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A proxy takes the place of an accurate simulation of shorter-term reliability management processes of TSOs, 
when considering longer-term reliability management problems.
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These developments demonstrate that the risk-based Reliability Management 
Approach and Criterion (RMAC) can indeed be translated into practical tools that 

can help TSOs better assess, compare, and optimize their decisions. 

PROXIES
A system to enable scalability and speed for longer-term decision making. 

When addressing longer-term decisions, 
reliability management algorithms are 
challenging to implement, as they need to 
model the shorter-term decision-making 
stages of TSOs over several scenarios 
spanning the longer-term time horizons.

This is often not computationally feasible, 
so approximations (proxies) are used to 
quickly determine a realistic behaviour of 
the TSO for the shorter-term decision-
making stages. 

Proxies have also been proposed for the operational planning 
context to speed up the evaluation and identification of 

scenarios over a few hours or days.

In the case of mid-term outage
scheduling, two proxies were designed to 
model respectively day-ahead and real-time 
operation decisions, using machine-
learning methods and high-
performance computing infrastructures. 

The use of these proxies was able to 
reduce computation time by several orders 
of magnitude, which made possible the 
reliability assessment of larger systems. 

Guidelines for implementing the new reliability assessment 
and optimization methodologyDeliverable 2.2 





��������������� Recommendations for implementing the socio-economic impact assess-
ment methodology over the pan-European system in a tractable wayDeliverable 3.2 
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RECOMMENDATIONS DRAFTED

This methodology makes possible a full 
comparison between the traditional 
reliability management approach 
based on the N-1 criterion and the new 
probabilistic approach. Its integration 
into TSO handbooks and guidelines will 
pave the way for a widespread adoption 
of the probabilistic approach to reliability 
management. 

A set of recommendations was drafted to 
support the practical implementation of 
the socio-economic impact assessment 
methodology, especially in regard to data 
requirements.  A range of data inputs are 
required, including data about energy 
not supplied and the value of lost load. In 
the case that such data is not available, 
alternative data types are proposed. 
And finally, a roadmap for further 
development of the methodology was 
designed, which includes an estimation 
of consumer responses to price and 
reliability. 

System costs and benefits, and transfer payments between stakeholder groups





��������������� Upgrading of the decision-making process for system developmentDeliverable 4.2  
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The proposed system development 
methodology relies on three main 
components:

TIMEFRAMES
A target year is selected to perform the 
system development studies, in order to 
identify the main bottlenecks in terms of 
reliability and transmission capacities and 
their impact on the electricity markets. It 
also helps engineers to formulate system 
development options and to assess their 
impact both on reliability and market 
performance. Two types of questions 
are looked at: the identification of major 
transmission bottlenecks and the cost-
benefit analysis of upgrades of the 
transmission system 

SCENARIOS

A large number of scenarios are built 
to simulate the way the system could 
be operated and maintained during the 
target year. In order to limit the volume 
of simulations and to ensure a good 
compromise between the volume and the 
level of detail of each simulation, a two-
stage approach is used. Firstly a set of 
‘representative snapshots’ are identified, 
and in the next stage these snapshots are 
analysed in greater details.

PROXIES
Proxies (model approximations) are used to model the way outages would typically 
be planned, allowing to assess the operability of the system given such outage 
plans. They are also used to assess the maintainability of the network while still 
being secure against contingencies (unplanned outages), i.e. to determine if there 
is margin for planned outages to be taken.

At the end of the process, the system 
development planner is provided with a set of 
identified system weaknesses, which provide 
valuable guidance when making decisions on 
how to mitigate system weakness. The different 
system development options proposed by the 
planner are analysed with quantified metrics, 
which support the investment decision-making.

The methodology was first tested on a 10-bus 
system using realistic demand and wind data 
to build a set of credible operating states, and 
a market model to determine the set points 
of thermal generation units whilst considering 
temporal constraints like ramp rates and 
minimum up and down times. 

The test demonstrated how a traditional 
approach to system development planning 
based solely on a few generation and 
demand conditions and not taking into account 
the probability of occurrence of situations 
(i.e. market clearing, planned and unplanned 
outages) nor their impacts would have missed 
some impacting system situations or would 
have overestimated the impact of other system 
situations and would have led to a sub-optimal 
investment decision.

This proof of concept on system 
development paves the way to 

improved appraisal mechanisms for 
future investments in the 

transmission system. 





Schematic representations of the assessment proposals for maintenance policy and outage scheduling 
highlighting the methodology and the use of shorter-term proxies.

��������������� Pathways for mid-term and long-term asset managementDeliverable 5.2  
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In addition, we have constructed a full-fledged 
proxy for outage scheduling. This proxy is based on 
a greedy algorithm that takes as an input a list of 
outage requests and computes an efficient outage 
schedule. 

In addition, this method could also be adapted 
to investigate whether investments should be 
made in condition monitoring devices. The above-
mentioned proxies are also core elements of 
our methodology to probabilistically evaluate an 
outage schedule. This methodology can help to 
spot the weaknesses of a tentative outage schedule 
or to compare a few alternative ones. As a future 
step, it should be possible to build optimization 
schemes that would automatically compute good 
outage schedules in a probabilistic context.

For both the asset management policy 
assessment problem and the outage scheduling 
problem, the results of the simulation provide 
an evaluation of the OPEX, CAPEX, workforce 
requirements, and interruption costs, at the 
global level as well as at a more local resolution. 
Such outcome enables the TSO to use the 
GARPUR reliability management approach and 
criterion.

Proof-of-concept examples have been published 
in academic papers. It is recommended to 
pursue the validation of these methods beyond 
the frame of the GARPUR project through pilot 
tests on real-life systems.





���������������
How to upgrade reliability management for short-term decision-makingDeliverable 6.2  
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HIGHER RESOLUTION RELIABILITY ASSESSMENT

The blue curve of the upper graph shows how the residual risk (risk implied by contingencies not covered by the N-1 
criterion) changes over time because of changing weather conditions. The blue curve in the lower graph shows how 
the GARPUR approach adapts the number of contingencies considered when the weather conditions are taken into 
account. The two dotted curves show what would have been the result of neglecting the impact of weather conditions. 

More generally, quantifying the risk 
related to reliability of the system in 
socio-economic terms, rather than 
in technical terms, allows for easier 
communication to non-technical 
stakeholders and is valuable for direct 
cost-benefit analyses in reliability 
management.

Finally, the use of weather-dependent 
failure rates is a fundamental part of 
the methodology and greatly impacts 
the result compared to static failure 
rates. 

Overall, these methods will provide a 
much higher resolution to reliability 
assessment, resulting in improved 
reliability management in operations, 
which can lead to more efficient system 
operation.

The development of a sound reliability 
assessment methodology can provide a 
basis for comparing control actions and 
thereby optimizing system operations 
from a socio-economic perspective.

An example of the impact of weather data consideration on reliability risk assessment





Illustration of calculation core supporting comparison of reliability criteria
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��������������� Report on a broader comparison of different reliability criteria including 
recommendations on how to evolve into an industry grade toolDeliverable 7.3  
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The analysis of the test results and the lessons 
learnt led to recommendations for the development 
and use of an industry-grade version of the 
platform. For industrial use, there is a need to 
upgrade the platform to accommodate AC optimal 
power flow, to implement it on massively parallel 
computing hardware, and to incorporate state-of-
the-art computational techniques. 

INDUSTRY GRADE SOFTWARE





Further Reading

Pilot testing methodologies, models, 
scenarios and validation approach

D8.1 

Public summary - pilot testing using the 
quantification platform prototype

D8.2 

Public summary - results from near-life pilot 
testing

D8.3 
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Another test was performed by the French TSO 
RTE using the GARPUR Quantification Platform 
(see popular summary quantification platform 
prototype). The test focused on short-term 
operation and it involved the “Tavel-Realtor” 
corridor, which is in the south-eastern part of 
the French grid. Four reliability management 
strategies were simulated on the software 
prototype in order to compare their socio-
economic impact. The four strategies tested 
were the N-0, the strictly preventive N-1, a first 
probabilistic approach that just considered 
N-1 contingencies, and a second one that 
considered in addition some N-2 contingencies. 
Some sensitivity analyses were performed on 
the main input parameters, to observe which 

Comparison of the probabilistic 
approach against the classical N-1 
criterion

ones were most influential for each of the 4 
strategies tested. The results confirmed that 
implementing a probabilistic approach should 
lead to similar reliability levels as today, but 
at a lower cost of operating the system. This 
study showed the interest of socio-economic 
impact assessment studies, in order to better 
understand the main advantages of the 
probabilistic approach.

Altogether, these tests demonstrated that the 
probabilistic framework designed in GARPUR is 
possible to put into practice and that it can give 
valuable contribution in assessing the system 
reliability. There exists many opportunities for 
using the methodologies in order to improve 
decision-making and to optimally balance 
security of supply and socio-economic costs. 
The achievements of the tests can also pave the 
way for developing scalable tools that may help 
TSOs justify actions and investments in terms of 
socio-economic benefits.

In this case, it showed that the alternative with 
a higher level of security of supply was not 
beneficial since the increase of investment 
costs significantly outweighs the reduction of 
the expected interruption cost. The study shows 
that large socio-economic savings of about 25 
% can be reached mainly to lower investment 
costs compared to the alternative with a higher 
level of security of supply. This equals in this 
specific case to around 130 million EUR.

The case study of SINTEF assesses the long-
term impact of the amount of transmission 
capacity given to the power market both on 
the market costs and on the interruption costs. 
This study used a probabilistic methodology 
developed at SINTEF that integrates a 
hydrothermal market analysis for the purpose 
of reliability assessment in the context of long-
term planning studies. The study found that 
increasing the transmission limits for a specific 
region of the Norwegian power system did 
not significantly change expected interruption 
costs, although it would relax the constraints 
placed on the market and hence significantly 
reduce the power market costs. It was also 
shown that the impact of climatic variability and 
uncertainties can be substantial. In general, the 
study illustrates how a probabilistic approach 
and flexible transmission limits may allow for 
higher socio-economic surplus.

Web-based GUI for live risk outputs developed for 
the Landsnet pilot test’





��������������� Report on recommendations towards stakeholders 
Deliverable 9.1  
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In addition, it is of paramount importance that 
the national and historical contexts of each 
TSO are considered. Different countries and 
TSOs will possibly prefer different pathways 
to progressively implement a probabilistic 
approach. Some TSO’s might want to start 
to focus on managing short-term risks and 
exogenous uncertainty, while others see value 
in refining methods and data for long-term 
development of the system, impacting cross-
border transmission capacity.

The GARPUR consortium recommends that 
further experience sharing among the different 
departments of TSOs responsible for system 
development, asset management, and system 
operation, and between different TSOs in close 
cooperation with ENTSO-E, should be fostered 
in order to speed up the transition. GARPUR 
suggests also that ENTSO-E should play a 
major role and could initiate and coordinate 
these activities among different TSOs and 
Regional Security Coordinators, especially 
in the context of system operation. All these 
local, regional, and European initiatives can 
in principle proceed in parallel, but they need 
to be monitored at the European scale and 
if necessary, be coordinated to ensure the 
swiftest possible progress.

REGULATION AND SOCIO-ECONOMIC CONSIDERATIONS

Currently, the regulatory framework organising 
and incentivising the power sector is in 
general not fitted to probabilistic reliability 
management. Incentives, remunerations, roles 
and responsibilities are defined to ultimately 
ensure that the power system is N-1 secured. 
Therefore, a next step should be to expand the 
regulation to take into account the probability 
of failure and risk associated with the N-1 
faults that TSO’s are already assessing and to 
encourage the use of the new reliability targets 
and socio-economic evaluation criteria. 

The remuneration mechanisms of TSOs 
should also be adapted so as to incentivize 
them to implement the new approach in the 
most efficient way. For this decision-making, 
the regulators need information and a better 
understanding of the benefits and the socio-
economic consequences of the probabilistic 
reliability management approach compared to 
the existing reliability management.

The recommended actions have been 
classified in four different clusters in the 
roadmap:
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DATA AND MODELS OF UNCERTAINTIES

The accuracy of the probabilistic reliability 
management approach is dependent upon the 
availability and quality of data. As a first step, 
TSOs have to collect relevant reliability data, i.e. 
failure data, outage and restoration durations 
and interruption cost data. Based on the 
data, improved models have to be developed. 
Gradually these actions will provide the TSOs 
with more precise results from the use of the

probabilistic reliability management approach 
and support an iterative improvement of 
models. It is also recommended to put in place 
common guidelines to persistently ensure the 
collection of data, maintain the databases, and 
the inferred models, and share the relevant 
parts of these data and models among the 
different stakeholders concerned.

TESTING AND IMPLEMENTATION AT THE OPERATIONAL LEVEL

A transition towards reliability management 
based on probabilities and expected 
consequences requires a change towards a 
risk-aware mind-set of all the main actors in 
the power sector - and especially in TSOs.  
The operation of the grid must be based on 
balancing the costs of providing security of 
electricity supply with socio-economic costs 
of power supply interruptions and should not 
focus just on achieving high security of power 
supply independently of all costs and measures 
that accompany that.

Pilot scale testing of the new methods and 
approaches are an important next step to 
change the mind-set and to increase the trust in 
probabilistic reliability management at the same 
time.    

The first practical step for a TSO to take is to 
calculate the probabilities and risks of the N-1 
contingencies that they are already assessing. 

This brings into light which data and models 
are required to develop the probabilistic 
approaches further and an increased 
understanding of grid reliability and it’s 
variations over time and space.  Even though 
GARPUR has performed several pilot tests 
with different TSOs, a main focus has to be on 
further testing of the new approach in parallel 
to the existing N-1 approach to convince more 
people in the TSOs and other stakeholders of 
the applicability and benefits of the risk-based 
approach. Such testing will also provide more 
insights into how the probabilistic reliability 
management approach works in specific use-
cases and on challenges for the implementation.



The resulting roadmap illustrates this transition in 3 time horizons for each cluster of recommendation.
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METHODOLOGIES, ALGORITHMS AND SOFTWARE

When applying the probabilistic reliability 
management approach, the resulting stochastic 
simulation and optimization problems 
are significantly more complex from the 
computational point of view compared to those 
used for N-1 based reliability management. 
Even though GARPUR has developed several 
methods and software prototypes, few have 
been implemented in TSOs practices and in 
industrial grade software. 

Therefore, a next generation of industrial grade 
software and tools needs to be developed with 
the goal of reaching the necessary robustness, 
efficiency and availability to support a large 
community of both industrial and academic 
actors for the progressive implementation of 
probabilistic reliability management 
approaches.

���������������
A tentative transition roadmap to evolve from the current N-1 practicesDeliverable 9.2  
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GARPUR is a collaborative effort that draws on the collective experience and expertise of 7 European Transmission System

 Operators, along with 12 universities and research centres, and one innovation management expert.
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