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Abstract

:

Featured Application


This study presents a method for separating the variability and uncertainty in a power system, and determining which is more influential in terms of flexibility, based on the flexibility index, named the ramping capability shortage probability (RSP). A process of scenario generation and sensitivity analysis is also proposed, and applied to a modified IEEE-RTS-96. The proposed method can evaluate the individual effect of variability and uncertainty and effectively provide the system operator with information that will enable more efficient operation and planning of a power system.




Abstract


This study investigates the impact of variability and uncertainty on the flexibility of a power system. The variability and uncertainty make it harder to maintain the balance between load and generation. However, most existing studies on flexibility evaluation have not distinguished between the effects of variability and uncertainty. The countermeasures to address variability and uncertainty differ; thus, applying strategies individually tailored to variability and uncertainty is helpful for more efficient operation and planning of a power system. The first contribution of this study is in separating the variability and uncertainty, and determining which is more influential in terms of flexibility in specific system situations. A flexibility index, named the ramping capability shortage probability (RSP), is used to quantify the extent to which the variability and uncertainty affect the flexibility. The second contribution is to generate various scenarios for variability and uncertainty based on a modified IEEE-RTS-96, to evaluate the flexibility. The penetration level of renewable energy resources is kept the same in each scenario. The results of a sensitivity analysis show that variability is more effective than uncertainty for high and medium net loads.
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1. Introduction


In South Korea, wind and photovoltaic (PV) power systems of approximately 41.6 GW installed capacity are planned for construction by 2030, based on the 3020 penetration plan for renewable energy resources. The term “3020” indicates that the ratio of electricity generation by renewable energy resources to total electricity generation should reach a target of 20% by 2030 [1]. Under this plan, the installed capacity of renewable energy resources in Korea in 2030 would be about five times higher than in 2018, and a large proportion of the newly installed renewable energy resources would be wind and PV power systems.



Setting aside the practicality of the plan, large-scale integration of renewable energy resources into power systems may cause flexibility problems [2,3], where flexibility is defined as the ability to respond to changes in net load, i.e., the load subtracted from the power outputs of renewable energy resources. The National Renewable Energy Laboratory (NREL) and the North American Electric Reliability Corporation (NERC) have investigated the flexibility problem in light of the expectation that the penetration of renewable energy resources is likely to increase significantly [4,5]. System operators and planners have begun to encounter this problem, and maintenance of flexibility requires urgent attention.



The flexibility problem has arisen because the outputs of the renewable energy resources, such as wind and PV power systems, are variable and unpredictable [6,7,8]. High penetration of wind and PV power systems increases the variability and uncertainty of the net load, and exacerbates the flexibility problem in power systems. Variability does not involve uncertainty, i.e., no risk is included in calculations of variability [9,10]. If the generation capacity is sufficient to satisfy the forecast net load, the variability of this load can be covered by the scheduled outputs of generating units. However, uncertainties such as the unexpected failure of a generating unit or load forecast errors are inevitable, and these can lead to unsatisfied variability. Reserve capacity is thus usually required for uncertainty-contained situations, and system operators address this possibility by securing an adequate level of reserve capacity [11,12,13,14]. To sum up, the scheduled output and reserve capacity are used as countermeasures for variability and uncertainty, respectively [15]. Tailored responses to variability and uncertainty may be possible by separating the variability and uncertainty [16].



Existing studies on the flexibility problem can be categorized into two types: those that discuss the application of flexible resources, such as energy storage systems, and demand-side resources (DSRs) to mitigate the variability and uncertainty [3,17,18,19,20]; and those that investigate operational methods such as the unit commitment (UC) and power flow to effectively respond to increased variability and uncertainty [21,22,23,24,25,26,27,28]. In the latter category, the effects of variability and uncertainty are restricted using ramp-up/down constraints (collectively known as ramp constraints) in stochastic and deterministic UC formulations [21,22,23,24,25,26]. However, ramp constraints merely guarantee a feasible solution; adequate or optimal flexibility and the trade-off between the available amount of flexible resources and the operating cost are not taken into account. More importantly, the extent to which the variability and uncertainty affect the flexibility has not been explicitly distinguished in those frameworks; existing research [26] has only attempted to quantify the individual effect of variability and uncertainty on flexibility using a proposed index called AACEE, which estimates the power imbalance caused by the variability and uncertainty. However, generator failure was not considered, although this is a major source of uncertainty.



Therefore, in this study, an index called the ramping capability shortage probability (RSP) is used to quantify the individual effect of variability and uncertainty on flexibility. The RSP is able to consider not only the trade-off between the available amount of flexible resources and the operating cost, but also the major uncertainties including generator failure [29]. Based on the RSP, this study presents a method for separating the variability and uncertainty, and determining which is more influential in terms of flexibility. Various scenarios for variability and uncertainty based on a modified IEEE-RTS-96 are generated. In these scenarios, the net load variation and net load forecast error are used as parameters to represent the variability and uncertainty, respectively. The results of sensitivity analysis show that the variability (uncertainty) is more effective than the uncertainty (variability) for high and medium (low) net loads.



The remainder of this paper is organized as follows. Section 2 introduces the RSP flexibility index, which is capable of quantifying flexibility according to variability and uncertainty. Section 3 explains scenario generation to compare the effect of variability and uncertainty on flexibility. In Section 4, a case study for a modified IEEE-RTS-96 is discussed. Conclusions and future work are discussed in Section 5.




2. Flexibility Index: Ramping Capability Shortage Probability


The extent to which variability and uncertainty affect flexibility can be quantified using the RSP flexibility index, which can assist power system operators in managing the flexibility problem. RSP is described in detail in the following section.



2.1. System Ramping Capability (SRC), Ramping Capability Requirement (RCR)


First, the ramping capability (RC) of a generating unit is defined as the generation power that the unit can increase/decrease in a given period of time. The RC can be thought of as the system’s ability to response to increased variability and uncertainty. The flexibility depends on the amount of RC secured. The total RC of all generating units in the system is denoted as the system RC (SRC), given by


SRCt=∑i∈IAi,t−ΔtOi,t−Δtmin(Pmax,i−Pi,t−Δt,  rriΔt).



(1)







The SRCt indicates the extent to which the system can supply the RC during the interval Δt. The larger the SRC secured, the greater the flexibility; however, uncertainty in the system may lower RC availability. In Equation (1), Ai,t-Δt is a random variable denoting whether the unit fails from t−∆t to t.; its value may vary with the failure rate of the generating unit. Further information on the Ai,t-Δt calculation can be found in [30]. Parameters such as Oi,t-Δt and Pi,t-Δt are determined by the generation schedule.



The RC requirement (RCR) can be represented as


RCRt=NLFEt+FNLt−∑i∈IAi,t−ΔtOi,t−ΔtPi,t−Δt,



(2)




where


NLFEt =LFEt–VGFEt



(3)






FNLt =FLt–FVGt.



(4)







RCRt is the total RC required to respond to unexpected load variations and failures of loaded generating units from t−∆t to t. The forecast errors NLFEt, LFEt, and VGFEt are random variables.




2.2. Ramping Capability Shortage Probability


If RCRt is larger than SRCt, then load shedding is enforced; this situation is denoted as RC shortage. The probability that an RC shortage will happen at time t is defined as the RC shortage probability (RSPt), is expressed by


RSPt=∑    e∈EtProb(e)[∑c∈Ct−ΔtProbc[FNLt+NLFEt>∑i∈IAi,t−ΔtOi,t−Δt{Pi,t−Δt+min(Pmax,i–Pi,t−Δt,rriΔt)}]]



(5)







The RSPt is applied to the worst case, i.e., when calculating the RSPt of the targeted time, uncertainty cases are considered that occur just before the targeted time and thus cannot be resolved by post-recovery actions. This consideration is helpful in reducing the computational burden in large power systems. The variability relates to FNLt, Ot-Δt, and Pt-Δt. Any change in FNLt itself indicates an increase/decrease in variability, and also changes Ot-Δt and Pi, t-Δt. Uncertainty is associated with Ct-Δt, Et, At-Δt, and NLFEt, and Ct-Δt and Et represent the set of possible cases for Ai,t-Δt and NLFEt, respectively.



An example for Ct-Δt is as follows: two online generating units are considered for 2 h. Each unit has two states, i.e., 0 (failure) or 1 (online). Considering the possible cases of two units, C1 is a set of four elements; i.e., {(0,0), (0,1), (1,0), (1,1)}. The probability of each element can be obtained based on a Markov-chain–based capacity state model; for further information, please refer to [30]. An example for Et is as follows: the forecast net loads (i.e., FNLt) are assumed to be 10 MW. If NLFEt follows a triangular distribution as shown in Figure 1, Et becomes {(−0.5 MW), (0 MW), (0.5 MW)} by multiplying 10 MW and 5%, and the elements have a probability of 0.25, 0.5, and 0.25, respectively. Therefore, any changes in the parameters relating to the variability and uncertainty can be reflected in the RSPt calculation.



Complementarity is considered an influential factor with respect to the variability of the system [31]. Its effect is reflected in NLFEt, VGFEt, Oi,t-Δt, and Pi,t-Δt. If the aggregated forecast output of renewable energy resources change with the effects of complementarity, the value of FVGt varies, and accordingly the value of VGFEt, leading to changes in Oi,t-Δt, and Pi,t-Δt.





3. Scenarios for Variability and Uncertainty


3.1. Variability and Uncertainty and Their Relevance


Variability commonly refers to how dispersed or spread out the data values are. In statistics, there are metrics for describing variability in a dataset: range, interquartile range, variance and standard deviation. The range is a measure of spread: it represents the difference between the highest and lowest values in a dataset. The interquartile range is a measure of where the “middle fifty” is in a dataset, that is, a measure of where the majority of the values lie. The variance is the mean square of the differences from the mean, and the standard deviation is the square root of the variance. These indices enable comparison of data in terms of variability. In power systems, a typical variability is the load variability, which has been represented using the standard deviation.



Uncertainty exists when the measured value differs from the forecast value; uncertainty has been widely represented by the error, which is defined as the measured value minus the forecast value. The net load forecast error and the unexpected failure of generating units are major uncertainties in power systems. Based on a probabilistic approach, these uncertainties have been considered as random variables. The net load forecast error has been modelled as a normal random variable, which follows a normal probability distribution. Without uncertainty, there is no risk related to flexibility; only variability exists. The variation in the forecast net load can be perfectly covered by the scheduled outputs of generating units, and the RC is thus not required. However, in reality, uncertainty always exists and causes risk situations in which RC is required.



It should be noted that uncertainty and variability are linked through the RC. The variation of the forecast net load may alter the operating conditions of generating units; some units may not be involved in the operation. This means that the RC of the system changes with variability; this, of course, changes the system’s ability to respond to risk.




3.2. Scenario Generation and Sensitivity Analysis


A scenario-based approach is applied in this study. To clarify the impacts of variability and uncertainty, the following are considered. First, the net load variation appears in every time interval. As every time interval is complex, this complicates the analysis of the results. Thus, to enhance the analyzability and clarity, the most influential time interval, in terms of flexibility, is selected and the net load variation for the time interval is varied. RSPt is used as the selection criterion, i.e., the time interval of the largest RSPt is chosen.



Figure 2 represents the forecast net load variation and measured net load variation for the selected time interval. A blue straight line and two red dotted lines for the selected time interval (between t1 and t2) indicate the forecast net load variation and measured net load variation, respectively. (a) means variability, and (b) and (c) imply uncertainty. Differently with the forecast net load variation, the measured net load variation includes uncertainty.



The variability and uncertainty both vary with net load at time t1 and t2. When adjusting the variability, it is assumed that the net load at time t2 is changed, while the net load at time t1 is fixed. This assumption is useful in clarifying scenario generation, and comparing the result of the uncertainty with that of the variability.



The uncertainty is represented by some percentage (indicating the standard deviation expressed as a percentage) of the net load at time t2. A change in the variability is accompanied by a change in the uncertainty, because both parameters are dependent on the net load at time t2. Therefore, to keep the uncertainty unchanged with the variability, the same value of the uncertainty of the base case is applied to all scenarios for the variability; the “base case” refers to the information of the given system.



The scenarios for the increased variability and uncertainty are listed in Table 1. For reference, “increased variability” instead of variability is used for scenario generation; it is represented as an increment based on the variability of the base case, and its value is calculated as some percentage of the net load. The increased variability of the base case is thus equal to zero.



The effects of increased variability and uncertainty on flexibility change with the net load because the reserve capacity of generating units may vary with the net load. The net load is thus classified into three types: high, medium, and low. Among these types, the medium net load corresponds to the base case of the net load (i.e., 100%), and is represented in S3 and S4. The high (low) type is larger (smaller) than 100%, given by S1 and S2 (S5 and S6). Each type depends on the system conditions, e.g., low net load can occur due to use of DSRs in the time period considered. Empirical trials were used to determine the value of each type of net load.



For every net load, two kinds of scenarios for variability and uncertainty are considered: one (the other) is when the variability (uncertainty) is fixed and the uncertainty (variability) is changed. The value of the increased variability is 0% for the fixed case, i.e., S2, S4, and S6. The value of the uncertainty (i.e., the net load forecast error) is set as a particular percentage for the fixed case: i.e., S1, S3, and S5.



For the system conditions, complementarity affects the variability of the system, e.g., if the outputs of two wind power systems with the same capacity are perfectly negatively correlated, i.e., the output of one system increases (decreases) while that of another system decreases (increases) at the same rate, the added variability becomes zero. On the other hand, if they are perfectly positively correlated, the added variability is doubled. The complementarity changes the variability, and thereby the flexibility. Related works were performed in [7]. The correlation between outputs of renewable energy resources may affect the complementarity. In this study, the penetration levels of renewable energy resources in each region are kept the same for every scenario; thus, the complementarity effect was fixed throughout the scenarios.



The increased variability and uncertainty were varied within a given range, which may also differ according to the system conditions. Through the sensitivity analysis, the effects of variability and uncertainty on flexibility can be compared, and the most influential factor determined. The process of scenario generation is summarized in Figure 3.





4. Case Study


4.1. Base Case Information


The main objective is to examine the impacts of variability and uncertainty on flexibility. The test system was a modified IEEE-RTS-96. The generation system consists of 26 generating units, and its installed capacity is 3105 MW. Basic information on the failure and repair rates of generating units is provided in Table A1 (Appendix A). Wind power plants of 1250 MW were added to the system; for reference, their capacity value (based on the effective load carrying capability) was computed as 79.88 MW [32]. Figure 4 shows the profile of the forecast net load, with the 2531 MW peak load occurring at hour 19. The hourly UC was solved using dynamic programming [33]. The hourly reserve capacity was calculated on the assumption that all generating units are in a spinning state; this assumption was used to evaluate the maximum flexibility of the system. The value of RSPt was computed through programming in MATLAB (R2012b version) [34]. This simulation was performed on a PC with 16 GB RAM and 3.7 GHz CPU. As shown in Figure 5, VGFEt and NLFEt were assumed to follow a normal distribution, with a standard deviation of 5% of the forecast value.



The hourly RSPt values are shown in Figure 6. The maximum value of 2.0982×10−4 occurs at hour 19, because the high net load lowers the available reserve capacity at that time, even though larger values of net load variation occur in other time intervals. The selected time interval was therefore 18–19 h. The values of the net load at 18 and 19 h of the base case were 2507 MW and 2531 MW, respectively. As shown in Table 2, the high (low) net loads were set at 110% and 120% (80% and 90%) of the net loads at hours 18 and 19, respectively. The range of increased variability and uncertainty was varied from 0% to 20%, with a step size of 1%. For reference, 20% of the increased variability is calculated as 506 MW, i.e., multiplying 2531 MW by 30%. As discussed previously, the uncertainty of the base case was set at 5% of the net load; this value indicates the standard deviation of the net load forecast error, and was computed as 127 MW, i.e., multiplying 2531 MW by 5%.




4.2. Results for the Scenarios


Figure 7 represents the result of the sensitivity analysis of the increased variability. The RSPt values differ with the level of the net load; the largest RSPt appears at the highest level of net load, i.e., S1. The largest difference in RSPt according to the net load is between S5 (i.e., the net load is 100%) and S3 (i.e., the net load is 110%) when the increased variability is 18%. In S7 and S9, the values of RSPt are almost unchanged with the uncertainty compared to the other scenarios. In the other scenarios, RSPt increases in a step-wise fashion. This may be related to the failure cases of the generating units.



Figure 8 shows the results of the sensitivity analysis for uncertainty. As in the case of increased variability, RSPt is heavily influenced by the net load. The largest value of RSPt is found when the level of the net load is highest (i.e., S2). S2 (i.e., 120% of the net load) and S4 (i.e., 110% of the net load), when the uncertainty is 4%, make the largest difference in RSPt. In most scenarios, the value of RSPt does not increase much further after it increases sharply. This is related to the characteristics of the probability distribution of the uncertainty, which is modeled as a normal random variable. The left and right sides of the normal distribution are symmetrical with respect to its average, and an increase in the left side (right side) decreases (increases) the RSPt at the same rate. The effects of both sides on the value of RSPt cancel each other out.



When comparing S1, S3, and S5 with S2, S4, and S6, respectively, the values of RSPt and the maximum increments (i.e., the change in the RSPt divided by the change in the uncertainty) in the former scenarios (i.e., S1, S3, and S5) are greater than those in the latter scenarios (i.e., S2, S4, and S6). S7 and S9 are compared to S8 and S10, respectively. The maximum increments in S8 and S10 are greater than those in S7 and S9. The value of RSPt in S8 (S10) is larger than that in S7 (S9) from 10% (12%) to 21% for each parameter. Regarding flexibility, increased variability is more effective than uncertainty when the level of the net load is equal to or greater than 100% (i.e., high and medium types). For the low type, uncertainty is more influential in terms of the maximum increment; however, the more influential parameter in terms of RSPt differs by section.



If the RSPt criterion is set the same as the value of RSPt of the given system (i.e., 2.0982×10−4), the allowed ranges of increased variability and uncertainty are then determined as shown in Table 3. S1, S2, S3, S4, and S5 do not have allowed ranges under the given conditions, while S6, S7, S8, S9, and S10 have allowed ranges. For reference, Figure 9 and Figure 10 represent the enlarged graphs of Figure 7 and Figure 8, respectively. On the graphs, each point having the value of RSPt smaller than the RSPt criterion is included in the allowed ranges.





5. Conclusions


This study investigated the impact of variability and uncertainty on flexibility. The effects of variability and uncertainty were captured using a flexibility index called the RSP. A case study for a modified IEEE-RTS-96 was performed for a range of variability and uncertainty scenarios, while the level of penetration of renewable energy resources was maintained at the same ratio for every scenario. The simulation results showed that the variability was more effective than the uncertainty, for high and medium net loads. For the low net loads, the more influential parameter depended on the section. The results may differ with the system and its conditions; however, the proposed method can provide system operator with quantified information of the impact of variability and uncertainty for more efficient operation and planning of a power system. As part of future work, it would be interesting to analyze the impact of various strategies enhancing demand flexibility.
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Nomenclature




	Ai,t
	Random variable representing availability of generator i at time t (1 if available, 0 otherwise)



	c
	Element of Ct−Δt



	Ct-Δt
	Set of combinations of Ai,t−Δt when Oi,t−Δt is nonzero for all i



	e
	Element of Et



	Et
	Set of NLFEt



	FLt
	Forecast load at time t



	FNLt
	Forecast net load at time t



	FVGt
	Forecast variable generation at time t



	i
	Index of generator



	I
	Set of generators



	LFEt
	Random variable representing load forecast error at time t



	NLFEt
	Random variable representing net load forecast error at time t



	Oi,t
	Value representing whether generator i is online at time t or not



	Pi,t
	Output of generator i at time t



	Pmax,i
	Maximum output level of generator i



	Prob(·)
	Probability in parentheses



	Probc[·]
	Probability of c if condition [∙] is satisfied, 0 otherwise.



	RCRt
	Ramping capability requirement at time t



	rri
	Ramp rate of generator i



	RSPt
	Ramping capability shortage probability at time t



	SRCt
	System ramping capability at time t



	t
	Index of time



	Δt
	Minimum interval between operating points



	VGFEt
	Random variable representing variable generation forecast error at time t








Appendix A. Failure and Repair Rates in Case Study
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Table A1. Failure and repair rates of 26 generating units.






Table A1. Failure and repair rates of 26 generating units.





	Unit #
	Failure Rate (occurrences/h)
	Repair Rate (occurrences/h)





	1–5
	1/2940
	1/60



	6–9
	1/450
	1/50



	10
	1/1960
	1/40



	11, 12
	1/450
	1/40



	13
	1/1960
	1/40



	14–16
	1/1200
	1/50



	17–20
	1/960
	1/40



	21–23
	1/950
	1/50



	24
	1/1150
	1/100



	25, 26
	1/1100
	1/150
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Figure 1. Triangular distribution for the example. 
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Figure 2. Forecast net load variation and measured net load variation. 
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Figure 3. Process of scenario generation and sensitivity analysis. 
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Figure 4. Forecast net load profile. 
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Figure 5. NLFEt and VGFEt distribution. A normal distribution was described using a seven-step approximation. 
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Figure 6. Hourly RSPt. 
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Figure 7. Results of sensitivity analysis for increased variability. 
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Figure 8. Results of sensitivity analysis for uncertainty. 
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Figure 9. Results of sensitivity analysis for increased variability: enlarged graph for S7, S9, and RSP criterion. 
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Figure 10. Results of sensitivity analysis for uncertainty: enlarged graph for S6, S8, S10, and RSP criterion. 
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Table 1. Scenarios for three parameters at the selected time interval.
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	Scenario #
	Net Load
	Increased Variability
	Uncertainty





	S1
	High (>100%)
	Particular range
	Fixed



	S2
	
	Fixed, 0%
	Particular range



	S3
	Medium (100%)
	Particular range
	Fixed



	S4
	
	Fixed, 0%
	Particular range



	S5
	Low (<100%)
	Particular range
	Fixed



	S6
	
	Fixed, 0%
	Particular range
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Table 2. Scenarios for three parameters: net load, increased variability, and uncertainty.
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	Scenario, S#
	Net Load
	Increased Variability of the Net Load at 19 h
	Uncertainty of the Net Load at 19 h





	S1
	120%
	0% to 20%
	Fixed, i.e., 5%



	S2
	120%
	Fixed, 0%
	0% to 20%



	S3
	110%
	0% to 20%
	Fixed, i.e., 5%



	S4
	110%
	Fixed, 0%
	0% to 20%



	S5
	100%
	0% to 20%
	Fixed, i.e., 5%



	S6
	100%
	Fixed, 0%
	0% to 20%



	S7
	90%
	0% to 20%
	Fixed, i.e., 5%



	S8
	90%
	Fixed, 0%
	0% to 20%



	S9
	80%
	0% to 20%
	Fixed, i.e., 5%



	S10
	80%
	Fixed, 0%
	0% to 20%
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Table 3. Allowed ranges of increased variability and uncertainty. ※N/A: not allowed.






Table 3. Allowed ranges of increased variability and uncertainty. ※N/A: not allowed.





	Scenario, S#
	Net Load
	Increased Variability of the Net Load at 19 h
	Uncertainty of the Net Load at 19 h





	S1
	120%
	N/A
	Fixed, i.e., 5%



	S2
	120%
	Fixed, 0%
	N/A



	S3
	110%
	N/A
	Fixed, i.e., 5%



	S4
	110%
	Fixed, 0%
	N/A



	S5
	100%
	N/A
	Fixed, i.e., 5%



	S6
	100%
	Fixed, 0%
	0% to 5%



	S7
	90%
	0% to 11%
	Fixed, i.e., 5%



	S8
	90%
	Fixed, 0%
	0% to 10%



	S9
	80%
	0% to 20%
	Fixed, i.e., 5%



	S10
	80%
	Fixed, 0%
	0% to 15%
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