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Abstract

:

According to the global de-carbonization trends, renewable energy integration has become an increasingly important issue in power systems. To achieve 100% renewable energy integration and operate a system with these resources, it is necessary to appropriately evaluate the system hosting capability and prepare appropriate planning and operation strategies using the evaluation result. So far, these interests have focused particularly on distribution-level systems. However, although the hosting limit in transmission-level systems requires further consideration, previous study is limited. This study introduces the constraints on the transmission-level hosting limit. In addition, a stochastic estimation of the hosting limit methodology in the transmission system and the use of a high voltage direct current system to improve hosting capacity are proposed and evaluated. Moreover, these methodology-based simulations are conducted using possible scenarios on the IEEE 39 bus system with some constraints, and the simulation results are presented herein. The results showed that the HVDC location selection and operation using the proposed method and optimization technique is appropriate. The strategy can be used to integrate more renewable energy. Furthermore, the proposed methodology can be applied to renewable energy integration scenario establishing a plan.






Keywords:


hosting capacity; renewable energy integration; transmission system; stochastic analysis; HVDC system; operating strategy; power system planning












1. Introduction


Due to the climate crisis, energy issues are emerging, and in response, our power grids are rapidly changing from fossil fuel generation-based to eco-friendly renewable energy-based systems. To integrate more renewable generation and achieve carbon neutrality, policies have been developed to accelerate this transition [1]. In addition, as the final consumption of energy is electrified, the total demand and power generation in the grids increase steadily [2]. Concerns related to grid stability and reliability deterioration are emerging owing to the variability and uncertainty of distributed energy resources (DERs) because many fossil fuel-based synchronous generators are decommissioning.



Several impacts of these variable DERs on the grid stability and reliability have been presented [3]. When these DERs are integrated in small amounts into the grid, the effects on stability and reliability are insignificant. However, if the penetration capacity gradually increases and reaches a certain penetration level, the negative effects of the integration also increase. As a result, the resultant grid stability and reliability could deteriorate. For example, it may lead to serious voltage swell or sag, harmonics, resonance, and thermal overloading of network components, and introduce protection scheme malfunctioning [4,5]. Many studies have been conducted to cope with the effects of DER integration on the system. A study on optimal distribution system planning considering the uncertainty of solar power output by climate conditions was conducted [6]. In response to the continuously changing solar output, a study was conducted to improve the voltage-related stability for each load level considering the energy storage [7]. Moreover, numerous studies continue to address these problems, with several studies using a probabilistic method to evaluate the volatility and uncertainty. The generation output characteristics of solar energy, which depend on the locational property, were evaluated using a stochastic approach [8]. The generation output characteristics of wind energy were analyzed using probabilistic load flow modeling [9]. Moreover, to respond appropriately to these negative effects, the importance of accuracy for generation forecasts has increased. By utilizing these prediction results, a power generation schedule and reserve plans have been properly established to prevent unforeseen situations, such as demand and supply imbalance and under-frequency load shedding (UFLS), in worst-case power outages [10].



While efforts are being made to solve these problems through analytical approaches, operational and planning strategies have also been developed. These efforts include establishing a flexible operating strategy, limiting the output of DERs, and introducing special facilities, such as flexible AC transmission system (FACTS), high voltage direct current (HVDC), energy storage system (ESS), to reinforce the system [11,12,13,14]. Moreover, newly constructed renewable energy facilities may be concentrated in specific areas because of public acceptance related to location restrictions and issues of available natural energy sources. In this case, HVDC can be an effective solution for integrating and transmitting the generation from large-scale renewable energy resources, such as photovoltaic (PV) and offshore wind farms, to demand areas [15,16].



Many studies have been conducted on the hosting capacity of distribution systems through stochastic methods [17,18,19]. However, there is limited research on transmission systems. The hosting limit estimation of the transmission system has been carried out, and the dynamic characteristics of DERs, reactive power support related to voltage problems, and detailed load model have been analyzed [20]. This shows that the hosting limit of the entire system is highly dependent on these consideration options.



In addition to the considered options of the distribution system in the renewable energy integration, some factors such as generator decommissioning, re-dispatch, operational reserves, inertia, or frequency, need to be considered in the transmission system hosting limit based on the grid code.



Therefore, this study, proposes a method that evaluates hosting capacity in a transmission system, extended from that in the distribution system with considered options of what has been mainly performed in the distribution system to the transmission system evaluation, by reflecting the matters to be considered in the large-scale transmission system. In this way, the proposed method not only considers the probabilistic characteristics of DERs but also suggests an optimization problem of where to install the HVDC system by the implementation of large-scale renewable energy and which operational strategy should be taken. Different optimization problems were applied to the calculation of the installation location and operating point of HVDC, and the power flow sensitivity analysis was utilized in this process.



In the simulations, the simulations were performed in various scenarios. e.g., a change in generation system that occurs as penetration level increases, the large DERs integration, which is concentrated on a specific region because the hosting limit is highly scenario dependent. This study can help operators to evaluate the hosting capability of the current transmission system and to establish an effective transmission expansion plan that could maximize the hosting limit.



The remainder of this paper is organized as follows. Section 2 introduces the stochastic approaches of DERs, their utilization to estimate the hosting limit of the system, and sensitivity knowledge for the proposed method is introduced. Moreover, a method to evaluate the hosting limit of the transmission system and a method to find the optimal operating point and construction points to improve the hosting capacity are introduced. In Section 3, the simulation scenarios description and results are presented with discussion on the IEEE 39 bus test system. Finally, in Section 4, the conclusions of this study and future works are presented.




2. Background Knowledge


2.1. Stochastic Modeling of DER Generation


Renewable energy-based DERs exhibit characteristics, such as variability and uncertainty; therefore, a stochastic approach is required to describe the generation output of these resources. For example, the PV output characteristics can be described by the beta distribution function in Equation (1) [8].


   f x   (  x , α , β  )  =   Γ  (  α + β  )    Γ  ( α )  Γ  ( β )     x  α − 1      (  1 − x  )    β − 1      



(1)




where  α  and  β  > 0 are parameters of the beta distribution. In this study, we have adopted this probability density function (PDF) as the generation output of the DERs with the parameters   α = 2   and   β = 1.5  .




2.2. Probabilistic Hosting Capacity


Hosting capacity refers to the possible maximum penetration capacity of DERs that a renewable energy resource can accommodate in a grid without any serious negative phenomenon and operate satisfactorily [21]. If the penetration capacity of DERs gradually increases and the penetration reaches a certain level, reliability violation occurs, and the total penetration capacity at that time can be chosen as the hosting limit. Even under the same operating conditions, the estimated hosting capacity may vary depending on the selected criteria for determining the hosting limit. The possible criteria include the following [22]:




	
Voltage and current limit;



	
Equipment thermal overloading;



	
Protection scheme malfunctioning.








There are additional criteria for the transmission system cases. As the output of the DERs fluctuates, the scheduling of the generator changes, and the reserve needs to be dealt with dynamically [23]. In addition, the allowable range of the voltage or current may be different from the grid code according to each voltage level. In the Ireland system operator, EirGrid, the proportion of the DER generation was managed using an indicator called system nonsynchronous penetration [24]. Some of the criteria include:




	
Supply and demand balance;



	
Frequency and transient stability;



	
Adequate reserve procurement.








Further, if the deterministic approach is chosen, instead of the probabilistic hosting capacity, the smallest amount among the determined capacities based on each criterion is the hosting capacity of the system. This is illustrated in Figure 1. In this case, the hosting capacity (HC) number 1 is the hosting limit. In contrast, if the probabilistic approach is chosen, the result is also accepted probabilistically; moreover, when operating near the point with the highest probability, it is operated with a most likely to violate criteria and is called the average probabilistic hosting capacity. In addition, it is possible to obtain the cumulative distribution function (CDF) of the results for operating decision-making.




2.3. Sensitivity Approach on HVDC Allocation and Operation


In general, HVDC operates to deliver quantities determined by market operations. However, it is necessary to ensure flexible operation, such as increasing the utilization rate of the surrounding lines by fully utilizing the power flow control ability compared to the alternating current (AC) line of the HVDC line. Moreover, various attempts have been made to reduce the adverse effects of the fixed operating point of the HVDC. The improvement in the stability is discussed through the control that emulates the AC line by focusing on the transient stability [25]. To determine the operating point to increase the limitations determined by the above approaches, we proposed a methodology using a sensitivity-based approach called power transfer distribution factors (PTDFs) for transmission expansion and operation using HVDC. This sensitivity analysis was conducted based on the DC power flow, topology, and some assumptions as follows; more details can be found in [26].



	•

	
Transmission line conductance  G  is negligible (reactance X is larger than resistance R)


   G  l , k   = 0   ( X > > R )  



(2)











	•

	
The system operated ideally in the bus i voltage    V i    aspect


   |   V i   |  = 1   p . u .  



(3)











	•

	
Voltage angle differences between adjacent buses l and k are small (linearization)


  sin (  δ l  −  δ k  )   ≈      δ l  −  δ k     



(4)






  cos  (   δ l  −  δ k   )    ≈   1  



(5)











Based on the above assumptions, the sensitivity analysis can be conducted as follows:


   f  l , k   =  (   δ l  −  δ k   )     B  l , k      



(6)






  Δ δ =  B  − 1   Δ P    



(7)






   ψ  l , k  i  =  B  l , k      (  Δ  δ l  −    Δ   δ k   )     



(8)






  Δ  f  l , k   =  ψ  l , k  i    Δ  P i     



(9)




where    δ l    is the angle of bus l,    f  l , k     is the branch flow from buses l to k,    B  l , k     is the susceptance of the transmission line from buses l to k, and    ψ  l , k  i    is the PTDF when power injected into the bus i. These DC PTDFs can be calculated from the system impedance matrix (i.e., based on the system topology). Figure 2 shows the sensitivity analysis results for each injection case in the test system used in this study.



However, this has the disadvantage of accuracy owing to the above DC power flow assumptions. For simplicity and fast calculation in this study, this sensitivity analysis was adopted instead of AC PTDF through a Jacobian matrix with the additional assumption that voltage and reactive power problems are solved by themselves within each area. By using these sensitivity factors and determining the target integration and buses for new DER integration points, it is possible to evaluate the effect of these new generations on the transmission system. In this situation, an allocation candidate was selected by solving the optimization problem by comprehensively considering the target integration amount, connection points, capacity of the planned HVDC, average loading statistics of the current system, and impact on the power generation scheme. The results of the sensitivity analysis of the test system and a feasibility study result for this sensitivity are also included in the Appendix A.



In addition, the optimization method utilizes a mixed-integer non-linear programming (MINLP) method for determining location and mixed-integer linear programming (MILP) for finding operating point based on the linearity of the sensitivity. It is also possible to use a fast optimization method, such as the internal point method, for the real-time operation to dispatch the HVDC operating points. The process of solving this optimization problem is illustrated in Figure 3. The input data include all the information needed for this proposed method. As the DERs penetration level increases, estimated line loading is calculated based on expression as follow:


   f  l , k    (  e s t i m a t e d  )    =   ∑  1 n  (   D E  R i   ψ  l , k  i  ) + G e n e r a t i o n   E f f e c t + A v e r a g e   L o a d i n g     l , k      



(10)




where    f  l , k    (  e s t i m a t e d  )      is the resultant branch flow of the expected DER penetration at bus i,   D E  R i   . It reflects the effect of the generator change owing to the penetrated capacity,   G e n e r a t i o n   E f f e c t ,   and the average load of branch between bus l and k,   A v e r a g e   L o a d i n g     l , k   ,   on the existing lines, as well as the effect of the DERs. The final goal of this optimization process is to increase the acceptable capacity of the DERs. To this end, HVDC power flow controllability was used to search for an optimal location to lower the overload rate and increase the utilization rate of the lines. The problem was configured as a minimax problem. It involves finding an optimization point that minimizes the maximum overload rate among the lines, which can be expressed as follows:


  M I N    [    M A X    (   f  l , k    (  F u t u r e  )     )   ]  ,  f  l , k    (  F u t u r e  )    =  f  l , k    (  e s t i m a t e d  )    +   ∑  1 n   Y i   X i   ψ  l , k  i   



(11)






   s . t    P  g e n   +  P  D E R s   =  P  L o a d   +  P  L o s s   ,          ∑  1 n   X i  = 0 ,     ∑  1 n   Y i  = N u m b e r   o f   S t a t i o n s ,     |   X i   |    ≤ H V D C   S t a t i o n   R a t i n g   o f   i   ,    0   ≤    Y i    ≤ 1   



(12)




where    f  l , k    (  F u t u r e  )      is the result of the HVDC operation effect on the branch flows.    Y i    is a binary variable indicating when a converter station exists at bus i, and    X i    is the operating point of this station. Each of    P  g e n   ,    P  D E R s   ,    P  L o a d   ,    and     P  L o s s     represents the total real power of synchronous generators, DERs, loads, and losses. When this problem is solved, the position of the converter is determined. Based on this position, a DER input simulation was performed, and the proposed methodology of the hosting limit evaluation procedure was conducted assuming that the installed HVDC operates through an optimal operating (OP) strategy to decrease the maximum overload rate of the lines. During this process, the DER penetration was used to predict future power flow based on the assumption that the power generation is directly proportional to the amount of the installed capacity.




2.4. Test System and Scenarios


The proposed methodology was simulated in the modified IEEE 39 bus test system illustrated in Figure 4 [27]. In this figure, regions can be seen to be divided to implement region-intensive integration scenarios.



In the base case, no line reinforcement was performed, and in the point-to-point (P2P) HVDC reinforcement case, HVDC was installed on buses 6 and 19, which are the locations searched for by the above process. Finally, the HVDC system was expanded to a multi-station case in which the multi-terminal HVDC system (MTDC) was implemented on buses 6, 19, and 26.



In addition, the simulation of the base case was performed for two scenarios in which the existing synchronous generator was converted to a synchronous condenser instead of retirement to evaluate the effect on the hosting limit due to the lack of reactive power from the retirement of the existing synchronous generator by the gradual integration of DERs. Experiments were performed for all scenarios using the proposed method via Monte Carlo-based simulations.





3. Results and Discussion


In this section, the hosting limit was obtained probabilistically by applying the proposed method to each case. The cases include the base case, keeping the synchronous generator as a synchronous condenser case, concentrating the DER input only in a specific area case, reinforced with a P2P case, and an overlay case. The simulations were conducted using Power System Simulator for Engineering (PSS®E). In all cases, the assumed order in which the generator is turned off was that the generator at bus 30 is turned off first, then that at bus 32, then bus 33 … and finally, at bus 39; the slack bus was selected as the generator at bus 31. In the implementation process, when the line overload reached 100% or the voltage violation rate exceeded 10%, the point was determined as the limit.



As the purpose of the simulation was to determine the distribution of the hosting capacity limit, the number of iterations was determined 1000 times for each case. For the reinforced case, 3000 times were performed to better present the results. Although more precise results can be obtained above this number of iterations, no significant change in the distribution or probability of the capacity were recorded; therefore, this number of iterations was sufficient to obtain the desired limiting capacity range. In this simulation, whenever the unit input capacity of the DERs proceeds, it was divided for the capacity proportional to the short circuit level (SCL) of each bus, and the power generation for this capacity was applied based on the probabilistic DER modeling in Section 2.1. This method of the DER integration logic is based on the integrated process considering short circuit ratio (SCR) when linking DC facilities because renewable energy uses an interface based on power electronics. Concerning the reinforcement case, the lack of reactive power supply acts as a large acceptance limit factor, hence the P2P case and the abovementioned three-terminal MTDC case show similar hosting capacity limit values. Therefore, to show the effect of location selection using the proposed method, the comparison of the line utilization rate when the hosting capacity is reached in each case is also shown. From this result, it is suggested that as the number of stations increases, the degree of freedom in the power flow control selection increases, and thus, the effect of increasing the line utilization rate can be increased. Therefore, the overall flexibility of the system is increased.



3.1. Base Case Simulation Results


Simulation results for the two cases of synchronous generators in base environment without any reinforcement are shown in Figure 5.



Unlike the base case, where the synchronous generator is simply de-committed as the penalty of the DER increases, the hosting capacity limit is increased when it is maintained as a synchronous condenser without being turned off. This is a result of the relaxation of the restrictions imposed by the voltage violation, while the synchronous condenser supports the reactive power. In the same vein, it can be inferred that more distributed power can be accommodated when the DERs that are integrated do not operate with a unity power factor but a support reactive power. The red histogram shows the number of times the result for each capacity appears, and the blue curve represents the PDF for the hosting capacity.




3.2. Regional Intensive Integration Case Simulation Results


Simulation results for the three regional intensive integration cases in base environment without any reinforcement are shown in Figure 6.



The above simulation results measured the hosting capacity by placing the DERs in each region, as the regions were divided in the test system illustrated in Figure 4. It can be seen from the above results that when new DERs are mainly placed in Area 1, more DERs can be accommodated, and the reinforcement of Areas 2 and 3 is more effective in increasing the overall capacity of the system. In addition, it is important to accommodate a large number of DERs using each area adequately because a larger amount can be integrated when the usable areas are properly arranged.




3.3. Reinforced Case Simulation Results


Figure 7 shows that in the reinforcement case, the P2P and overlay cases show a probabilistic hosting capacity with a very similar result distribution. This means that there is a limit to increasing the hosting capacity of the system only with the power flow controllability advantage of the HVDC. In other words, the absence of reactive power sources is the biggest limiting factor. Therefore, to increase the hosting capacity through the flexible operation of the power flow, an appropriate local-level reactive power supply must be accompanied. Moreover, the process of finding the location of multi-station case using the method presented in Figure 8 can improve the average line utilization rate.



Figure 8 shows the probabilistic distribution diagram of the maximum loading among the branches when the hosting limit is reached for each reinforcement case. Although there was no significant difference in the hosting capacity, the loading was low in the case determined by the proposed operation method and location search method for the multi-station case. This means that in the case of a multi-station, the degree of freedom of selection is increased. As the power flow controllability is improved, the loading of overall existing lines is also improved.



Compared to the existing research methods, the proposed methodology not only carried out the transmission level hosting limit evaluation, which was mainly conducted only in the distributions system [17,18,19] but also considered the peculiarities of only the large-scale transmission network [20], e.g., generation system aspect. This method has the advantage of convenience being applicable to various scenarios. This study also shows that the HVDC-related strategy through an optimization problem is applicable to the proposed strategy and the simulation results confirmed that the strategy is effective in increasing the hosting capacity improvement. Moreover, it can be utilized in multi-station HVDC plans that will become dominant in future power grids.





4. Conclusions


In this paper, a method for estimating the overall large-scale transmission system hosting capacity using probabilistic approaches has been developed. Furthermore, a hosting limit improving method using an HVDC system and optimization technique has also been developed. The simulation results of several scenarios have been presented, and the results validated the proposed methods. Additionally, the results of proposed hosting limit evaluation showed improved performance by reflecting the characteristics to be considered in the transmission system, such as change in the power generation system, including the case for the entire system, beyond the estimation of the hosting capacity, which was limited within the distribution system. In addition, an optimal location search method for HVDC to improve the probabilistic hosting capacity estimated through this method was presented, and the simulation results for the cases of the P2P and multiple stations were shown. Compared to the base case, hosting capacity can be increased by about 30% when the HVDC system is optimally operated. When using more stations, it was confirmed that the loading problem was free compared to P2P case.



From these results, the proposed operation strategy could effectively increase the hosting capacity of the entire system, and through regional integration scenarios, it was possible to determine the strategy for reinforcing the transmission system or integrate new DERs to increase the capacity. Furthermore, by introducing additional constraints, such as critical inertia and reserve management, constraints could be included in the proposed methodology to estimate the hosting capacity reflecting dynamic evaluation. Section 3 allows us to draw the conclusion that to maximize the improvement of power flow controllability, the support of reactive power must be accompanied. Future work will focus on the reactive power aspect to strengthen the methodology, and conduct research on the adverse effects of introducing large-scale renewable energy on large-power system dynamic characteristics, e.g., the flexible operation of large-scale offshore wind farm MTDC systems for improving hosting capacity.
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Appendix A


In this section, the results of the validity of the sensitivity-based analysis used in the proposed methodology are presented. The results of the analysis of the change in power flow in the system branches due to the change in the operating point of the P2P HVDC case are presented in Table A1 and Figure A1.



Table A1 presents the information on the reactance of all lines, including the two-winding transformer and the sensitivity analysis results for the change in the operating point with a positive sign when a unit MW injection occurred. The P2P stations are located on buses 6 and 19. Here, the reactance value is P.U.-based, and the sensitivity is in MW. Table A2 lists the power generation and load in the system.



Figure A1 shows that compared to the base case, the theoretical value and the line load during actual HVDC operation are consistent. In addition, Figure A2 shows the change in the reactive power flow owing to the change in the HVDC operating point. Based on this result, the voltage is changed when the HVDC operating is changed for line loading control, and the flow of the reactive power is changed to solve the voltage variation. To alleviate the adverse effect on the line loading from this varying reactive power flow, the voltage-related problem could be solved at the regional scale. Thus, the effectiveness of the proposed operational strategy can improve the performance. These results are also valid for the number of increased multi-terminal station cases.
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Table A1. Sensitivity Analysis Results.






Table A1. Sensitivity Analysis Results.















	Branch Index

(l, k)
	Reactance and

Sensitivity
	Branch Index

(l, k)
	Reactance and

Sensitivity
	Branch Index

(l, k)
	Reactance and

Sensitivity
	Branch Index

(l, k)
	Reactance and Sensitivity





	1

(1, 2)
	0.0411

−0.10836
	13

(6, 11)
	0.0082

−0.38154
	25

(15, 16)
	0.0094

−0.54407
	37

(22, 35, Tr)
	0.0143

0



	2

(1, 39)
	0.025

0.10836
	14

(6, 31, Tr)
	0.025

0
	26

(16, 17)
	0.0089

0.45593
	38

(23, 24)
	0.035

0



	3

(2, 3)
	0.0151

−0.0039
	15

(7, 8)
	0.0046

−0.10223
	27

(16, 19)
	0.0195

−1
	39

(23, 36, Tr)
	0.0272

0



	4

(2, 25)
	0.0086

−0.10446
	16

(8, 9)
	0.0363

−0.10836
	28

(16, 21)
	0.0135

0
	40

(25, 26)
	0.0323

−0.10446



	5

(2, 30, Tr)
	0.0181

0
	17

(9, 39)
	0.025

−0.10836
	29

(16, 24)
	0.0059

0
	41

(25, 37, Tr)
	0.0232

0



	6

(3, 4)
	0.02129

0.34757
	18

(10, 11)
	0.0043

0.34722
	30

(17, 18)
	0.0082

0.35146
	42

(26, 27)
	0.0147

−0.10446



	7

(3, 18)
	0.0133

−0.35146
	19

(10, 13)
	0.0043

−0.34722
	31

(17, 27)
	0.0173

0.10446
	43

(26, 28)
	0.0474

0



	8

(4, 5)
	0.0128

0.5101
	20

(10, 32, Tr)
	0.0

20
	32

(19, 20)
	0.0138

0
	44

(26, 29)
	0.0625

0



	9

(4, 14)
	0.0129

−0.16254
	21

(11, 12, Tr)
	0.0435

−0.03432
	33

(19, 33, Tr)
	0.0142

0
	45

(28, 29)
	0.0151

0



	10

(5, 6)
	0.0026

0.51623
	22

(12, 13, Tr)
	0.0435

−0.03432
	34

(20, 34, Tr)
	0.018

0
	46

(29, 38, Tr)
	0.0156

0



	11

(5, 8)
	0.0112

−0.00613
	23

(13, 14)
	0.0101

−0.38154
	35

(21, 22)
	0.014

0
	
	



	12

(6, 7)
	0.0092

−0.10223
	24

(14, 15)
	0.0217

−0.54407
	36

(22, 23)
	0.0096

0
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Figure A1. Sensitivity-based analysis and measured MW flow data comparison. 
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Figure A2. Sensitivity-based analysis and measured MVAR flow data comparison. 
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Table A2. Test System Data.






Table A2. Test System Data.

















	BUS
	P Gen
	P Load
	Q Gen
	Q Load
	Bus
	P Gen
	P Load
	Q Gen
	Q Load





	1
	
	97.6000
	
	44.2000
	21
	
	274.0000
	
	115.0000



	2
	
	0.0000
	
	0.0000
	22
	
	0.0000
	
	0.0000



	3
	
	322.0000
	
	2.4000
	23
	
	247.5000
	
	84.6000



	4
	
	500.0000
	
	184.0000
	24
	
	308.6000
	
	−92.2000



	5
	
	0.0000
	
	0.0000
	25
	
	224.0000
	
	47.2000



	6
	
	0.0000
	
	0.0000
	26
	
	139.0000
	
	17.0000



	7
	
	233.8000
	
	84.0000
	27
	
	281.0000
	
	75.5000



	8
	
	522.0000
	
	176.6000
	28
	
	206.0000
	
	27.6000



	9
	
	6.5000
	
	−66.6000
	29
	
	283.5000
	
	26.9000



	10
	
	0.0000
	
	0.0000
	30
	250.0000
	0.0000
	232.4171
	0.0000



	11
	
	0.0000
	
	0.0000
	31
	681.4871
	9.2000
	252.9522
	4.6000



	12
	
	8.5300
	
	88.0000
	32
	650.0000
	0.0000
	246.5658
	0.0000



	13
	
	0.0000
	
	0.0000
	33
	632.0000
	0.0000
	250.0000
	0.0000



	14
	
	0.0000
	
	0.0000
	34
	508.0000
	0.0000
	167.0000
	0.0000



	15
	
	320.0000
	
	153.0000
	35
	650.0000
	0.0000
	285.7561
	0.0000



	16
	
	329.0000
	
	32.3000
	36
	560.0000
	0.0000
	142.7507
	0.0000



	17
	
	0.0000
	
	0.0000
	37
	540.0000
	0.0000
	69.8833
	0.0000



	18
	
	158.0000
	
	30.0000
	38
	830.0000
	0.0000
	141.7562
	0.0000



	19
	
	0.0000
	
	0.0000
	39
	1000.0000
	1104.0000
	111.8836
	250.0000



	20
	
	680.0000
	
	103.0000
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Figure 1. Concept of deterministic and probabilistic hosting capacity. 
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Figure 2. Sensitivity analysis result of test system. 
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Figure 3. Proposed methodology conduct procedure. 
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Figure 4. Modified IEEE 39 bus test system. 
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Figure 5. Results of base case simulations: (a) No – synch condensers; (b) Synch condensers. 
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Figure 6. Results of simulations of intensive input in each region: (a) Area 1 case; (b) Area 2 case; (c) Area 3 case. 
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Figure 7. Simulation results of reinforced case: (a) P2P case; (b) Three-station case. 
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Figure 8. Results of maximum loading when hosting limits are reached: (a) P2P case; (b) Three-station case. 
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