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Abstract

:

This paper proposes an index called net load carrying capability (NLCC) to evaluate the contribution of a generating unit to the flexibility of a power system. NLCC is defined as the amount by which the load can be increased when a generating unit is added to the system, while still maintaining the flexibility of the system. This index is based on the flexibility index termed ramping capability shortage expectation (RSE), which has been used to quantify the risk associated with system flexibility. This paper argues that NLCC is more effective than effective load carrying capability (ELCC) in quantifying the contribution of the generating unit to flexibility. This is explained using an illustrative example. A case study has been performed with a modified IEEE-RTS-96 to confirm the applicability of the NLCC index. The simulation results demonstrate the effect of operating conditions such as operating point and ramp rate on NLCC, and show which kind of unit is more helpful in terms of flexibility.






Keywords:


effective load carrying capability; flexibility; net load carrying capability; operating condition; ramping capability shortage expectation












1. Introduction


The high penetration of renewable energy resources (RES) has made it more difficult to secure flexibility in power systems, which is defined as the ability to respond to changes in net load, i.e., load minus output of non-dispatchable RES [1,2,3,4]. System planners and operators have tried to secure an adequate level of reserve capacity in view of reliability. However, this approach does not guarantee flexibility, because the problem can be caused by a shortage in ramping capability (i.e., the ability to change the output of a generating unit in a given period), despite there being sufficient reserve capacity [5,6]. With respect to this problem, some researchers have noted the role of the generating unit in enabling the system to secure flexibility by providing the required ramping capability, which must be the most effective measure to cope with a net load variation [7,8,9,10]. The greater the ramping capability, the stronger the ability of the system to react to unexpected changes in net load; that is, larger and faster units are helpful for coping with the flexibility issue.



This issue is directly related to both generation scheduling and generation expansion planning (GEP) [11,12,13,14]. In particular, special care is required when establishing GEP to manage the operational risks related to flexibility, as the integration of RES increases [15,16,17,18]. In this situation, system planners and operators should consider which unit is more advantageous in terms of flexibility; that is, the extent to which a new unit contributes to flexibility should be evaluated. To the best of our knowledge, [19] this is the first study on the contribution of a generating unit to the flexibility of a power system. The authors proposed the effective ramping capability (ERC), which is based on an index called the inadequate ramping resource probability (IRRP), which is devised to capture the risk of insufficient ramping capability. However, the causal relationship between risk and uncertainty is not reflected in the IRRP, and this is essential because uncertainty is a source of risk, and cannot be separated from the countermeasures against risk [20]. IRRP underlies ERC; thus, ERC has a limitation for evaluating the contribution of a generating unit to flexibility.



This paper presents an index termed net load carrying capability (NLCC) to quantify the contribution of a generating unit to the flexibility of the power system. NLCC is applied to a generating unit in a similar way to the effective load carrying capability (ELCC), and is defined as the amount by which the net load can be increased, while maintaining flexibility, when the unit is added to the system. By using a risk index termed the ramping capability shortage expectation (RSE), the NLCC index is capable of capturing the risk of power mismatch events due to a shortage of ramping capability as well as lack of reserve capacity. An illustrative example shows that NLCC is more effective than ELCC to quantify the contribution of a generating unit to the flexibility of the system. A case study for a modified IEEE-RTS-96 has been performed to investigate the applicability of NLCC and to show the effect of operating conditions on the NLCC.



The remainder of this study is organized as follows. Section 2 explains the concept and calculation method of the NLCC index. In Section 3, an illustrative example is described to compare NLCC with ELCC. In Section 4, a case study for a modified IEEE-RTS-96 is conducted to show the applicability of NLCC and to confirm the effect of the operating conditions on NLCC. The conclusion and future works are presented in Section 5.




2. Net Load Carrying Capability


ELCC has been used to evaluate the contribution of a generating unit to the reliability of a power system [21,22,23,24,25,26]. It is defined as the amount of increase in load that maintains reliability when the considered unit is added to the system, and is measured using a reliability index, such as loss of load probability (LOLP) or loss of load expectation (LOLE) [27,28]. These reliability indices have limitations in capturing short-term operating conditions, which are necessary for capturing the system flexibility. The ELCC index has similar limitations in catching the system flexibility. A previous study [29] attempted to evaluate ELCC based on the security constrained unit commitment (SCUC) model, where short-term operating conditions are considered along with stochastic scenarios for uncertainty. However, the reliability index is combined with the objective function, and therefore produces impure results. This kind of problem is unavoidable in an approach that utilizes the reliability index [30]. In this paper, the flexibility index RSE, which is able to reflect the operating conditions, is used instead of the reliability index [20].



2.1. Ramping Capability Shortage Probability (RSP) and Ramping Capability Shortage Expectation (RSE)


The RSPt is defined as the sum of the probabilities that net load variation during an interval between t − Δt and t could not be covered by the ramping capability of the system, as follows:


   R S  P t  =   ∑        e ∈  E  t − Δ t     P r o b  ( e )   [    ∑   c ∈  C  t − Δ t      P r o  b c     [  F N  L t  + N L F  E t  >   ∑   i ∈ I     A  i , t − Δ t    O  i , t − Δ t    {   P  i , t − Δ t   + min  (   P  m a x , i   −  P  i , t − Δ t   , r  r i  Δ t  )   }   ]   ]      



(1)




and the RSE is calculated by adding all RSPt as follows:


   RSE =   ∑  t   R S  P t    



(2)




here, the terms on the left-hand side of the inequality sign imply the net load at time t, and the terms to the right mean the maximum output that all generating units can reach within Δt from t − Δt. NLFEt and Oi,t−Δt represent the uncertainty parameters in the net load and generation, respectively. Probc calculates the probability of whether all of the generating units are capable of compensating for the change in net load. Oi,t−Δt reflects the uncertainty scenario for the unit failure. The failure probability of the generating unit according to each scenario is calculated using the Markov chain-based capacity state model [31]. For detailed information on the RSE, please refer to [20].




2.2. Net Load Carrying Capability (NLCC)


The NLCC of a generating unit is defined as the amount of net load increase required to maintain flexibility (measured as RSE) when a unit is added to the system. The calculation procedure of NLCC is as follows:



Step 1: Calculate the RSE for the system before the unit is added.



Step 2: Calculate the RSE with changes in net load within a certain range (of course, the range is adjustable according to system).



Step 3: Add a new unit into the system. Vary the net load within a certain range, keeping all other data fixed, and calculate the RSE for the new system.



Step 4: The NLCC is the difference between the net load level with the RSE criterion in Step 2 and that in Step 3.



For reference, any flexible resource, such as a demand side resource, can be evaluated according to the steps above by modeling it as generating unit.





3. Comparison of NLCC with ELCC


The definition of NLCC is different from that of ELCC in the following terms: net load (instead of load), flexibility (instead of reliability), and RSE (instead of LOLE). Among these terms, RSE is an important factor, which makes a great difference between NLCC and ELCC. The differences between RSE and LOLE and between NLCC and ELCC are explained in detail using the following example.



3.1. Description of Illustrative Example


In the peak day of the targeted year, the forecast net loads at 0 h, 1 h, and 2 h are 50 MW, 50 MW, and 150 MW, respectively. The net load forecast error is neglected for simplicity. The number of the preexisting units is three; the capacity of each unit is 100 MW; their ramp-up rates are 25 MW/h (Unit A), 50 MW/h (Unit B), and 75 MW/h (Unit C), respectively. The generation schedule is determined following the merit-order principle, and the result is presented in Figure 1. All units are in online states; thus, a two-state capacity state model is used to calculate their failure probabilities. The failure rates of all of the units are 1/2940 (occurrences/h), and the repair rates are 1/60 (occurrences/h). A new unit, Unit D, which has the capacity of 100 MW and ramp rate of 40 MW/h, is considered to be added; it also has the lowest priority in the merit order. In this example, the value of Δt is assumed to be 1 h, and NLFEt is not considered for simplicity. The values of RSE and LOLE for the system without Unit D are selected as the RSE and LOLE criterion, respectively.




3.2. Comparison of RSE and LOLE


The calculation of LOLE determines whether the net load level is larger than the sum of the installed capacity every time. It is not concerned with whether the generating unit can be committed into operation or can raise output to follow changes in the net load; that is, the operating conditions of the generating units are neglected. In this example, the outage events occur only when the numbers of failed units are more than 3, 3, and 2 at 0, 1, and 2 h, respectively. This means that the outage events are irrelevant with the operating conditions of the units according to the generation schedule. For the details of the LOLE calculation, refer to Appendix A.



Meanwhile, it should be noted that the outage events could occur due to the shortage of ramping capability, even if the total capacity of the online units is larger than the net load level. Figure 2 shows how the failure of Unit B at 1 h can result in load shedding. The load shedding lasts for an hour, though Units A and B raise output to satisfy the net load increase after Unit C failed. Unlike LOLE, cases as this one are considered in the calculation of RSE. This is a major difference between RSE and LOLE.




3.3. Calculation Procedure of NLCC


Step 1: The RSE is applied to the worst-case scenario, where failure events occur just before the targeted time. For example, when estimating RSP2 (for reference, the RSE is the sum of every RSPt.), the failure scenario at 1 h is considered. Likewise, the failure scenario at 0 h is selected for RSP1. When considering the worst-case scenario, RSP1 and RSP2 are calculated, but RSP0 is not because there is no information before 0 h. Based on the Markov chain-based capacity state model, the failure probabilities for all units are calculated as    3.3773 ×   10   − 4      at 0 h, and    3 . 3203 ×   10   − 4      at 1 h. Table 1 shows whether a load-shedding event occurs, depending on failure cases and the consequential RSPt. For example, load shedding does not occur at 1 h as a consequence of the failure of Unit A at 0 h, and the corresponding failure probability at 0 h is calculated as     (  1 − 3.3773 ×   10   − 4    )  ×    (  3.3773 ×   10   − 4    )   2  = 3.3751 ×   10   − 4     . The RSPt is the sum of probabilities of the failure cases causing load-shedding events. For example, the RSP2 can be computed using Equation (1) as follows:


   R S  P 2  =   ∑   c ∈  C 1     P r o  b c   [  F N  L 2  >   ∑   i ∈ I     A  i , 1    O  i , 1    {   P  i , 1   + min  (   P  m a x , i   −  P  i , 1   , r  r i   )   }   ]    



(3)







The failure cases that the FNL2 is larger than the value on right-hand side include ‘A’, ‘B’, ‘A&B’, ‘A&C’, ‘B&C’, and ‘A&B&C’ (corresponding to the failure cases at 1 h causing the load shedding event at 2 h). Adding all RSPt, RSE is determined as    6 . 6395 ×   10   − 4      h/period, and this value is selected as the RSE criterion.



Step 2: The load level is varied within a range from 0% to 50%, with a step size of 5%. For reference, when the load variance is 5%, the forecast net loads at 0 h, 1 h, and 2 h are 52.5 MW, 52.5 MW, and 157.5 MW, respectively. By repeating Step 1 for each load variance, Table 2 can be obtained.



Step 3: Unit D is added to the system. As shown in Table 3, the failure cases and consequential load sheddings according to the addition of Unit D are newly calculated for each load variance. For the same load variance, the RSE in Table 3 is smaller than that in Table 2. It is because the addition of the unit improves the ramping capability of the system.



Step 4: The RSE value is larger than the RSE criterion (i.e.,    6 . 6395 ×   10   − 4      h/period) when the load variance is 20%. In order to find a point matching with the RSE criterion, the load variances are increased by 1% in each step from 15% to 20%, and the corresponding RSE are derived. The RSE begins to exceed the RSE criterion when the load variance is 16%; thus, in this example, the NLCC is equal to the peak load (i.e., 150 MW) multiplied by 15%, that is, 22.5 MW. This value is 27 MW smaller than the ELCC of 49.5 MW (refers to Appendix A.2). This difference is due to a shortage of ramp capability, which is caused by the operating conditions of each generating unit, such as operating point, maximum generation level, and ramp rate. Unlike ELCC, those conditions can be taken into account by the NLCC.





4. Case Study


4.1. Basic Information


The main objective of our study is to examine the applicability of the NLCC index. The simulation is conducted with a modified IEEE-RTS-96 without the hydroelectric generating unit [31]. The number and installed capacity of the pre-existing generating units are 26 and 3105 MW, respectively. The applied failure and repair rates of all the units are included in Table A5 in Appendix B. A wind power plant with an installed capacity of 1250 MW is included in the system; its capacity value (as measured by ELCC) is calculated as 79.88 MW [32]. The forecasted net load profile is shown in Figure 3, where the peak load of 2531 MW occurs at hour 19. The ratio of installed capacity to peak load is 22.7%. The generation schedule considered is the hourly unit commitment, which is solved with dynamic programming [33]. It is assumed that all of the units are ready to be committed into operation at any time. The NLFE is assumed to follow a normal distribution, where the standard deviation is 5% of the forecasted net load. The RSE of    6 . 2759 ×   10   − 4      h/day is used as the RSE criterion.




4.2. Scenario 1: Addition of a 400-MW Unit


A 400-MW unit with a ramp rate of 1200 MW/h is added to the system. Its failure and repair rates are 1/1100 and 1/150 occurrences/h, respectively. The RSE values before and after adding the new unit are calculated according to the load variances, as shown in Figure 4. The NLCC at the designed level of flexibility (i.e.,    6 . 2759 ×   10   − 4      h/day) is 336 MW, which is about 84% of its installed capacity. This unit can technically provide its entire ramping capability every time; however, its ramping capability is somewhat restricted in some periods. The reason is that this unit maintains high levels of generation output over most of the whole period because of its high priority in merit order. Meanwhile, the effect of ramp rate on the NLCC is also tested. The ramp rate is adjusted to 200 MW/h (one sixth of the original value) and the simulation is carried out, with no change compared to the original result.




4.3. Scenario 2: Addition of a 100-MW Unit


A 100-MW unit with a ramp rate of 420 MW/h is added to the system. Its failure and repair rates are 1/1200 and 1/50 occurrences/h, respectively. The RSE values before and after adding this unit are shown in Figure 5. The NLCC at the designed level of flexibility is 100 MW, which means that this unit can provide its entire ramping capability during the whole period. Unlike Scenario 1, this unit maintains low levels of generation output over most of the period, because it has a lower priority in the merit order; thus, the unit provides greater reserve capacity. In this situation, the impact of the change in ramp rate (i.e., the consequential change in ramping capability) on the NLCC is also investigated. The ramp rate is adjusted to 50 MW/h; accordingly, the NLCC of 50 MW is derived.



It should be noted that two factors—priority in merit order and ramp rate—affect the NLCC by changing the operating conditions. The higher the priority in the merit order, the smaller the extra reserve capacity of the unit, and therefore the NLCC is decreased. On the other hand, when the priority in the merit order is low, the ramp rate is larger, and the NLCC is higher. However, if the ramp rate of a generating unit is equal to or larger than the rating divided by an hour, then the NLCC does not vary with the ramp rate. This occurs because the unit can raise the output to its maximum value within an hour, whatever the ramp rate.




4.4. Scenario 3: Generation Expansion Planning (GEP)


Table 4 presents the load growth scenario with an annual increment of 7%. Four types of generating unit, as shown in Table 5, are considered candidates for this GEP.



The GEP strategy of the least capacity is sought under the assumption that the smaller the installed capacity, the lower the cost. The installed capacity at which the NLCC is equal to the load growth is selected as the optimal value every year. The total installed capacities of all unit types during the whole period are listed in Table 6. The value of the total installed capacity of a certain type represents the extent to which the units of that type contribute to flexibility during the period. The larger the total installed capacity of a given type, the smaller the NLCC of that type. As expected from the results in Scenarios 1 and 2, the optimal value is achieved using type C, which has the lowest priority in the merit order and the largest ramp rate. It is also observed that when the ramp rate is high (low), the total installed capacity is small (large), as the priority is lower. This means that utilizing a fast unit (slow unit) as a reserve unit (power-loading unit) rather than a power-loading unit (reserve unit) is more effective in terms of flexibility.



The installed capacities of every unit type for every year are also shown in Figure 6. For those of high priority (i.e., type A and type B), there is no difference according to ramp rate; all the type-A and type-B units are committed into operation and also maintain the operating points over a certain level, at which the ramp rate does not affect the NLCC. Meanwhile, type C and type D belong to the low-priority types. As both types have the same priority in the merit order, they obtain the same scheduling results. However, there is quite a difference between type C and type D in regards to the annual increment. Unlike type C, type D shows irregular variations in the annual increment, which is due to the relationship between the ramp rate of each type and the ramping capability requirement each year.





5. Conclusions


This paper proposed a concept of NLCC to evaluate the contribution of a generating unit to the flexibility of a power system, which is defined as the ability to respond to changes in net load. The NLCC is defined as the amount by which the load can be increased while maintaining the same flexibility (as measured by RSE) when the unit is added to the system. This index is based on the RSE flexibility index, which has been used to capture the risk for flexibility. Compared to ELCC, the NLCC index is more adequate to evaluate the contribution of a generating unit to the system flexibility, because it takes into consideration the operating conditions, such as operating point and ramp rate. With a modified IEEE-RTS-96, a case study has been conducted to verify the applicability of the method. The simulation results show the impact of the operating conditions on the NLCC and reveal which kind of unit is more effective in terms of flexibility. As part of future work, it would be interesting to apply the NLCC index to the GEP of the Korean power system. We also plan to evaluate the impact of network constraint and demand side resource on the NLCC.
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Nomenclature




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



	c
	Element of Ct−Δt



	Ct−Δt
	Set of combination of Ai,t−Δt when Oi,t−Δt is non-zero for all i



	e
	Element of Et−Δt



	Et−Δt
	Set of NLFEt



	FNLt
	Forecast net load at time t



	i
	Index of generating unit



	I
	Set of generating unit



	LOLPt
	Loss of load probability at time t



	NLFEt
	Random variable representing net load forecast error at time t



	Oi,t
	Value representing whether unit i is on-line at time t



	OCs,t
	Outage capacity of failure scenario s at time t



	Pi,t 
	Generation output of unit i at time t



	Pmax,i
	Maximum generation level of unit i



	Prob(·)
	Probability in the brackets.



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



	RCRt
	Ramping capability requirement at time t



	rri
	Ramp rate of unit i



	RSPt
	Ramping capability shortage probability at time t



	s
	Index of failure scenario



	SRCt
	System ramping capability at time t



	t
	Index of time



	Δt
	Minimum time interval between operating points








Appendix A. ELCC Calculation for the Example in Section 3


Appendix A.1. Calculation Procedure of ELCC


Step 1: Calculate the LOLE for the system before the unit is added.



Step 2: Change the net load and calculate the LOLE with changes in the net load.



Step 3: Add a new unit into the system. Change the net load, while keeping all other data fixed, and calculate the LOLE.



Step 4: The difference between the net load level at the LOLE criterion in Step 2 and that in Step 3 is ELCC.




Appendix A.2. ELCC for the Example


Step 1: Based on the Markov chain-based capacity state model, the failure probabilities of all units are calculated as    3.3773 ×   10   − 4      at 0 h,    3 . 3203 ×   10   − 4      at 1 h, and    3 . 3773 ×   10   − 4      at 2 h. The outage probabilities for different failure cases are presented in Table A1. For example, the probability that all units are available at 0 h is calculated as       (  1 − 3 . 3773 ×   10   − 4    )   3  = 9989 . 8715 ×   10   − 4     . The LOLPt is the sum of the probabilities that outage capacity is non-zero at time t, and it is represented by:


   L O L  P t  =   ∑  s   P r o b  (  O  C  s , t   > 0  )    



(A1)







The LOLP0 is equal to    3 . 8524 ×   10   − 11      because an outage event occurs only when the number of failed units is three; that is,


   L O L  P 0  =   ∑  s   P r o b  (  O  C  s , 0   > 0  )  = P r o b  (  O  C  3   f a i l e d   u n i t s   ,   0   = 50 > 0  )  = 3.8524 ×   10   − 11     



(A2)







A LOLE of    3 . 4219 ×   10   − 7      h/period is derived by adding all LOLPt. This value is also chosen as the LOLE criterion (For reference, the unit of LOLE, in principle, varies with the targeted period, which here corresponds to 3 h).
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Table A1. Outage probability of a system without Unit D.






Table A1. Outage probability of a system without Unit D.





	# of Failed Unit
	Avail. Capacity (MW)
	Outage Capacity at 0 h (MW)
	Outage Capacity at 1 h (MW)
	Outage Capacity at 2 h (MW)
	Prob. at 0 h & 2 h
	Prob. at 1 h





	0
	300
	0
	0
	0
	   9989 . 8715 ×   10   − 4     
	   9990 . 0424 ×   10   − 4     



	1
	200
	0
	0
	0
	   1 . 0125 ×   10   − 3     
	   9 . 9543 ×   10   − 4     



	2
	100
	0
	0
	50
	   3 . 4207 ×   10   − 7     
	   3 . 3062 ×   10   − 7     



	3
	0
	50
	50
	150
	   3 . 8524 ×   10   − 11     
	   3 . 6605 ×   10   − 11     








Step 2: The load level is varied within a range from 0% to 50% with a step size of 5%, and the LOLE for the load variances are then calculated, as shown in Table A2.
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Table A2. Loss of load expectation (LOLE) for load variances of system without Unit D.






Table A2. Loss of load expectation (LOLE) for load variances of system without Unit D.





	Load Variance (%)
	Load Level at 0 h/1 h/2 h (MW)
	LOLP0
	LOLP1
	LOLP2
	LOLE (=LOLP0 + LOLP1 + LOLP2) (h/period)





	0
	50/50/150
	   3 . 8524 ×   10   − 11     
	     3 . 6605 ×   10   − 11     
	   3 . 4212 ×   10   − 7     
	   3 . 4219 ×   10   − 7     



	5
	52.5/52.5/157.5
	   3 . 8524 ×   10   − 11     
	   3 . 3066 ×   10   − 7     
	   3 . 4212 ×   10   − 7     
	   3 . 4219 ×   10   − 7     



	10
	55/55/165
	   3 . 8524 ×   10   − 11     
	   3 . 3066 ×   10   − 7     
	   3 . 4212 ×   10   − 7     
	   3 . 4219 ×   10   − 7     



	15
	57.5/57.5/172.5
	   3 . 8524 ×   10   − 11     
	   3 . 3066 ×   10   − 7     
	   3 . 4212 ×   10   − 7     
	   3 . 4219 ×   10   − 7     



	20
	60/60/180
	   3 . 8524 ×   10   − 11     
	   3 . 3066 ×   10   − 7     
	   3 . 4212 ×   10   − 7     
	   3 . 4219 ×   10   − 7     



	25
	62.5/62.5/187.5
	   3 . 8524 ×   10   − 11     
	   3 . 3066 ×   10   − 7     
	   3 . 4212 ×   10   − 7     
	   3 . 4219 ×   10   − 7     



	30
	65/65/195
	   3 . 8524 ×   10   − 11     
	   3 . 3066 ×   10   − 7     
	   3 . 4212 ×   10   − 7     
	   3 . 4219 ×   10   − 7     



	35
	67.5/67.5/202.5
	   3 . 4212 ×   10   − 7     
	   3 . 3066 ×   10   − 7     
	   0 . 0010   
	   0 . 0010   



	40
	70/70/210
	   3 . 4212 ×   10   − 7     
	   3 . 3066 ×   10   − 7     
	   0 . 0010   
	   0 . 0010   



	45
	72.5/72.5/217.5
	   3 . 4212 ×   10   − 7     
	   3 . 3066 ×   10   − 7     
	   0 . 0010   
	   0 . 0010   



	50
	75/75/225
	   3 . 4212 ×   10   − 7     
	   3 . 3066 ×   10   − 7     
	   0 . 0010   
	   0 . 0010   








Step 3: Unit D is added to the system, and the outage probabilities for four generating units are obtained, as listed in Table A3. The LOLE for the load variances are also computed, as shown in Table A4.
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Table A3. Outage probability of a system with Unit D.






Table A3. Outage probability of a system with Unit D.





	# of Failed Unit
	Available Capacity (MW)
	Outage Capacity at 0 h (MW)
	Outage Capacity at 1 h (MW)
	Outage Capacity at 2 h (MW)
	Prob. at 0 h & 2 h
	Prob. at 1 h





	0
	400
	0
	0
	0
	   9986 . 4974 ×   10   − 4     
	   9986 . 7253 ×   10   − 4     



	1
	300
	0
	0
	0
	   3 . 3739 ×   10   − 4     
	   3 . 3170 ×   10   − 4     



	2
	200
	0
	0
	0
	   1 . 1399 ×   10   − 7     
	   1 . 1017 ×   10   − 7     



	3
	100
	0
	25
	100
	   3 . 8511 ×   10   − 11     
	   3 . 6593 ×   10   − 11     



	4
	0
	100
	125
	200
	   1 . 3011 ×   10   − 14     
	   1 . 2154 ×   10   − 14     
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Table A4. LOLE for load variances of a system with Unit D.






Table A4. LOLE for load variances of a system with Unit D.





	Load Variance (%)
	Load Level at 0 h/1 h/2 h (MW)
	LOLP0
	LOLP1
	LOLP2
	LOLE (=LOLP0 + LOLP1 + LOLP2) (h/period)





	0
	50/50/150
	   1 . 3011 ×   10   − 14     
	   1 . 2154 ×   10   − 14     
	   1 . 5406 ×   10   − 10     
	   1 . 5408 ×   10   − 10     



	5
	52.5/52.5/157.5
	   1 . 3011 ×   10   − 14     
	   1 . 2154 ×   10   − 14     
	   1 . 5406 ×   10   − 10     
	   1 . 5408 ×   10   − 10     



	10
	55/55/165
	   1 . 3011 ×   10   − 14     
	   1 . 2154 ×   10   − 14     
	   1 . 5406 ×   10   − 10     
	   1 . 5408 ×   10   − 10     



	15
	57.5/57.5/172.5
	   1 . 3011 ×   10   − 14     
	   1 . 2154 ×   10   − 14     
	   1 . 5406 ×   10   − 10     
	   1 . 5408 ×   10   − 10     



	20
	60/60/180
	   1 . 3011 ×   10   − 14     
	   1 . 2154 ×   10   − 14     
	   1 . 5406 ×   10   − 10     
	   1 . 5408 ×   10   − 10     



	25
	62.5/62.5/187.5
	   1 . 3011 ×   10   − 14     
	   1 . 2154 ×   10   − 14     
	   1 . 5406 ×   10   − 10     
	   1 . 5408 ×   10   − 10     



	30
	65/65/195
	   1 . 3011 ×   10   − 14     
	   1 . 2154 ×   10   − 14     
	   1 . 5406 ×   10   − 10     
	   1 . 5408 ×   10   − 10     



	35
	67.5/67.5/202.5
	   1 . 3011 ×   10   − 14     
	   1 . 2154 ×   10   − 14     
	   6 . 8408 ×   10   − 7     
	   6 . 8408 ×   10   − 7     



	40
	70/70/210
	   1 . 3011 ×   10   − 14     
	   1 . 2154 ×   10   − 14     
	   6 . 8408 ×   10   − 7     
	   6 . 8408 ×   10   − 7     



	45
	72.5/72.5/217.5
	   1 . 3011 ×   10   − 14     
	   1 . 2154 ×   10   − 14     
	   6 . 8408 ×   10   − 7     
	   6 . 8408 ×   10   − 7     



	50
	75/75/225
	   1 . 3011 ×   10   − 14     
	   1 . 2154 ×   10   − 14     
	   6 . 8408 ×   10   − 7     
	   6 . 8408 ×   10   − 7     








Step 4: The LOLE begins to exceed the LOLE criterion when the load variance is 35%. In order to find a point coinciding with the LOLE criterion, the load variances are increased by 1% in each step from 30% to 35%, and the corresponding LOLE are derived. The changing point occurs when the load variance is 34%; thus, in this example, the ELCC is equal to the peak load multiplied by 33%; that is, 49.5 MW.





Appendix B. Failure and Repair Rates in Case Study
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Table A5. Failure and repair rates of 26 generating units.






Table A5. 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. Result of generation schedule. 






Figure 1. Result of generation schedule.



[image: Energies 10 01221 g001]







[image: Energies 10 01221 g002 550] 





Figure 2. A case of load-shedding. 
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Figure 3. Forecasted net load profile. 
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Figure 4. RSE before and after adding a 400-MW unit. 
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Figure 5. RSE before and after adding a 100-MW unit. 
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Figure 6. Installed capacities of each type unit for every year. 
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Table 1. Load-shedding result and consequential RSPt (Y: Yes, N: No).






Table 1. Load-shedding result and consequential RSPt (Y: Yes, N: No).





	
Failure Cases

	
Load Shedding or not at 1 h/2 h

	
Prob. at 0 h

	
Prob. at 1 h






	
-

	
N/N

	
   9989.8715 ×   10   − 4     

	
   9990.0042 ×   10   − 4     




	
A

	
N/Y

	
   3.3751 ×   10   − 4     

	
   3.3181 ×   10   − 4     




	
B

	
N/Y

	
   3.3751 ×   10   − 4     

	
   3.3181 ×   10   − 4     




	
C

	
N/N

	
   3.3751 ×   10   − 4     

	
   3.3181 ×   10   − 4     




	
A&B

	
N/Y

	
   1.1403 ×   10   − 7     

	
   1.1021 ×   10   − 7     




	
A&C

	
N/Y

	
   1.1403 ×   10   − 7     

	
   1.1021 ×   10   − 7     




	
B&C

	
N/Y

	
   1.1403 ×   10   − 7     

	
   1.1021 ×   10   − 7     




	
A&B&C

	
Y/Y

	
   3.8524 ×   10   − 11     

	
   3.6605 ×   10   − 11     




	
-

	
RSP1:    3.8524 ×   10   − 11     

	
RSP2:    6 . 6395 ×   10   − 4     
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Table 2. Ramping capability shortage expectation (RSE) for load variances of system without Unit D.






Table 2. Ramping capability shortage expectation (RSE) for load variances of system without Unit D.





	Load Variance (%)
	RSP1
	RSP2
	RSE (=RSP1 + RSP2) (h/period)





	0
	   3 . 8524 ×   10   − 11     
	   6 . 6395 ×   10   − 4     
	   6.6395 ×   10   − 4     



	5
	   1 . 1406 ×   10   − 7     
	   9 . 9576 ×   10   − 4     
	   9 . 9588 ×   10   − 4     



	10
	   1 . 1406 ×   10   − 7     
	   9 . 9576 ×   10   − 4     
	   9 . 9588 ×   10   − 4     



	15
	   1 . 1406 ×   10   − 7     
	   9 . 9576 ×   10   − 4     
	   9 . 9588 ×   10   − 4     



	20
	   1 . 1406 ×   10   − 7     
	   9 . 9576 ×   10   − 4     
	   9 . 9588 ×   10   − 4     



	25
	   1 . 1406 ×   10   − 7     
	   9 . 9576 ×   10   − 4     
	   9 . 9588 ×   10   − 4     



	30
	   1 . 1406 ×   10   − 7     
	   9 . 9576 ×   10   − 4     
	   9 . 9588 ×   10   − 4     



	35
	   1 . 1406 ×   10   − 7     
	   9 . 9576 ×   10   − 4     
	   9 . 9588 ×   10   − 4     



	40
	   1 . 1406 ×   10   − 7     
	   9 . 9576 ×   10   − 4     
	   9 . 9588 ×   10   − 4     



	45
	   1 . 1406 ×   10   − 7     
	   9 . 9576 ×   10   − 4     
	   9 . 9588 ×   10   − 4     



	50
	   1 . 1406 ×   10   − 7     
	   9 . 9576 ×   10   − 4     
	   9 . 9588 ×   10   − 4     
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Table 3. RSE for load variances of system with Unit D.






Table 3. RSE for load variances of system with Unit D.





	Load Variance (%)
	RSP1
	RSP2
	RSE (=RSP1 + RSP2) (h/period)





	0
	   3 . 8524 ×   10   − 11     
	   5 . 5101 ×   10   − 7     
	   5.5104 ×   10   − 7     



	5
	   3 . 8524 ×   10   − 11     
	   5 . 5101 ×   10   − 7     
	   5.5104 ×   10   − 7     



	10
	   7 . 7034 ×   10   − 11     
	   6 . 6118 ×   10   − 7     
	   6.6125 ×   10   − 7     



	15
	   7 . 7034 ×   10   − 11     
	   6 . 6118 ×   10   − 7     
	   6.6125 ×   10   − 7     



	20
	   7 . 7034 ×   10   − 11     
	   6 . 6406 ×   10   − 4     
	   6 . 6406 ×   10   − 4     



	25
	   7 . 7034 ×   10   − 11     
	   6 . 6406 ×   10   − 4     
	   6 . 6406 ×   10   − 4     



	30
	   7 . 7034 ×   10   − 11     
	   6 . 6406 ×   10   − 4     
	   6 . 6406 ×   10   − 4     



	35
	   7 . 7034 ×   10   − 11     
	   6 . 6406 ×   10   − 4     
	   6 . 6406 ×   10   − 4     



	40
	   7 . 7034 ×   10   − 11     
	   6 . 6406 ×   10   − 4     
	   6 . 6406 ×   10   − 4     



	45
	   7 . 7034 ×   10   − 11     
	   9 . 9576 ×   10   − 4     
	   9 . 9576 ×   10   − 4     



	50
	   7 . 7034 ×   10   − 11     
	   9 . 9576 ×   10   − 4     
	   9 . 9576 ×   10   − 4     
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Table 4. Load growth scenario.






Table 4. Load growth scenario.





	Year
	Peak Load (MW)
	Load Growth (MW)





	0
	2531
	-



	1
	2708.025
	177



	2
	2897.587
	190



	3
	3100.418
	203



	4
	3317.447
	217



	5
	3549.668
	232
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Table 5. Four types of generating unit for generation expansion planning (GEP).






Table 5. Four types of generating unit for generation expansion planning (GEP).





	Unit Type
	Rating (MW)
	Priority in Merit Order
	Ramp Rate (% of rating/h)





	A
	0–400
	High
	100



	B
	0–400
	High
	80



	C
	0–400
	Low
	100



	D
	0–400
	Low
	80
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Table 6. Total installed capacity of four types of unit.






Table 6. Total installed capacity of four types of unit.





	Unit Type
	A
	B
	C
	D





	Total installed capacity (MW)
	1111
	1111
	1083
	1233











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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