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METHODES D'EVALUATION DETERMINISTE ET PROBABILISTE POUR LE DEVELOPPEMENT DU RESEAU DE TRANSPORT: APERCU DES EXIGENCES D'UNE METHODE PROBABILISTE DETERMINISTIC AND PROBABILISTIC TRANSMISSION SYSTEM EXPANSION EVALUATION METHODS: INSIGHTS IN THE REQUIREMENTS OF A PROBABILISTIC METHOD

La part de la production d'électricité qui est variable et difficile à prévoir est en augmentation. Dès lors, la planification de l'expansion du réseau de transport devient de plus en plus complexe. Dans cette situation d'incertitude croissante, les indicateurs probabilistes (Expected Energy Not Supplied (EENS), Loss Of Load Expectation (LOLE) ...), qui permettent de prendre en compte cette incertitude, sont devenus une option attractive pour l'évaluation du réseau. Cet avantage est reconnu par les gestionnaires de réseau de transport (GRT) et des efforts sont déployés pour mettre en oeuvre des critères probabilistes dans le processus décisionnel. Pour assurer une transition en douceur, les effets du passage des critères déterministes aux critères probabilistes doivent être détaillés. Cet article explore ces différences dans deux études de cas.
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Transmission expansion planning In the traditional decision-making process used in Transmission Expansion Planning (TEP) two types of assessment (acceptance and selection) can be identified.
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Introduction 1

Context In a situation where the generation of electricity mostly happens in centralized production hubs (nuclear, coals, gas…), as was the situation historically, forecasts for the required transmission capacity can be made with a high level of confidence and for extended periods of time. More recently, the increasing penetration of variable and difficult-to-forecast generation combined with Distribution System Operator (DSO)-embedded units, storage units and demand side response (DSR) has resulted in a situation where the confidence level for both long and short-term forecasts is strongly reduced. Probabilistic indicators (Loss Of Load Expectation (LOLE), Expected Energy Not Supplied (EENS), Loss Of Load Probability (LOLP)… (Anders G. J., 1990)) allow taking uncertainty into account, making them an attractive option for the assessment of transmission expansion planning variants [START_REF] Heylen | Importance and difficulties of comparing reliability criteria and the assessment of reliability[END_REF][START_REF] Lumbreras | The new challenges to transmission expansion planning[END_REF]. These advantages are recognized by Transmission System Operators (TSO's) and efforts are made to incorporate probabilistic criteria in the decision-making process (Bronmo, G. et al., 2014). In addition, future scenarios (EU and BE political objectives), technological evolutions (Electrical Vehicles (EV), storage…) and the evolution of the market (DSR, Value of Lost Load (VoLL)) also have a strong influence on grid decision making. The likelihood of any of these scenarios to become reality however is low, and the future situation will most likely be situated in between these scenarios. A minimum regret approach [START_REF] Bustamante-Cedeno | Stochastic and minimum regret formulations for transmission expansion planning under uncertainties[END_REF]) could be used to minimize the risk of investing in eventually

Summary

With the increasing share of variable and difficult-toforecast electricity generation, Transmission Expansion Planning (TEP) is becoming more and more complex. In this situation of growing uncertainty, probabilistic indicators (Expected Energy Not Supplied (EENS), Loss Of Load Expectancy (LOLE) …), which allow taking this uncertainty into account, have become an attractive option for the assessment of TEP variants. This advantage is recognized by Transmission System Operators (TSO's) and efforts are made to implement probabilistic criteria in the decisionmaking process. To ensure a smooth transition, the effects of moving from deterministic criteria to probabilistic criteria have to be detailed. This paper explores these differences in two case-studies. stranded assets but it will also increase the risk that the grid does not enable fully the achievement of the countries' targets in terms of renewable penetration or market coupling. Considering the advantages of probabilistic assessment methods in today's context, a change in criteria almost certainly entails moving towards probabilistic indicators. As different criteria lead to different outcomes, the question on how to optimally define criteria in transmission expansion planning remains. More specifically, it can be shown that an N-k criterion not only defines a requirement in terms of reliability (the system is able to cope with k outages) but also in terms of non-discrimination, economy and maintainability.

Firstly, non-discrimination between customers is assessed as every node is connected to other nodes via k+1 connections. Secondly, the economy aspect is reflected in the fact that withstanding the loss of at most k elements is sufficient. Finally, the maintainability requirement for the grid lies in the fact that k elements can be disconnected for maintenance without hampering the correct functioning of the grid. While the deterministic N-k criterion largely fails to accurately quantify these aspects, not taking them into account at all can have unforeseen consequences. To avoid regret after making the step to probabilistic indicators, it is therefore important to study the effects of using different indicators on the evaluation of a grid variant. e Congrès de Maîtrise des Risques et Sûreté de Fonctionnement λµ21 Reims 16-18 octobre 2018

The acceptability of a situation is checked by means of binary acceptance criteria such as N-1 at all times allowing the identification of situations requiring action from the transmission system operator. On the other hand, the selection of grid expansion alternatives requires the use of non-binary criteria (e.g. cost, maintainability …) enabling the decision-maker to compare alternatives capable of bringing the grid into an acceptable state. Seen the ability of probabilistic criteria to assess multiple aspects, they can be used in both the acceptability (does the reduction in load shedding costs cover the investment costs?) and selection (quantification of the benefits and costs) assessment. Expected Energy Not Supplied (EENS), Loss Of Load Expectation (LOLE), and Loss Of Load Probability (LOLP) are examples of probabilistic indicators used in the assessment of power systems (Anders G. J., 1990). The EENS of a power system is the difference between the energy that would be supplied to loads if there would be no production or transmission limits and the energy that is expected to be supplied taking into account the constraints existing in reality. These constraints can take into account the failure of elements. EENS is calculated for a predefined period. The Loss Of Load Expectation estimates the average number of days per time period that the load will not be served. The Loss of Load Probability is the proportion of time a load will not be fully supplied and can be calculated from the LOLE by dividing the number of days the load will not be fully supplied by the considered time period. The addition of probabilistic indicators to the acceptability assessment has added significant richness to the information available to the decision-maker. For example, in some situations (see section Case Studies: Case 1: Integration of intermittent generation) not covered by the N-1 criterion, the nature of the situation dictates the investment cost would not outweigh the benefits (see (Gouvernement Wallon, 2016) for the legislative context on this issue in Wallonia). On the other hand, some situations have been identified where, despite the situation being covered by both N-1 and probabilistic acceptance criteria, the advantages of investments outweigh the costs. In these situations, the decision to invest was made despite the acceptability criteria indicating investments were unnecessary (see section Case Studies, Case 2: Low probability -high consequence event). Whereas this type of decision is nowadays solved on an individual basis by a selection of experts, there is interest in finding criteria capable of aiding decision makers in this type of situations. Using these criteria, a decision-making method capable of comparing the different alternatives and their scores on these criteria is to be developed. Seen the trade-off between several of these criteria (e.g. "Optimize the grid based on expected utility or go for a more robust approach?", "Do we allow curtailment of generation? If yes, at what cost?") and their technical, economic and political implications, there is a need to identify a methodology able to make the entire decision-making process more understandable for and open to input from all stakeholders.

3

The DeMOCrite project To tackle the challenges mentioned at the end of the previous section, the DeMOCrite (Definition of Macro Objective-based Criteria for the optimal assessment of grid development alternatives) project was created. DeMOCrite is a joint project between the Université libre de Bruxelles and Elia System Operator S.A., funded by the Brussels capital region -Innoviris and that started on January 2018. The initial stages of DeMOCrite deal with the detailed case study of several situations encountered in practice such as the ones detailed earlier. The present work details some of the results of these case studies. The obtained results further highlight the academic and industrial relevance of the project. The final objectives of the project are to develop a methodology that could be used to update TSO grid development criteria which are primarily related to the validation of the investment decision. The criteria to compare and select the most suitable grid development candidate is of minor focus in the context of this project but the chosen approach for formulating the criteria for validation of the investment decision could also support the comparison of different development alternatives. A generic formulation of the criteria will be delivered in later stages of the project. This generic formulation should explicitly take into account macro-objectives and risks. The goal is then to migrate away from an expert version of the criteria based mostly on a deterministic assessment of the grid. (A deterministic N-1 assessment of the grid in several selected states (snapshots) or N-1 when a production is under maintenance (N-1-1) if the load at risk is higher than a MW value forms the basis for today's decision-making.) And to move towards a version of the criteria, understandable by a large audience and for which the consequence of strategic and political decisions can be understood. For this last part of the objective, a method for calibration of the grid development criteria will be delivered.

To guide the choice and calibration of criteria, the usage of state-of-the-art expert elicitation methods shall be considered. Expert elicitation consists in selecting a batch of experts having a predictive expertise on the issue at hand, and in interviewing them in a structured fashion, in order to support the experts in expressing all possible relevant evidence [START_REF] Ayyub | Elicitation of Expert Opinions for Uncertainty and Risks[END_REF]. Expert elicitation results then in an educated guess, in the form of a parameterization of uncertainty in the issue at hand, and in the estimation of these parameters. Criteria and procedures for eliciting this information while limiting the risk of obtaining biased judgments are available in the scientific literature (see e.g. [START_REF] Cooke | Procedures guide for structural expert judgement in accident consequence modelling[END_REF]). Expert elicitation has been often conducted in situations associated to rare events, e.g. in issues related to nuclear engineering like highly radioactive waste disposal, characterization of severe accidents or safety studies considering seismic hazards, but also in climate change and other environmental issues. The adaptation of this field of knowledge to grid development strategies will be a major innovative part of this project. Finally, to aid in the selection of a variant to be implemented, a decision-making methodology is to be defined. The goal of this decision-making methodology is not to search for the optimal solution, which most of the time does not exist as such, but to support the decisionmakers in their choice by helping them express their preferences in order to make them differentiate between acceptable solutions. This decision-making methodology will be used to compare the alternatives to each other while having an absolute basis. This absolute basis will serve to weigh the relative differences between alternatives. Candidate approaches include fuzzy multicriteria optimization, which could provide a way to take into account the cost of deviation from set rules. Alternatively, outranking methods such as the PROMETHEE methods, the Analytical Hierarchy Process (AHP), decision-rule based methods and others are to be considered. As part of the basis for the DeMOCrite project, it has been decided to perform an analysis of several relevant test cases based on actual situations encountered on the Belgian transmission grid. The results of these analyses are detailed later in this communication and will be used as an input for future stages of the project. The cases themselves will continue to be used in later stages to evaluate the performance of the developed methodologies. For confidentiality reasons the case studies shown in this paper have been anonymized. In the next section two test cases are described, the methods that have been used in the analysis are detailed and followed by the result of the application of these methods. Each case study is terminated with a short conclusion. Afterwards, the paper is concluded, stating the main results of the case studies and future prospects. 

Problem description

When a client wants to connect additional generation tot the electrical grid, it first files a request to ask the TSO if the installation of this capacity at the specified node is possible. The TSO then evaluates the alternative on different criteria to assess the acceptability of the new connection. These criteria include, but are not limited to, an assessment of the short circuit power, stability and ability of the node to evacuate the additional power (including if there is an outage of one of the elements). This last metric is traditionally assessed by means of the N-1 criterion, stating that when one element (and any element) is out of service, the network should be able to work without curtailment. This approach however results in a risk of investing in assets that will be only rarely used. Indeed, if curtailment is only necessary during a short amount of time and for a limited power, the benefits of installing additional capacity may not outweigh the costs.

With the rapid development and deployment of renewable generation, this situation will occur more and more in the future. Considering that grid elements are rarely unavailable and intermittent generation such as wind farms 1 and PV power rarely operate at nominal power, allowing curtailment should the event occur could imply significantly lower costs than the investment in a reinforced connection. This way of thinking has led to the development of the so-called Flexible capacity, where the newly proposed generation capacity accepts to be curtailed in case the situation (the power cannot be extracted from the node without transgressing security limits) should occur. This approach results in a more efficient use of resources. Additionally, allowing curtailment means that the newly proposed generation does not have to wait for the installation of additional assets to ensure the limits of transfer capacity are never transgressed. The approach could thus also allow a faster implementation of energy production facilities.

The system under study is a substation to which a certain level of residential load is connected. Using two different investment strategies (strict N-1 and a Cost-Benefit 1 Elia measurements show that a typical onshore wind farm produces less than 3% of the time more than 90% of their nominal power), the same reasoning can be followed for PV panels.

Analysis (CBA) using the CWaPE (Commission wallone pour l'Energie, Walloon energy regulator) reference value for curtailment of renewable energy (Gouvernement Wallon, 2016)) the lowest nominal power of wind farms for which the decision will be made to invest in additional capacity is probed. These results are then compared to simulations with different levels of residential load.

Method

The system under study is shown in Figure 1 1. The consumption and production profiles of a residential load and wind farm for a year with samples every 15 minutes are linearly scaled to have their peak values (peak consumption for the residential load and peak production for the wind farm) coincide with a predefined value. In this case study the residential peak load is varied between 0 and 25 MW. The wind farm peak production during the reference year is varied to find the lowest integer peak production that results in a justification for the investment in additional capacity using two different approaches. The investment consists of the costs to install an additional transformer with a capacity of 25 MVA (transformer, cabin, protections. The first approach used is a deterministic worst-case N-1 assessment, where no curtailment is allowed. The second approach is to perform a cost-benefit analysis over the lifetime of the installed generation which is estimated to be 20 years. Only N-1 incidents have been assessed. It is assumed maintenance is done during a period of low wind such that no curtailment is necessary. The benefit considered in the analysis is the energy that does not have to be curtailed at the CWaPE reference value (Gouvernement Wallon, 2016). We assume the losses occurring in the grid are negligible compared to the total power flow. Reactive power flows are not considered in this simulation. As the sum of the power flows into the node must be zero, we can find the sum of power flowing through the transformers PT by summing the other injections (Wind farm power output PW and residential load PR):

𝑃𝑃 𝑇𝑇 = -(𝑃𝑃 𝑊𝑊 + 𝑃𝑃 𝑅𝑅 )#{1}
Due to technical limitations, the power flow through the transformer towards the High Voltage (HV) busbar is limited to 90% of the nominal transformer power. For downward flows a load of up to 120% of the nominal transformer power is allowed for less than 15 minutes. Any power flow that would lead to the transgression of these limits will have to be curtailed.

Results

The results can be found in Table 1. The Wind farm sizes (P W ) shown are the largest integer MW values for which the decision to invest was not made. When using the worst case N-1 criterion, the value of P W is fixed at the first integer smaller than 90% of 25 MW. When the CBA analysis is used, an increase in residential load (P R ) leads to an increase in P W in case of the as some of the generation can be consumed locally, leading to less curtailments for the wind farm. 

Discussion

As expected, making decisions with a strict N-1 criterion results in the decision to invest for additional generation plant sizes smaller than when using the probabilistic CBA.

With the N-1 approach, any situation where production has to be curtailed in N-1 is unacceptable while in the probabilistic assessment the curtailment of production is also seen as unfavorable, but at a certain cost. By changing the costs for every MWh to infinity in the CBA (which is definitely not the actual cost) the same results are obtained for both approaches. This indicates that the CBA approach is definitely better capable of taking economic considerations into account. On the other hand, when looking at nodes with different levels of residential load, it can be seen that the usage of the CBA leads to different amounts of curtailments for production at nodes with different characteristics (here residential load), observed by the changing break-even point of investment which is directly related to the ENS. This selective curtailment can be seen as a form of inequality between different nodes. Finally, in order to assess the maintainability in the different situations, the percentage of time where taking one transformer out of service (N-1) leads to curtailment was assessed. Due to the nature of the strict N-1 criterion, the maintainability condition was always satisfied when this approach was used (no curtailment in N and in N-1). In case the CBA approach is followed, it can be seen that there is some correlation between the amount of installed wind production capacity and the maintainability metric (larger wind power leads to less days of curtailment), but it is not well-defined. While this approach uses the amount of ENS, which itself is dependent on both the amount of time during which and amount of power that is curtailed, it is incapable of making the distinction between several large peaks in ENS which can be avoided when planning maintenance and a continuous (less easily avoidable) low level of ENS in N-1.
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Case 2: Low probability -high consequence event

Problem description

The second test case studied in this work concerns the treatment of a rare (N-2) event (N-1-1 in case of foreseen maintenance and N-2 with two incidents) with very large consequences. Such an event is not assessed in case of a deterministic N-1 assessment, rendering it invisible to the decision makers if they only receive the results of the analysis. A probabilistic analysis has the potential to take both the probability and consequences of such an event into account, but care must be taken to avoid neglecting certain aspects important in decision-making, as will become clear in the discussion.

The system model used in the simulation can be seen in Figure 2. In the figure, substations are named alphabetically, stripes under a connection indicate the connection is a cable. Open and closed circuit breakers are shown as respectively empty and full squares. Loads are assumed constant and the cables congestion-free. The situation depicted occurs during a five-year phase in a longer project spanning multiple phases. After this phase, the installation of a cable between substations C and D is planned. It is possible to advance the installation of this cable by five years in order to decrease the expected energy not supplied (EENS) by providing an additional path for energy to flow during the transition period. By means of a deterministic N-1 criterion and a probabilistic CBA the alternative to invest in the cable today will be compared with the possibility to delay the investment by five years.

Method

Advancing the investment has a cost that can be estimated by calculating the financial discounting of the cable (and maintenances that are avoided …) should it be installed later. The benefits of installing the cable earlier are estimated by evaluating the cost of the difference in EENS during the five years phase with and without cable C-D. The EENS is estimated through a Monte Carlo simulation of the connections A-B, B-C, A-C, and C-D if applicable. These simulations take into account planned maintenances and the possibility to accelerate repairs in case energy cannot be supplied to a load. Busbar accidents were not simulated.

Results

As we assume the cables to be congestion-free, there will be no ENS in case of a pure N-1 analysis on the cables. The decision to invest is therefore never be made when following this approach. The probabilistic assessment also leads to the decision not to invest. When we observe the cumulative distribution function of the consequences for an event where both cables A-B and A-C are out of service (see Figure ), we see that the consequences of ending up in this state could be very important (16.8 GWh of ENS). 2. Results of test case 2.The actual feeder loads those used in the practical case. After this assessment the feeder loads were increased until the CBA ruled that the benefits of investing earlier outweighed the costs. When these increased feeder loads were inverted (from node B to node C) the CBA advised not to invest once more. 

Discussion

Both the N-1 criterion and probabilistic cost-benefit analysis resulted in the conclusion that it was not worth advancing the installation of the cable. However, both approaches failed to assess some elements that are crucial to decision-making. This observation is trivial for the N-1 method as it neglected the possibility of an N-2 event. The used probabilistic approach on the other hand failed to properly take into account the differences between a certain cost and a very high cost but with a low probability. Indeed, when we look at the cdf of the N-2 state where cable A-B and A-C are unavailable (see Fig. 3), we see that there is the possibility that the N-2 event results in an ENS of 16.8 GWh. Whereas the expected cost of not advancing the investment was lower, there was a (low) probability that choosing this alternative would have catastrophic consequences. Therefore, in this specific situation, the decision was made to invest earlier.

The reasoning behind this is that the risk indicators used in the CBA is an expected value. If an event with a low probability and high consequences is encountered it contributes heavily to the variance/variability while at the same time having only a limited effect on the expected value. We can say that while the second alternative might not lead to the "optimal" outcome, it will also not lead to the "worst" outcome and it is thus a more "robust" choice. It can be concluded further research is needed to ensure these aspects can be covered in the analysis phase of the study of TEP-variants. When the loads of the network underlying the nodes B and C were increased so that the decision to invest based on the cost-benefit analysis was made and subsequently the loads of nodes C and B were exchanged, it was observed that the probabilistic cost-benefit analysis ruled in favor of not investing once more. This change in outcome is due to the fact that the investment in cable C-D results primarily in an increased availability of a power source at node C. The favoring of additional investments at nodes with high loads may be more efficient to reduce the ENS but caution must be made to not discriminate between grid users, which is one of the tasks of TSO's as set out by the European Parliament (European Union, 2009). The effects on the maintainability by using any of the approaches has not been analyzed in this case study.

Conclusion

Seen the advantages of probabilistic assessment methods in today's context, a change in criteria almost certainly entails moving towards probabilistic indicators. This paper compares the characteristics of deterministic and probabilistic approaches in transmission expansion planning in two case studies. Through simulations it was shown that, while probabilistic methods are better able to take into account economic aspects and the unpredictable nature of renewable resources, the naïve use of some well-known indicators (EENS) can have unwanted effects. Some characteristics inherent to the N-1 criterion are not assessed when using this indicator and caution must be taken to ensure a smooth transition when moving towards probabilistic indicators. As shown by the case studies this new method will have to include an estimator of economy and social equality. In case study 2, it was shown that other elements, which are not so easily defined, also play an important role. In this case, the choice to not follow the cost-benefit analysis could be explained by a will to be a "bonus pater familias", where, by making this choice, we might not end up with the "best" results but also not with the catastrophic consequences of the "worst" results. One could try to assess this factor by following a minimum regret approach [START_REF] Bustamante-Cedeno | Stochastic and minimum regret formulations for transmission expansion planning under uncertainties[END_REF]). Alternatively, we could try calculating the risk not simply from a multiplication of probability and consequences but from a specially adapted formula with multiple variables (see e.g. [START_REF] Kermisch | Risk and Responsibility: A Complex and Evolving Relationship[END_REF]. A third option is to assess the expected loss in the worst q% of cases with q a predefined limit [START_REF] Acerbi | Expected shortfall: a natural coherent alternative to value at risk[END_REF]. This list of options is not exhaustive and many more exist, further research will have to show which is the most suitable for use in grid development. It must also be noted that the cases studied here focus on a local perspective. On a more "macro" perspective, mostly deterministic grid codes are today's criteria. It might be interesting to examine the applicability of probabilistic methods at this level as well. The answer which criteria we need to use to probe what aspect, at what level and what weight to give them is certainly not an easy one. What we are certain of is that finding the solution will require a holistic approach that takes into account not only technical but also economic, social and political perspectives. To profit maximally from the increased richness of information available to the decision-maker, a methodology able to update the existing criteria is to be developed. To guide the selection and calibration of these criteria, the use of expert elicitation methods is considered. Finally, to streamline the selection of grid development alternatives, a decision-making methodology will have to be developed. This decision-making method should be able to rank transmission expansion planning alternatives relatively while having an absolute basis to weigh the differences between alternatives. In the construction of this methodology the question must be asked whether or not (slight) deviations from acceptability criteria (at a cost) should be allowed.

Future prospects

Where classical deterministic criteria have a black-or-white outcome, probabilistic criteria are capable of exposing nuances between variants. This aspect of having a "grey zone" can currently be implemented in a deterministic approach, but only limitedly. Usually this is done by using multiple deterministic criteria instead of one, for the same indicator (one to indicate the end of the unacceptable zone and start of the grey zone and one to indicate the end of the grey zone and start of the accepted zone). The fact that such a technique exists in deterministic approaches could indicate that probabilistic techniques may inherently be capable of capturing aspects of a decision-makers "gut feeling" which deterministic methods cannot (at least without using special techniques). Secondly, using a single value to represent the entire distribution of possible outcomes limits the information available to the decision-maker. This is especially true in a context such as an Electric Power System, where a small probability of having extreme consequences (curtailments, load shedding…) is to be compared against a fixed but low (compared to these extreme consequences) investment cost. Additionally, it could happen that two possible investment variants have a comparable single-value indicator but are quite different when we look at their actual distribution. To capitalize on the advantages of a probabilistic method where the outcomes are no longer black and white and allow to take the form of the outcome distribution into account, an appropriate decision-making methodology should be developed. This decision making method should assist the decision-makers in taking the different aspects of the decision making challenge into account. In the case of a transmission system these aspects include not only elements that can be calculated (cost, EENS, …) but also elements that are more difficult to quantify (permitting, reputation…). Finally, before we can reap the advantages of such a probabilistic approach in decision-making applications, the sensitivity of the results to the input parameters (probabilities, repair times…) should be assessed. This will help ensure that the proposed methodology is robust enough to be used in the current context of increasing uncertainty.
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Table 1 .

 1 Results of test case 1. The P W shown here are the smallest integer MW values for which the decision to invest is not made. The days of curtailment per year in case the indicated CBA values for P W are installed are shown in the rightmost columns.

	P R (MW)	P W using N-1 (MW)	P W using CBA (MW)	Curtailmen t per year in N (days)	Curtailment per year in N-1 (days)
	0	22	61	29	70
	10	22	69	27	83
	20	22	78	27	73
	25	22	82	26	69

Figure 1. System modelled in case study 1 e Congrès de Maîtrise des Risques et Sûreté de Fonctionnement λµ21 Reims 16-18 octobre 2018
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