Climate change and its influence on the planning and operation
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SUMMARY
The IPCC Report (Intergovernmental Panel on Climate Change 2007) raises serious concerns about the increase of extreme weather events (storms, rains, snowfalls). Over the past 100 years the average global temperature has risen by around 0.75°C and the sea level increases by 3 millimetres a year. There is a consensus on the impact of this climate change phenomena on the planning and operation of the electric power systems: winds are growing in strength, resulting in a greater frequency of  operations interruption (falling trees, avalanches, etc.). Furthermore, due to the increasing incidence of heavy precipitation, lines and substations are often flooded, damaged or destroyed. Repairing the resultant damage is often very time-consuming. And also the temperature of permafrost layers is rising. As a result the bedrock is becoming loose. This in turn increases the risk of landslides, which also damage and destroy lines and substations. There are many cases of extreme weather which have caused enormous damage to electric power systems, e.g. the ice storm in Canada (1998) or the hurricane "Lothar" in Western Europe (1999).

Considering the climate change at the planning of electric power systems is therefore highly relevant. In order to plan the power system we need to evaluate the risk of outages due to extreme weather. The vulnerability is assessed, based on  historic meteorological data. It results in geographic and seasonal exposure maps. E.g. in Switzerland, alpine regions are more prone to extreme conditions which can vary from one valley to the other. In this paper, the planning methodology uses scenarios to assess the uncertainty related to the vulnerability of the power system under extreme weather conditions. These scenarios are based on weather-related contingencies and reference cases of the Swiss transmission system.

The climate change has also to be considered at the operation of electric power systems. At the control centres new operating tools have to be introduced which take into account the impact of the climate change, e.g. an early warning weather system, or a Geographic Information System (GIS) which pinpoints (together with information of protection systems), the location of a damaged line so that the repair staff can be on the spot very quickly, thereby minimising downtime. Furthermore the dispatchers must be trained on how to manage their electric power system during extreme weather conditions. Finally experienced crisis organisations must be established.
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1. Observed climate change and its impact on electric power system security

1.1 Observed climate change

At the IPCC Report (Intergovernmental Panel on Climate Change 2007) the climate change of today is described see Ref [1] and [2]. This report has three parts: The Physical Science Basis, the Impacts of the Climate Change and the Consequences of the Climate Change.

The report discusses well-known phenomena attributed to climate change.

Extreme weather (storms, rains, snowfalls) is on the increase. The number of extreme storms per year is steadily growing. And extreme storms are accounting for a growing percentage of overall precipitation. Examples are the ice storm in Canada (1998) and Hurricane Lothar in Western Europe (December 1999).

Furthermore, over the past 100 years the average global temperature has risen on the earth's surface by around 0.75° C, rising in the past 50 years much more sharply than the average for the entire century. In addition, the lower layers of the atmosphere (up to an altitude of several kilometres) as well as the oceans (to a depth of at least 3000 meters) have warmed up, and glaciers are rapidly melting.

Added to this, sea levels have seen an accelerated rise over the past decade, increasing by 3 millimetres a year compared to the average of below 2 millimetres per year since 1961. It is estimated that until 2095 the sea level will rise between 18 and 59 centimetres.

1.2 The impact of climate change on electric power systems

The impact of climate change phenomena on the planning and operation of the electric power systems is undisputed. The most important effects are as follows, see Refs [3] , [4] and [5] .

Winds are growing in strength, resulting in a greater frequency of interruption to operations (falling trees, avalanches, etc). These interruptions to operations are especially frequent in mountain regions, e.g. in the Alps. The dry weather is leading to an increase in the number of forest fires, which also interrupt operations, and strong winds exacerbate such fires.
Furthermore, due to the increasing incidence of heavy precipitation and severe thaw, lines and substations are often flooded, damaged or destroyed. Repairing the resultant damage is often very time-consuming.

These incidences are also more frequent in some regions than in others.

The temperature of permafrost layers is rising. As a result, the bedrock is becoming loose. This in turn increases the risk of landslides, which also damage and destroy lines and substations. This phenomenon is especially critical at important transalpine lines.

Glaciers are melting at a faster rate than ever before. As glaciers recede, the future potential of generating electrical energy from alpine reservoirs and run-of-river plants is also declining. Therefore, the future potential to use this hydro power for peaking and regulation purposes decreases.



The following are examples of extreme weather which have caused enormous damage to electric power systems: 
Ice storm in Canada (1998)

Impact:

· 120 transmission lines damaged 

· 3100 high voltage pylons severely damaged

· 1.4 million customers (40%) without power for a few days to a month

Hurricane "Lothar" (December 1999)

Impact on the French grid:
· 20% of the French grid out of service
· 184 substations without voltage

· Sum of damage about 11'000 millions Euro
There are many other spectacular examples.

2. Climate trend and its impact on electric power systems planning 

2.1 The main driving factors of electrical power system planning

With the market liberalisation the way the network is operated is slightly changing. The transmission network has been built to meet security criteria based on the principle of neighbourhood between the national systems. Nowadays, liberalised electricity markets induce long-distance power flows between low price energy generation plants and consumption centres. In the event of transmission outages, which are becoming more likely due to global warming, the provision for some regions may be more vulnerable than before.

At the Swiss level, among other measures aiming to enhance security of supply, critical power lines must be reinforced to withstand increasingly extreme weather conditions (EWC). Topological changes can be made to the transmission network to insure better resilience to EWC. New electric generation power plants at the local or regional level can help to meet the demand in the event of transmission network failure. All adjustments required to enhance security of supply should be integrated in a resilience concept, which allows the system to protect itself against the majority of outages, and enables rapid recovery in critical situations. 

In the short term, ageing transmission infrastructures will be renovated. At the same time, new electric generation power plants and transmission capacities are required to meet growing demand. All these factors influence the vulnerability of supply, some more than others. A methodology has been developed to evaluate vulnerability within the context of weather-related outages. The following sections discuss this approach and present the potential implications for security of supply. The results are essential for selecting the best planning alternatives. 

2.2 Assessment of security of supply in the event of meteorological disturbances 

The transmission network is continent-wide. Even for a small area like Switzerland, the network is subjected to several climatic regions. Not every power line is exposed to extreme weather conditions (EWC) to the same extent or in the same way. In order to plan the power system, we need to evaluate the risk of outages. The vulnerability is assessed based on historic meteorological data. The probability of EWC is low. Each event is unique within the limited time range of meteorological records. Nevertheless, these weather events share few characteristics because some regions are more often impacted by intense weather. In Switzerland, alpine regions are more prone to extreme conditions which can vary from one valley to the other. The combination of low probabilities with a complex pattern of exposure increases the difficulty of the analysis. For the Swiss case, 72 meteorological stations provide reliable information over the entire territory, and have been recording essential parameters such as wind speed or the level of precipitation for at least 20 years. Despite the short recording range, they provide the most homogenous and accurate source of information available. These discrete data are regionalised to cover the entire Swiss territory with interpolations taking into account an altitude model. Powerful GIS (Geographic Information System) software is used to achieve this regionalisation. We can evaluate the likelihood of line outages using maps of EWC exposure (MapE) overprinted on the transmission network layer. 

Security of supply to some extent depends on the reliability of system components. The generation/demand locations and the structure of the network also affect energy security. The system is designed to continue supplying even if one of its components fails. This “N-1” criterion is the backbone of the current planning process. In the event of EWC, several lines may be out of service and this can provoke power disruptions. However, the system's reliability can be improved by selecting the best possible location for future infrastructures needed to meet growing demand [5]; they should be incorporated in the network in such a way as to maximize its resilience. These different strategies of supply must respect the N-1 criterion and assure maximum resilience against plausible weather-related contingencies.  

The following methodology based on scenarios is proposed to assess the vulnerability of a power system under extreme weather conditions. These scenarios are based on weather-related contingencies and reference cases relating to the Swiss transmission network. Plausible outages of power lines are determined using GIS MapE. Sets of plausible common mode contingencies (CMC) are identified to assess the vulnerability of the reference cases (RC). They contain the UCTE grid with the Swiss transmission network. Different strategies of supply (SS) are derived from the RC. Their vulnerability is assessed against the CMC using contingency analyses that calculate violations of the security limit (VSL). Vulnerability indices are determined using the VSL in order to rate strategies of supply and power lines. Countermeasures based on these indices can be proposed to improve system resilience. The performance of the SS and the associated countermeasures are also evaluated using a multi-criteria analysis. 

2.3 Potential adaptations of the electric power system to climate change

While adaptations should focus on the system's weak points and structural design, the local effects of global warming are still not known in detail. Since these effects cannot be accurately predicted, we merely assume they will be more intense in the future. The today actual effects are visualized at the Figure 1 at the case study below. Infrastructures which were highly exposed in the past are assumed to be likely placed under even more strain. They need to be strengthened first within a global improvement strategy that also imply prioritising I infrastructures which are likely to jeopardize supply as a result of cascading failures. The exposed and critical transmission infrastructures can be managed by reinforcing power line and installations, building additional lines and improving the topological structure of the system.
· 
· 
GIS exposure maps (MapE) and the results of contingency analyses (CA) help to identify the extremely important infrastructures. The following measures can enhance resilience: increase electric generation capacity, optimise the location of the new generating plant, choose a good mix of power generation types and ensure a balanced design between local capacity reserve and the security provided by the interconnection to other regions.

· 
· 
· 
The different alternatives for the new generating plants must comply with the N-1 criterion (no violation of security limits even at the outage of 1 element) , be profitable, and be accepted by the responsible institutions and by the public. Moreover, they must ensure an appropriate level of energy security even under extreme weather conditions. The methodology proposed in 2.2 is suitable for selecting the most resilient strategy.

Case study for the accretion of wet snow:

This methodology is illustrated using a vulnerability analysis for the accretion of wet snow. The extra weight of wet snow can damage conductors or pylons. The relevant meteorological parameters are the amount of precipitation (P), the temperature (T) and the wind strengths. Exposure maps are created to depict the number of hours with critical conditions, i.e. P>50 [mm] and -4<T<+4 [°C]. The wind strengths are in a first approximation not yet considered. During the winter, the mid-altitude regions are the most affected. In the summer, high altitudes are more vulnerable to the accretion of wet snow. By overprinting the transmission network on these MapE, we identified the lines that are most likely to fail in the event of wet snow. As it is shown on Figure 1 most of these lines are in the mountainous southern region of Switzerland. They are combined in pairs to create sets of common mode contingencies N-2 (CMC). 
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Figure 1: MapE for accretion of wet snow & exposed lines

Based on a reference case from 2006 two contingency calculations were performed. The first one was a classical (N-1) contingency calculation, the second one a common mode contingencies (N-2) CMC , as described above. In Figure 2 for these two contingencies calculations for each of them the sum of violations of security limits is indicated.
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Figure 2: Contingency analysis N-1 and N-2 related to accretion of wet snow
We see that at the second contingency calculation the sum of violations of security limits is considerably higher. That is obvious, for a simultaneous double contingencies more violations of security limits are liable to occur than for a single contingency.

This case study of wet snow accretion shows how the methodology is used.

Further studies are undertaken basing on future reference cases proposed by the Swiss utilities. Other weather conditions such as thunderstorms, hurricanes, will be considered as well (including their correlations). By considering all results, proposals can be determined for the construction of e.g. new lines, power plants.


3. Adaptation of the electric power systems operation to address the global climate trend 

In terms of electric power system operation, the following steps may be taken to address the effects of climate change:

· Introduction of new operating tools which take into account the impact of the climate change.

· Training the dispatchers on how to manage electric power system operation during extreme weather conditions, and establish crisis organization.

· Additional countermeasures at the local level

The following section describes these steps in detail.

3.1 Introduction of new operating tools which take into account the impact of the climate change

By using early warning weather systems, dispatchers can be alerted in good time in the event of imminent extreme weather. The early warning weather system should be in a position to indicate the type and strength of the expected precipitation (rain, snowfall, hail, etc.), the expected wind strengths and the time when the extreme weather is expected to occur. This forecast information has to be presented in suitable graphics.

A close cooperation with the weather forecasting service and introduction of an appropriate archive for the forecasted data is undoubtedly very helpful. 

Furthermore a DACF (Day Ahead Congestion Forecast) system can be installed, which is able to take into consideration imminent extreme weather so that the appropriate countermeasures may be taken in good time, e.g. closing of additional lines, starting additional generation, demand side management, etc.

The best preparation for this DACF is to define in advance all relevant extreme weather scenarios. When extreme weather is expected, the corresponding scenario is determined by the dispatcher and the DACF calculation is performed so that appropriate countermeasures may then be taken to avoid forced outages.

Additionally, state-of-the-art control centre functions that support operation especially during extreme weather should be installed. 
One of the components of such function is the GIS which pinpoints (together with information of protection systems) the location of a damaged line so that repair staff can be on the spot very quickly, thereby minimising downtime. The concept of the mobile workforces optimizes this idea. The good quality of the communication systems between the control centre and the repair staff is important. Prioritized and redundant telephone (handy) systems are required.

With the installation of remote controlled line switches at the distribution network, the downtime at the end-user level can also be minimized. It is no longer necessary for staff to go outside to switch line elements manually. This can be performed remotely from the control centre.

The location of these remote controlled switches should be determined using switching statistics. They have to be installed at these places where most switching actions were required in the past, when they have had to be switched manually. Also with weather statistics from the network planning these places can be determined in an optimal way.

3.2 Training of dispatchers and building up crisis organizations

Dispatchers must be regularly instructed on how to handle power system operation during extreme weather conditions. The training scenario may be based on

· an extreme weather situation which occurred in the past. Questions to be discussed are: Did we take the correct countermeasures? Which decisions were wrong? What kind of long term countermeasures may be taken to decrease the vulnerability of our power system?

· an extreme weather situation which may occur in the future. Questions to be discussed are: Where are the potential weak points in our power system? What are the most effective countermeasures? 

Every few years a nationwide exercise (ROCO) is held in Switzerland, with the participation of the national as well as the regional control centres .The scenario is always one of the following:

· Several regions are without voltage (in a first step electrical islands are built up and then connected to the intact part of the network)

· The whole of Switzerland is without voltage (the voltage is taken from a neighbouring country and in a first step the transmission network is built up, then in a second step the distribution network)

The following questions are discussed after the exercise: Did every party play the role which it had to fulfill? Was the exchange of information effective? Were the countermeasures optimal?

Managing major faults calls for an experienced crisis organisation. Such organisations may be regional or nationwide.

The task of each unit within the organisation must be well defined and the  information flow between them must be optimised. One of the key tasks is customer information management.

Regular exercises should also be held for these organisations, and their emergency plans should be regularly reviewed and updated.

3.3 Further local countermeasures

Spare parts warehouses must be set up in each region, to avoid any lengthy material transport times.

The places of the warehouses must be determined from an operational standpoint, and the spare parts stocked in any given region must be dictated by statistics on the most common types of incident in that region. The determination of the places of the warehouses and of the spare parts stocked in it is an interesting optimisation problem  that requires availability of weather statistics.  The performance index to be optimized are the resulting costs.

If a line route leads through a forest, paths should be cleared all along to avoid damage from falling trees. Also here the paths to be cleared are determined by the incident statistics. They have to cleared there where most incidents occur, e.g. in mountain regions.

Conclusions

According to latest research results a climate change is taking place. Extreme weather events (storms, rains, snowfalls) are increasing. There is an impact of this climate change phenomena on the planning and operation of the electric power systems.

In this paper it has been shown how the climate change can be considered at the planning. We need to evaluate the risk of outages due to extreme weather. The vulnerability is assessed, based on historic meteorological data. It results in geographic and seasonal exposure maps. The proposed planning methodology uses scenarios to assess the uncertainty related to the vulnerability of the power system under extreme weather conditions. These scenarios are based on weather-related contingencies and reference cases of the Swiss transmission system.

It has also been shown in this paper how the climate change can be considered at the operation. At the control centres now operating tools can be introduced, e.g. an early warning weather system, or a Geographic Information System which pinpoints the location of a damaged line.

For the proposed planning methodology a case study was shown how wet snow accretion can be considered at the planning. Further studies can now be undertaken where also the other weather conditions such as thunderstorms, hurricanes, .. will be considered. Severeral future reference cases for an electric power system can be considered with this methodology and be compared to determine the best future reference case.

For the operation also further steps may be taken in the future to address the effects of climate change, e.g. :

· Extending the training of the dispatchers on how to manage electric power system operation during extreme weather conditions

· Building up more experienced crisis organisations so that a quick reaction to extreme weather conditions is guaranteed.
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