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(1) Overview
Ensuring a high quality of electrical power supply requires a stable transmission system operation by means of constant frequency and voltage. Even after disturbances or load variations the transmission grid must operate in a stable manner and must remain within the specified voltage and frequency ranges according to the transmission grid codes in order to prevent blackouts causing huge economic damages potentially. A main contribution to the frequency stability is the inertia of the synchronous power generators of conventional power plants due to their rotating masses. The increa​sing shares of renewables with fluctuating power generation, combined with the decreasing amount of conventional power plants with rotating machines, reduce the system inertia and hence threaten grid stability.
Renewables are based on non-synchronous power generation and provide limited contribution to the system inertia due to the electronic converter-based power injection. To ensure the power quality today and in the future, systems are required that provide voltage- and frequency-control by means of injecting reactive and also active power into the grid for up to several minutes. Additional active power will be required for the first seconds until the operating reserves are activated. A contemporary, technically feasible solution could be the use of super-capacitors (SC) or battery storage (BS) that are connected to the high voltage transmission grid via insulated gate bipolar transistor (IGBT) multilevel converters  (SVC PLUS, SVC PLUS ES). The stored energy shall be able to emulate the required system inertia. 
In this paper, the integration of such short-term energy storage devices in the high voltage system is analyzed. The economic benefit of the storage device – reducing the risk of non-compliance to the grid codes and for potential blackouts and providing additional services to the system – is identified by means of real options analysis (ROA) and compared to other alternative solutions.
(2) Methods
Until today, the net present value (NPV) analysis is the dominant investment analysis in companies. ROA has various advantages, such as considering the management reaction to a broad range of scenarios with risk profiles over time and capturing the value of flexibility and future opportunities (Triantis, 2003), the simple NPV calculations are typically preferred. Initially, the ROA was invented and used in the finance sector by Black and Scholes (1973). Myers (1977) was the first who observed that future investments work like financial options, in which an investor holds the claim to buy or sell an underlying financial asset at a potentially favorable price at the point in time when it is profitable and thus can be seen as ‘real options’. ROA for investments under uncertainty is based on the work of Dixit and Pindyck (1994), among others. Whereas Pindyck focused on the irreversibility, uncertainty, and investment, and thus on the optimal timing (Pindyck, 1991), there are also other options which can be taken into account by applying ROA: the option to delay the investment was studied by McDonald and Siegel (1986), whereas Kulatilaka and Trigeorgis (1994) invested the option to switch between different modes of operations, including the eventuality of switching costs. In our study, we apply a binomial tree approach to investigate the optimal timing to invest in STES devices.
(3) Results
The NPV and ROV of different options investigated are compared in Table 1. These values are calculated at a step size of one year, with a time horizon of 5 years, and with truncating the underlying tree and always allowing delay. The NPV is always smaller than the ROV, which results from the option value arising due to the possibility of deciding between options. The values are illustrated in Figure 1.

Table 1: Comparison of the NPV and ROV of different options

	Technology 
	SVC PLUS
	SVC PLUS ES
	SynCon

	Unit size /MVA
	50
	100
	200
	50
	100
	200
	250
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 /M€
	5.3
	10.6
	21.4
	4.4
	12.9
	10.5
	29.7
	21.2
	49.9
	7.0

	CAPEX /M€
	7.2
	11.0
	20.0
	12.2
	21.0
	40.0
	25.0

	volatility
	0.81
	0.81
	0.80
	0.98
	0.47
	0.81
	0.47
	0.80
	0.47
	2.42

	Z /%
	0
	0
	0
	0
	30
	0
	30
	0
	30
	0

	NPV /M€
	[image: image4.png]


1.9
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0.4
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7.8
	0.7
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10.5
	8.7
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18.8
	9.9
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18.0

	ROV /M€
	1.9
	5.4
	11.7
	0
	5.9
	0.8
	16.1
	2.5
	25.4
	2.9


Source: Siemens, unpublished mimeo
Figure 1 shows the CAPEX, overall profits, NPV and ROV of different options of the SVC PLUS ES and SynCon with Z=0% and Z=30%. With Z=0%, only profits due to provided reactive power and losses are considered for the overall profit (orange). When additionally considering the CAPEX (red), then the NPV (blue) is negative for every option. The ROV (green) is always positive, because in cases where an investment is not profitable, there is always the option to abandon and realize a profit of zero. Although the SynCon has four times higher losses than the SVC PLUS ES at a similar rated power, its value at Z=0% is slightly higher than the value of the SVC PLUS ES, because the CAPEX difference is € 15 million. The advantage of the SVC PLUS ES is that it can provide primary response for Z = 30% of its rated power. Therefore, positive NPVs with this model can just be gained with a SVC PLUS ES and providing primary response.
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Figure 1: CAPEX, overall profits, NPV and ROV of different options

In Table 2 the performance and CAPEX of the SVC PLUS ES and SynCon are compared. Concerning the supply of reactive power, the 200 MVA SVC PLUS ES and the 250 MVA SynCon are equivalent. The inertia constant is much higher for SVC PLUS ES. If the amount of inertia is compared, the 50 MVA SVC PLUS ES and the 250 MVA SynCon are similar. The CAPEX are similar for a 100 MVA SVC PLUS ES and a 250 MVA SynCon. Thus for purchasing the same amount of inertia, the SynCon is nearly double expensive compared to the SCV PLUS ES. These values are calculated at a step size of one year and with a time horizon of 5 years and with truncating the underlying tree and always allowing delay. The NPV is always smaller than the ROV, which results from the option value, which is available due to the possibility of deciding between options.
Table 2: Comparison of SVC PLUS ES and SynCon

	
	SVC PLUS ES
	SynCon

	Rated power / MVA
	50
	100
	200
	250

	Inertia constant H / s
	8.3
	8.3
	8.3
	1.8

	Inertia / GWs
	0.406
	0.812
	1.624
	0.450

	CAPEX / million €
	12.2
	21.0
	40.0
	25.0
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Figure 3: ROV and NPV in dependence of different CAPEX with truncating (blue), without truncating (green) and delay just allowed if execute is smaller zero (red) for a 50 MVA unit
(4) Conclusions
The aim of the customer value analysis was to determine the customer value of the TSO in the United Kingdom for purchasing a short-term energy storage device to increase system inertia. The challenge is that the customer value is difficult to be valued monetarily, as inertia is not traded yet. A blackout will not affect the TSO monetarily, as long as he complies with the government guidelines. Additionally, the TSO is not a profit-maximizing entity but nonetheless has to be economically profitable. Due to the fact that the government funds the investment costs, it can be important to compare them with the costs of a blackout. If the costs of one blackout such as the historical blackout in Italy (€ 390 million, 2003; IEC, 2014) could be avoided in the UK, the investment of SVC PLUS ES for compensating the whole lack of inertia in the UK would be beneficial.

The approach of determining the profit by providing inertia with saved primary reserve with Z=30% of the rated power result in positive ROV and NPV for each SVC PLUS ES device. For the larger units, the values are larger, because the investment costs compared to the unit sizes are smaller. The difference between the NPV and the ROV is the option value, because in the ROA the investment is chosen at points where it is value-maximizing.
Comparing other alternative solutions (SVC PLUS, SVC PLUS ES and SynCon) for stabilizing the transmission grid, the largest unit SVC PLUS is the most economical solution when neglecting the profit due to providing inertia. In the case of remuneration of inertia, or participating in the primary reserve mechanism in the UK, the largest unit of the SVC PLUS ES is the most economical solution.

It has to be taken into account that the measures for improving the grid stability have to be realized although they seem unprofitable for a customer, because blackouts have to be avoided for sure; otherwise, the economic damages are immense, which will also imply a loss of reputation for the government and the TSO. The physical arguments are therefore more important. So even when the calculated customer value is negative, the customer value can be larger, but not being expressed by financial figures. But the customer can compare the options and choose the option, which generates the lowest economic losses.
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