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ABSTRACT 

With regulation stimulating grid reliability, Liander (one 

of the Dutch DSOs) has always sought to reduce the 

number of component failures and to improve the outage 

restoration time. Traditionally, generic cost-benefit 

analyses and roll-out strategies have been developed for 

individual reliability improvement options. Recently, 

Liander has decided to create a model to calculate integral 

business cases, taking the actual grid topology, the 

different reliability improvement options and the life cycle 

costs of the components, into account. The model 

determines the optimal combination of reliability 

improvement options and presents the corresponding 

(positive) business case. This enables policy makers to 

determine the best roll-out strategy and it supports grid 

planners to efficiently design for increased reliability in a 

given MV topology. 

INTRODUCTION 

The regulation scheme in the Netherlands incentivises 

DNOs to increase the reliability of their grids, while 

minimising the cost to do so. With more than half of the 

SAIDI caused by interruptions in the MV grid, it is the 

obvious focus area for reliability improvement. 

 

There are numerous ways to improve the reliability (in this 

paper meaning: reducing customer-minutes lost, or CML) 

of an MV grid. In recent history, distribution system 

operator Liander has (among others) used the following 

ways to do so: 

 Intelligent MV/LV stations (iMSR) 

An intelligent MV/LV station (iMSR) connects to the 

control room through distribution automation. 

Thereby, power flows can be measured and switches 

can be operated from the control room. Consequently, 

an iMSR enables for faster outage restoration than 

regular MV/LV stations. 

 Smart Cable Guard 

The Smart Cable Guard (SCG) is a partial-discharge 

detection device. It predicts cable faults by monitoring 

partial-discharge activity on a cable segment, thereby 

preventing outages altogether. In case a cable fault 

occurs and was not (timely) predicted, an SCG can still 

accurately pinpoint the fault location. 

 Circuit breakers 

Most of the switchgear in the MV ring consists of load-

break switches. Unlike circuit breakers (CB), they 

cannot switch off a short-circuit current. Replacing 

load-break switches by circuit breakers therefore 

reduces the number of customers affected by a short-

circuit. 

 GSM fault-locators 

A GSM fault-locator (which sends a message to the 

control room if it has observed a short-circuit) aids in 

identifying the fault location and thereby limits the 

restoration time. 

 Grid openings 

Moving the grid opening in the MV ring may distribute 

the impact of an outage more evenly over the two 

connected feeders. 

 

Until recently, the placement of iMSRs, SCGs, circuit 

breakers and GSM fault-locators and the relocation of grid 

openings was done independently. For each of the 

reliability improvement options, there were isolated roll-

out strategies and placement knowledge rules. And 

although implementing either of these options will lead to 

an improved reliability, considering them individually 

might lead to suboptimal investments. 

 

In 2017, experts from Liander and Qirion Energy 

Consulting (both subsidiaries of the Alliander group) 

joined forces to design an integral analysis of the reliability 

improvement options. The expectation was that the 

benefits of a combination of several different options 

would be greater than could be achieved by individual 

options. This led to the development of the Optimal Mix 

model. 

THE OPTIMAL MIX MODEL 

Alliander has developed a model to determine the optimal 

combination of the reliability improvement options 

mentioned in the introduction – the Optimal Mix model. In 

short, the model determines the reliability of the current 

grid and presents business cases to improve the reliability. 

On the one hand, the model results enables policy makers 

to determine the best roll-out strategy of the reliability 

improvement options for Liander as a whole. On the other 

hand, it supports grid planners to efficiently design for 

increased reliability in individual MV grids and compare 

different alternatives to do so. 

 

The business case calculated by the model compares the 

implementation costs of the various options with the 

benefits they create. The benefits are determined by the 



 25th International Conference on Electricity Distribution Madrid, 3-6 June 2019 
 

Paper n°  939 

 
 

CIRED 2019  2/5 

value of the customer-minutes lost (CML) avoided by 

implementing the reliability improvement options. For 

each of the combinations of those options (mixes), the 

average annual MV feeder CML is determined based on 

asset failure probabilities, the number of customers 

affected and the steps in the outage restoration process. 

 

Calculation engine 

Part 1 – Calculate the current reliability 

A baseline of the reliability of the current grid is 

established before considering any changes. A graph-

based connectivity model of the grid is used to perform this 

analysis. The reliability of the current grid is determined 

by assessing the impact of a fault on each of the cable 

sections in each MV feeder. The impact is measured in 

CML and determined in three steps, as depicted in 

Figure 1. 

 

 
Figure 1 – Process to calculate the impact of a cable section fault 

First, a fault is simulated on one of the cable sections in the 

model. The model identifies the circuit breakers that will 

isolate the fault. The result of this step is the part of the 

grid affected by the fault.  

 

Secondly, power must be restored to the customers 

affected by the outage. The model can execute power 

restoration in three ways, in line with the real-life power 

restoration process: 

1. Remote switching is used to reconfigure the grid from 

the control room, restoring power to the customers. 

This is the fastest approach. 

2. Remote monitoring is used to direct a maintenance 

crew to the (most likely) location of the fault, starting 

the restoration process from there. This approach is 

used if remote switching is unavailable or if it could 

not restore power to all customers. 

3. A maintenance crew uses a binary search algorithm to 

find the fault location within the affected area. This 

approach is only used if remote monitoring is 

unavailable. 

 

The model determines the way in which power is restored 

to all affected customers. The approach depends, among 

others, on the grid topology, the remote switching 

capabilities and real-time measurements available. Note 

that it may take a combination of approaches to achieve 

full power restoration. Maintenance crew travel times, the 

potential need for physical measurements before 

switching, and the remaining capacity on feeders involved 

in the restoration process are just a few examples of the 

aspects taken into account in determining the most likely 

power restoration duration. 

Power restoration is usually done in phases. Hence, not all 

customers are interrupted for the same amount of time. The 

model keeps track of how long it takes to restore power to 

each individual customer, resulting in the expected number 

of CML in case the outage occurs. 

 

Thirdly, the expected annual impact of the outage is 

determined. The calculation result from the second step 

determines the impact in case that outage occurs. 

Multiplying it with the cable section’s failure rate yields 

the expected annual CML. 

 

These three steps are repeated for all cable sections in the 

grid model. The results are then grouped into expected 

annual CML per feeder. 

 

Part 2 – Generate mixes (combinations of reliability 

improvement options) 

Before investigating which combination of reliability 

improvement options (mix) generates the greatest 

reliability improvement at the lowest cost, all feasible 

mixes need to be determined. Mixes consist of the options 

mentioned in the introduction, except for GSM fault-

locators, which are present in the existing grid but are not 

added. Grid design policies (e.g. maximum number of 

circuit-breakers in series), physical constraints (not all 

assets fit in each station), asset limitations (e.g. an SCG 

can only monitor a certain cable length) and expert 

business case judgement (e.g. placing an iMSR in each 

MV/LV substation does not make sense) are used to limit 

the number of mixes and thereby the calculation time. 

 

Part 3 – Simulate reliability of all mixes 

Following the same approach as in Part 1, the reliability of 

the grid is calculated for each of the mixes generated in 

Part 2. The expected CML per feeder is saved for each of 

the mixes. 

 

Part 4 – Evaluate the business case 

Finally, each mix is compared with the current grid in 

terms of reliability and costs. In short, for each 

combination of reliability improvement options the 

difference in benefits and costs with business as usual (i.e. 

implementing no reliability improvement options) is 

determined: 

 

𝑁𝑒𝑡 𝑏𝑢𝑠𝑖𝑛𝑒𝑠𝑠 𝑐𝑎𝑠𝑒 𝑟𝑒𝑠𝑢𝑙𝑡
=  𝐵𝑒𝑛𝑒𝑓𝑖𝑡 𝑜𝑓 𝑎𝑣𝑜𝑖𝑑𝑒𝑑 𝐶𝑀𝐿 
− 𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑟𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 𝑜𝑝𝑡𝑖𝑜𝑛𝑠 

 

Or, slightly more detailed 

 

𝐵𝐶𝑅 =  Δ𝐶𝑀𝐿 ⋅ 𝑉𝑎𝑙𝑢𝑒𝐶𝑀𝐿

− (𝐶𝐴𝑃𝐸𝑋 + Δ𝑂𝑃𝐸𝑋 + Δ𝑅𝐸𝑃𝐸𝑋 ) 
 

 

 

Simulate 
cable fault

Analyse 
outage 
impact

Calculate 
average 

annual CML



 25th International Conference on Electricity Distribution Madrid, 3-6 June 2019 
 

Paper n°  939 

 
 

CIRED 2019  3/5 

With 

𝐵𝐶𝑅 Business case result  

Δ𝐶𝑀𝐿 The difference between the current CML 

and the CML in the simulated mix 

𝑉𝑎𝑙𝑢𝑒𝐶𝑀𝐿  The value of avoiding a CML (note that this 

is not necessarily the same as its cost) 

𝐶𝐴𝑃𝐸𝑋 The additional capital expenditures for the 

components in the mix 

Δ𝑂𝑃𝐸𝑋 The additional operational expenditures for 

the components in the mix, minus the 

operational expenditures that might be 

avoided (e.g. if a SCG replaces a GSM fault-

locator, the maintenance costs of the latter 

are deduced) 

Δ𝑅𝐸𝑃𝐸𝑋 The additional replacement expenditures for 

the components in the mix, minus the 

replacement expenditures that might be 

avoided (e.g. if a SCG replaces a GSM fault-

locator, the replacement costs of the latter 

are deduced) 

 

Business case results are calculated as net present values 

for 40 years. If the business case is positive, the mix is 

stored. The mix with the most positive business case (i.e. 

the maximum profit) is labelled “the optimal mix”. 

 

User interface 

The calculation engine evaluates tens of thousands of 

mixes per substation, leading to one optimal mix. To 

effectively support the grid planner, a web-based user-

interface has been built to visualise the results of the 

Optimal Mix model. The user interface shows a schematic 

of the existing grid, including cables, MV/LV stations and 

reliability improvement options already present in the grid. 

The grid planner can change the display mode to have MV 

feeder colours indicate the expected annual CML. 

Furthermore, the user interface can show the costs and 

benefits of the optimal mix, the reliability improvement 

options it consists of and where on the MV feeders the 

options should be placed (see also Figure 2). 

 

 
Figure 2 – Example visualization of Optimal Mix results on a 

grid topology showing current average CML per feeder (feeder 

colour), additional iMSRs (green T’s; telemetry), additional 

SCGs (green SCG boxes), additional circuit breakers (red 

squares) and grid openings (white flags) 

The Optimal Mix model is designed as a decision-support 

model (rather than a decision-making model) for the grid 

planners. Better than anyone, the grid planner has a 

comprehensive understanding of the current and future 

grid. So, even though the grid planners have expressed 

their trust in the model, the grid planner may have reason 

to deviate from the optimal mix. He or she might for 

example have work planned in the distribution grid, 

making it more logical to advance, postpone, move or 

cancel certain activities of the optimal mix. 

 

The user interface enables the grid planners to use their 

expert knowledge by applying additional constraints to the 

optimization problem. A grid planner can for example 

indicate that an iMSR has to or cannot not be placed at a 

certain location. After adding the constraints, the grid 

planner can have the Optimal Mix model return the 

optimal result given the additional constraints. This result 

can be saved as a case, allowing the grid planner to 

compare the optimal mix with some variations they 

consider and see the impact on the business case. 

 

MODEL EVALUATION 

Implementing only iMSRs: former placement 

knowledge rules versus Optimal Mix results 

As mentioned at the start of this paper, until recently, the 

roll-out strategies were primarily governed by a set of risk-

based placement knowledge rules. These knowledge rules 

can be considered as a first step to systematically improve 

the reliability of the MV grid. The rules were based on 

typical feeders and general assumptions; no detailed 

reliability studies based on local conditions were 

performed. Although these knowledge rules were easy to 

apply, the lack of detailed calculation inherently leads 

suboptimal results. Either the benefits were lower (too few 

placements or placements at suboptimal locations) or the 

costs were higher (too many placements). With 

computation power becoming cheap – allowing for a 

calculation-heavy business-case approach – this is now 

improved by the Optimal Mix model. 

 

An example of the difference between the former 

placement knowledge rules and the Optimal Mix model 

results is shown in Figure 3. The blue square indicates the 

costs and benefit of iMSR roll-out in the outgoing MV 

feeders of Liander's Huizen substation based on the former 

placement knowledge rule. An investment of 797 kEUR 

based on that rule would generate a benefit of 1.5 MEUR, 

yielding a profit of 684 kEUR. 

 

The Optimal Mix model (blue curve) shows that the same 

benefit can be achieved with an investment of 528 kEUR 

– 269 kEUR (or 34%) less. If the investment would be kept 

constant, the model shows that 797 kEUR could generate 

a benefit of 1.9 MEUR – 393 kEUR (or 27%) more. 
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Figure 3 – Roll-out strategies for iMSRs on the outgoing MV 

feeders of Huizen substation according to the Optimal Mix model 

and the former placement knowledge rule 

The optimal ‘mix’ (not really a mix, since only iMSRs are 

taken into account; blue circle) costs 958 kEUR and yields 

2.0 MEUR, yielding a profit of 1.1 MEUR. 

 

This analysis could be repeated for other substations and 

other components’ placement rules to show that the 

Optimal Mix model outperforms the former placement 

rules, increasing the benefit of reliability improvement 

options. 

 

Implementing one of the options versus mixes 

The Optimal Mix model can be used to optimize the roll-

out strategy of individual reliability improvement options. 

However, optimizing an integrated roll-out may lead to 

even better results. Figure 4 shows the calculation results 

for Liander’s Harselaar substation. The figure shows the 

costs and benefits of implementing reliability 

improvement options in its outgoing MV feeders. The 

green line indicates the maximum benefits that can be 

generated by investing in combinations of the selected 

options (mixes).  

 

The optimal mix (green dot) costs 479 kEUR and has a 

benefit of almost 1.1 MEUR – a positive business case 

result of 615 kEUR. Spending more money will not lead 

to a more positive business case. The additional CML 

reduction is too little compared to the cost of the options 

needed to realise the CML reduction. 

 
Figure 4 – Optimal Mix model results for all outgoing MV 

feeders of Harselaar substation, showing the maximum benefits 

per investment 

Next to the result for the mixes, Figure 4 also shows the 

maximum attainable benefits when investing in a single 

reliability improvement option. Those benefits are 

significantly lower. In this specific case, looking at the 

iMSR curve only might suggest that (only) investing in 

iMSRs would be a good option. And although it is 

profitable in itself, only investing in circuit breakers and/or 

SCGs yields better results let alone investing in a mix. All 

in all, the example confirms the hypothesis that the 

planning of the options should be done integrally rather 

than individually. 

 

Role of grid planner in roll-out 

The Optimal Mix model business case results serve as 

input for the grid planner to determine if/how to improve 

the reliability in a certain part of the grid. Thereto, the web 

interface presents the grid planner with the current grid as 

well as the optimal mix of reliability improvement options. 

The grid planner will then evaluate the results based on 

his/her expert knowledge of the grid and local conditions. 

 

An example hereof is depicted in Figure 5. The figure 

(again) shows the Optimal Mix results for the placement 

of iMSRs in the outgoing MV feeders of Huizen 

substation. The triangle depicts the costs and benefits of 

the mix finally chosen by the grid planner. 
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Figure 5 – Roll-out strategies for iMSRs on the outgoing MV 

feeders of Huizen substation according to the former placement 

rule, the Optimal Mix model and the mix selected by the grid 

planner 

In this specific case, the grid planner had planned to add 

an additional cable between two existing MV feeders (for 

reasons other than reliability). As future assets are not (yet) 

taken into account in the Optimal Mix model, the 

placement of the iMSRs in the existing feeders was 

suboptimal for the planned grid. Hence, the grid planner 

decided to plan the iMSRs in different MV/LV stations on 

the affected feeders. No major changes were planned to the 

other feeders, so the grid planner adopted the iMSR 

placements the Optimal Mix model suggested for the other 

feeders. (Although the graph may suggest reduced benefits 

or increased costs, since the grid topologies used by the 

Optimal Mix model and the grid planner are not the same, 

the results are not fully comparable.) 

FIRST RESULTS AND NEXT STEPS 

After initial hesitation regarding a ‘black box’ model 

deciding iMSR, SCG, circuit breaker and grid opening 

placements, the confidence in the output of the model has 

grown significantly over the last months. Optimal Mix 

results of several grids have been discussed with grid 

planners, policy makers and system operators and 

compared with their expectation of how to improve the 

grid’s reliability. In this process, both the Optimal Mix 

model could be improved and the stakeholders’ 

understanding of outage restoration procedures and 

optimal placement of reliability improvement options 

grew. The fact that regional differences are taken into 

account by the model (which the former, generic 

placement rules did not) catalyses its acceptation. 

 

Although the first production version of the Optimal Mix 

model is still very recent (end 2018), some major insights 

were already achieved with the development version. First 

of all, it showed that grid-specific calculations outperform 

generic placement rules. Among others, this led to 

changing the roll-out strategy of the SCGs to align with the 

no-regret options as indicated by the Optimal Mix model. 

Moreover, the model results show that integral business 

case decision for placement of reliability improvement 

options will cut cost significantly. First model results have 

already improved the estimation of the number of iMSRs, 

SCGs and circuit breakers required to make the MV grids 

more reliable. 

 

During the development phase of the Optimal Mix model, 

a select number of grid planners and policy makers have 

been involved for validation and acceptation. Over the 

coming months, the production version of the model will 

be implemented with all grid planners, supporting all of 

them to plan for more reliable MV grids more efficiently. 

At the same time, policy makers will update the reliability 

options’ roll-out strategies based on insights generated by 

the Optimal Mix model. 

 

Currently, the business case benefits are solely determined 

by the value of the CML avoided by implementing the 

reliability improvement options. Working towards a 

second production release, other benefits are considered to 

be added to the model. Some considered aspects are e.g. 

the value of grid losses (relevant when moving grid 

openings) and the added value of power and current 

measurements of the iMSR for system operation as well as 

grid planning. 

 

A second improvement considered is including future grid 

(e.g. planned cable connections) in the Optimal Mix. The 

better the grid topology aligns with that of the coming 

years, the less adaptation of the optimization constraints is 

needed by the grid planners. 

CONCLUSIONS 

Historically, Liander has planned the roll-out of iMSRs, 

SCGs and circuit breakers individually based on generic 

placement rules. The Optimal Mix model – calculating 

specific, integrated business cases for roll-out of these 

reliability improvement options – has shown that a grid-

specific and combined roll-out will create significant cost 

reductions when aiming to achieve the same reliability 

improvement. Involving grid planners and policy makers 

early-on in the development process has led to faster 

validation and acceptation of the model’s results. The 

model taking into account regional differences as well as 

the intuitive visualisation of the results in a web-based user 

interface have been instrumental in this process. 
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