is highest.




7. Discussion


Comparing results of the work at hand with findings of the presented literature in the introduction (see Section 1), e.g., Collins et al. [18], Johnson et al. [19] or Mehigan et al. [20], shows some limitions of this resesearch in terms of comparability. All of the papers’ analysed scenarios take place in the year 2030. Hence, in the transition process of decarbonising energy systems, the scenarios analysed in the cited literature which include inertia constraints and modelling synchronous inertia are behind the scenarios analysed in this research. In this work, future German power system scenarios of the years 2040 and even 2050 are researched. The total RES penetration in the work of Johnson et al. is 30% [19]. The overall inverter-connected res penetration in the work of Collins et al. is 37% for Germany [18]. Non-synchronous penetration shares in the work at hand range from 77% up to 85%. This marks a significant increase compared to the discussed literature.



Still, system cost results presented in this work are comparable. Collins et al. conclude with a system cost increase of up to 37% [18]. Mehigan et al. conclude with system cost increases ranging from 43.1 to 58.1% based on the analysed scenario. System cost increases in this work range from 1% in the RE100 scenario to 14% in the nt scenario and 22% in the de scenario. It has to be noted that the lower results compared to Collins et al. and Mehigan et al. are of the 1 Hz/s, 2 s parameter combination and the resulting low demand for synchronous and overall system inertia. System cost increases for the 1 Hz/s, 30 s parameter combination, as indicated by Figure 7, are far higher due to the needed investment in storage units providing inertia. Such investments were not necessary in the discussed literature.



As already explained in the results section, in some scenarios it is more cost efficient to dispatch fossil-fuel-fired power plants capable of providing an inertial response in the event of a power imbalance than investing in newly added storage units. Increasing the price for carbon dioxide emissions (e.g., by reducing the number of tradeable CO   2   certificates) is a market-based solution to decarbonise power systems while sufficient power system inertia is maintained. This approach increases system costs by 3.7 percent points at highest with respect to the 13% system cost increase in the nt scenario. Hence, pricing CO   2   emissions is a reasonable approach to decarbonise power systems while maintaining sufficient power system inertia. Another potential solution to overcome this limitation is another constraint which restricts overall carbon dioxide emissions and thus results in investment and dispatch of additional carbon dioxide free storage units providing inertia.




8. Conclusions


Power system inertia is decreasing due to decarbonisation efforts and the integration of grid inverter connected power generation sources such as wind turbine generators and solar PV systems. Inertia is an essential part of grid frequency stability and therefore, a minimum synchronous system inertia as well as an overall system inertia, consisting of either a synchronous or an emulated share, has to be maintained. However, this development is not represented appropriately in energy system modelling. If considered at all, power system models only depicted inertia provision by synchronously connected generators of fossil-fuel-fired power plants. This results in increased carbon dioxide emission, must-run capacities and increased system costs and of course is contradictory to the general objective of modelling power systems with high shares of non-synchronously connected generation and storage systems.



The presented research closes the research gap of insufficient representation of power system inertia in energy system models. Therefore, an open-source unit commitment and economic inertia dispatch model of the future German power system is created and analysed. The power system dispatch model is created, applying the open-source modelling framework OpInMod. Dispatchable sources for synchronous inertia are synchronously connected generators and synchronously connected condensers. Dispatchables sources for SI are wind turbines as well as battery storage units. A 2040 power system model of the German power system is analysed based on data from the TYNDP as well as a 2050 100% res scenario of the e-Highway 2050 study of the ENTSO-E. Different parameter combinations of the maximum permitted ROCOF determining the required synchronous inertia as well as the maximum time until full activation of primary load frequency control determining the overall required power system inertia are analysed. Although the German power system is embedded in the Continental European power system in which power system inertia is shared transnationally, it is assumed that in future power systems, inertia has to be provided by each country in a principle of joint action likewise to primary frequency control.



Results show that retaining a full activation time of primary frequency control of 30 s as applied today, system costs increase significantly. Highest system costs occure in the 100% res scenarios of bn 31.924 EURO. System costs in the two 2040 scenarios are with bn 17.546 EURO and bn 9469 EURO lower in the NT and DE, respectively. High system costs in these scenarios are due to investments in additional synchronous condensers to meet inertia constraints. Decreasing primary load frequency control activation time to 2 s as for the case of fast frequency response, overall system costs can be reduced significantly to bn 6.6 EURO in the 100% res scenario and even down to bn 3.9 EURO in the DE. Allocating additional system costs to the additionally provided inertia results in values ranging from 0.002 EURO/kg·m   2   to 0.61 EURO/kg·m   2  .



The results indicate that in some cases, it is less costly to dispatch fossil-fuel-fired power plants to provide an inertial response than to invest in non-CO   2  -emitting storage units. Hence, overall carbon dioxide emissions increase. Thus, a further analysis with increasing CO   2   emission prices to support a market-based solution to decarbonise energy system has been conducted. CO   2   emission prices of more than 225 EURO/t    C  O 2     do not further decrease carbon dioxide emissions. In this case, fossil-fuel-fired power plants are dispatched independently from inertia constraints to meet power demand.



A further sensitivity analysis shows that in power systems based on a high share of supply-dependent generation sources such as wind turbines, times with less wind potential or hydro inflow result in increased system costs. At such times, alternative sources for SI or synchronous inertia have to be replaced with cost-intensive storage units or fossil-fuel-fired power plants to supply demand and provide sufficient inertia to meet constraints.



Overall, it is most cost-efficient to decrease the activation time of units providing primary control reserve and thus the overall needed system inertia. Thereby, system costs are limited while maintaining a grid frequency controllable system. Obviously, a Continental European power system applying such a fast-reacting primary grid frequency service has to be analysed as well. However, fast frequency response services are already applied successfully [11]. Apart from evaluating system costs in future German power systems due to the provision of power system inertia, this paper adds an update of future system with high share of non-synchronously connected generation sources of up to 85% to the literature. This is a significant increase compared to the existing literature considering inertia in system dispatch models. Additionally, the applied modelling framework, the scenarios and data the are open source as well, thus supporting scientific principles such as reproducibility and transparency.
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Figure 1. Schematic illustration of inertia in present power system and the system inertia composition in future power system. 






Figure 1. Schematic illustration of inertia in present power system and the system inertia composition in future power system.



[image: Applsci 12 08364 g001]







[image: Applsci 12 08364 g002 550] 





Figure 2. Schematic representation of the three-step modelling process. Scenarios are defined and data such as feed-in series of variable RES, generator characteristics and power demand series are used to feed the unit dispatch and economic inertia dispatch model. To complete the initialisation part of the modelling process, OpInMod including oemof’s core functionality is used to build an energy system. In the second modelling step, the optmisation problem is created and solved by an external solver. The post-processing function processes solver outcome and prepares it for the third step: the analysis. Exported results such as electrical power flow, system inertia data and system cost results are further analysed. 
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Figure 3. Visualised methodology to calculate    H  v a r   /  H  d e m    . First, the NREL 5MW wind turbines’ normalised power vs. normalised rotational speed specifications are applied to calculate the normalised rotational speed [46]. Second, the normalised specifications of the variable H controller are applied to determine the variable inertia output [8]. Figure is based on data from [8,46]. 
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Figure 4. Overview of the installed capacities in GW per scenario and generation type with data from [24,49]. 
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Figure 5. Visualisation of a full day of the NT scenario without considering inertia constraints. The top subplot illustrates results of the power output flows, and the bottom subplot shows the supplied moment of inertia inertia. 
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Figure 6. Visualisation of a 24 h time period considering inertia constraints of the NT scenario and the parameter combination 1 Hz/s, 2 s. The top subplot illustrates results of the power output flows, and the bottom subplot shows the supplied moment of inertia inertia. 






Figure 6. Visualisation of a 24 h time period considering inertia constraints of the NT scenario and the parameter combination 1 Hz/s, 2 s. The top subplot illustrates results of the power output flows, and the bottom subplot shows the supplied moment of inertia inertia.



[image: Applsci 12 08364 g006]







[image: Applsci 12 08364 g007 550] 





Figure 7. Illustration of the overall system costs in bn EURO of the analysed scenarios and parameter combinations. 
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Figure 8. Illustration of additional system costs with respect to the additionally provided inertia due to the integration of inertia constraints into the dispatch model. The costs are indicated in EURO per provided inertia in kg·m   2  . 
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Figure 9. Illustration of CO   2   emissions for different assumptions of CO   2   emission prices. 
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Figure 10. Illustration of the overall system costs in bn EURO for the different climate years. 
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Table 1. Cost overview of prime energy sources. Data from [24,49].
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	Type
	Commodity Prices [EUR/MWh]





	Lignite
	3.96



	Natural gas
	26.31



	Light oil
	79.92



	Heavy oil
	61.92



	Shale oil
	8.28



	Biomass
	34.89



	Other RES (e.g., waste)
	30
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Table 2. Generator characteristics. Data from [20,51,52,53,54,55,56,57,58].
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	Prime Energy
	Generator Type
	Var. Costs

[EUR/MWh]
	Efficiency

[%]
	Min. Stable

Op. [%]
	CO    2    Emissions

[    t  CO 2   /  MWh el    ]
	Inertia

Constant [s]





	Nuclear
	-
	9.00
	33.0
	50.0
	0.0
	5



	Hard coal
	-
	28.68
	40.0
	43.0
	0.8495
	3.125



	Lignite
	-
	30.57
	40.0
	43.0
	0.9127
	3.5



	Natural gas
	Conventional old 1
	16.49
	36.0
	35.0
	0.5700
	4.25



	Natural gas
	Conventional old 2
	16.49
	41.0
	35.0
	0.5005
	4.25



	Natural gas
	CCGT a old 1
	16.99
	40.0
	35.0
	0.513
	4



	Natural gas
	CCGT old 2
	16.99
	48.0
	35.0
	0.4275
	4



	Natural gas
	CCGT present 1
	16.99
	56.0
	30.0
	0.3664
	4



	Natural gas
	CCGT present 2
	16.99
	58.0
	30.0
	0.3537
	4



	Natural gas
	CCGT new
	16.99
	58.0
	35.0
	0.3537
	4



	Natural gas
	OCGT b old
	16.99
	35.0
	30.0
	0.586
	5.25



	Natural gas
	OCGT new
	16.99
	42.0
	30.0
	0.4885
	5.25



	Light oil
	-
	22.16
	35.0
	35.0
	0.8022
	3.25



	Heavy oil
	-
	24.36
	37.5
	35.0
	0.7524
	3.25



	Shale oil
	-
	30.30
	29.0
	40.0
	1.0822
	3.5



	Biomass
	-
	10.00
	40.0
	43.0
	0.0
	3



	Other RES
	-
	10.00
	37.5
	35.0
	0.0
	2







a Combined cycle gas turbine (CCGT); b Open cycle gas turbine (OCGT).
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Table 3. Carbon dioxide prices and annual power demand per scenario. Data from [23,24].
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	Scenario
	NT
	DE
	RE100





	Price of CO   2   [EUR/t]
	75.00
	100.00
	-



	Demand per year [TWh]
	625.1
	644.0
	665.7
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Table 4. Overview of investment parameters. Synchronous condenser parameters are derived by data from [42,43,59]. Li-ion battery storage parameters are derived by data from [3,60].
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	Storage Type
	Investment Cost

[EUR/kg·m    2   ]
	O&M

[EUR/kg·m    2    · a]
	Lifetime

[Years]
	WACC





	Synchronous condenser
	176.24
	0.01
	20
	0.05



	Battery storage (Li-ion)
	222.27
	0.02
	20
	0.05
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Table 5. Overall power generation in Continental Europe and Germany as well as the calculated inertia contribution coefficient. Data from [24,49].
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	Scenario
	Generation

Germany [TWh]
	Generation

Total [TWh]
	Inertia Contribution

Coefficient (   C i inertia   ) [%]





	NT scenario
	699
	3184
	21.95



	DE scenario
	855
	4503
	18.98



	RE100 scenario
	503
	3215
	15.64
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Table 6. Overview of the required system synchronous inertia and overall system inertia for Germany per scenario and parameter combination.
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Scenario

	
Inertia Constraints

	
Parameter Combination






	
1 Hz/s, 30 s

	
1 Hz/s, 2 s

	
2 Hz/s, 2 s






	
NT

	
    J  min , sys , sync     [ kg ·  m 2  ]    

	
668,066

	
668,066

	
334,033




	

	
    J  min , sys     [ kg ·  m 2  ]    

	
4,811,009

	
1,074,668

	
1,074,668




	
DE

	
    J  min , sys , sync     [ kg ·  m 2  ]    

	
577,437

	
577,437

	
288,718




	

	
    J  min , sys     [ kg ·  m 2  ]    

	
4,158,352

	
928,879

	
928,879




	
RE100

	
    J  min , sys , sync     [ kg ·  m 2  ]    

	
832,540

	
832,540

	
412,305




	

	
    J  min , sys     [ kg ·  m 2  ]    

	
6,615,523

	
1,341,097

	
1,341,097











[image: Table] 





Table 7. Overview of the optimisation results per scenario and parameter combination.
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	Scenario
	Parameter

Combination
	CO    2    Emissions

[10    9    tCO2]
	No. of Sync.

Condensers [-]
	System Costs

[bn EURO]
	Costs per Inertia

[EURO/kg·m    2   ]





	NT
	Base Scenario
	70,305
	0
	4.513
	0.00



	
	1 Hz/s, 30 s
	70,325
	13
	17.546
	0.44



	
	1 Hz/s, 2 s
	70,353
	3
	5.518
	0.04



	
	2 Hz/s, 2 s
	70,306
	2
	4.655
	0.01



	DE
	Base Scenario
	43,729
	0
	3.260
	0.00



	
	1 Hz/s, 30 s
	43,737
	11
	9.469
	0.21



	
	1 Hz/s, 2 s
	43,731
	3
	3.971
	0.03



	
	2 Hz/s, 2 s
	43,726
	2
	3.558
	0.01



	RE100
	Base Scenario
	
	0
	6.589
	0.00



	
	1 Hz/s, 30 s
	
	18
	31.925
	0.61



	
	1 Hz/s, 2 s
	
	2
	6.640
	0.003



	
	2 Hz/s, 2 s
	
	1
	6.610
	0.002
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Table 8. Overview of the applied climate years 1982, 1984 and 2007. Data from [61].
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	Climate Year
	Demand
	Wind
	Solar
	Hydro Inflow





	1982
	Mid
	Low
	High
	Mid



	1984
	High
	Mid
	Low
	Low



	2007
	Low
	High
	Mid
	High
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