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Agenda for today’s talk

Flexibility aggregation in active distribution networks:

✦ Intuition and principles

✦ Models and assumptions

✦ Results and challenges
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Where are distributed energy resources (DER)?

 

Example of a suburban distribution system: Luton, England, UK

Typical household demand: 0.5 kW average, 3-10 kW peak

Total capacity of a low-voltage distribution network: from 0.5 MW to tens of MW
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Where are distributed energy resources (DER)?

→ Controllable renewable energy sources

 

Rooftop solar systems Small solar power plants

Capacity: 2-6 kW Capacity: from 50 kW to 5 MW
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Where are distributed energy resources (DER)?

→ Battery energy storage systems (BESS)

→ Flexible demand

Small-scale residential and commercial BESS EV charging infrastructure

Capacity: from 5 kWh to 1-2 MWh Rated power: from 7 kW to 150+ kW
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The scale of DER integration in the UK:

• https://gb.asglab.uk/ developed by Dawei Qiu (University of Exeter)

• https://www.energydashboard.co.uk/map

→ There are already hundreds of small-scale solar and wind power plants, 

and thousands of EV charging stations. 

→ Distribution system operators (DSO) need to know how these DERs 

can be controlled and coordinated, and how to model their impact on 

distribution networks.

https://gb.asglab.uk/
https://gb.asglab.uk/
https://www.energydashboard.co.uk/map
https://www.energydashboard.co.uk/map
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What is flexibility?

Example: traditional (passive) distribution network Total network power consumption:

No flexible DERs are operating in this network.
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What is flexibility?

Flexible units are resources with the technical ability to adjust their power exchange with the grid.

Aggregated DER flexibility of ADNs can be characterised as sets of feasible operating points at the TSO-DSO interface. 

Such sets are known as the P-Q flexibility areas or nodal operating envelopes.

Example: flexible active distribution network (ADN) with DER Total network power consumption:
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Operation limits of multiple flexible units can be mathematically described as the Minkowski addition of their P-Q capability sets:

However, the Minkowski addition does not account for any physical limits (e.g., network constraints).

Therefore, more advanced optimization-based models are used for flexibility aggregation.
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Nonlinear exact AC optimal power flow (OPF) formulation for radial distribution networks:

Binary variables of flexible units’ activation

Flexible power

Objective function = maximisation of flexibility provision

The inclusion of binary variables leads to a combinatorial OPF problem 

– mixed integer quadratically constrained programming (MIQCP).

The MIQCP model was implemented in JuMP for Julia programming language 

and solved with the Gurobi solver.
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How to find the P-Q flexibility area using the OPF model?

Iterative estimation of the P-Q flexibility area boundary via the “ε-constraint method”:
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How to find the P-Q flexibility area using the OPF model?

Iterative estimation of the P-Q flexibility area boundary via the “ε-constraint method”:
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Brief intro in cooperative game theory:

Coordination of flexible units is a combinatorial problem with 2N possible combinations of units.

In game-theoretic terms, we can refer to units as players, and their combination as coalitions.

A cooperative game with 4 players has 24=16 coalitions. A game with 10 players has 210=1024 coalitions.

Marginal contribution:

The Shapley value:
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Case study: 33-bus radial distribution network with 4 flexible units
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Aggregated P-Q flexibility

Coalitional analysis



Imperial College London

Flexibility aggregation modelling

24/03/2026Game on! Seminar – KTH Royal Institute of Technology, Stockholm 17

How to optimally dispatch flexible units within the identified limits?

→ We can discretise the feasible space and solve the cost-minimisation dispatch problem
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How to optimally dispatch flexible units within the identified limits?

→ We can discretise the feasible space and solve the cost-minimisation dispatch problem
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Allocation of flexible power among the units according to the cost-minimising dispatch (15,000 operating points):

Q: Why are the dispatch solutions so complex?
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Let’s take a closer look at the optimal 

dispatch solutions: 

Challenge: 

Flexible power swaps between units, 

which is not practically possible without 

strong coordination
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How to assess nonlinearity of the optimal unit dispatch?

Challenge: rapid nonlinear changes in flexible units dispatch

Example: nonlinearity assessment algorithm for a 16-point grid
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How to price flexibility services and pay to flexible units?

→ Economic dispatch (merit order payments) vs Shapley-based allocations:

Shapley value sees the usefulness of more expensive units (and pays for availability)
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How to analyse aggregated flexibility in low-voltage unbalanced networks?

→ Multi-phase flexibility aggregation models are needed
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It allows to explicitly introduce voltage 

unbalance and phase coordination

The model has many more variables

This becomes an even more complex problem:
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Challenge: Phase and voltage unbalance limits the aggregated P-Q flexibility

Challenge: Flexibility potential can be lost due to lack of coordination across phases

P-Q flexibility areas for the 5-bus system: 
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Real 221-bus LV distribution network in the UK with 12 single-phase flexible units
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P-Q flexibility areas for the 221-bus system: 

  

Challenge: Phase and voltage unbalance limits the aggregated P-Q flexibility

Challenge: Flexibility potential can be lost due to lack of coordination across phases
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DER flexibility aggregation models are becoming important tools for distribution systems.

However, there are multiple barriers and challenges to overcome:

• Nonlinearity and nonconvexity

• Rapid changes in flexible unit dispatch

• Lack of DER coordination

• Impacts of phase unbalance

→ There is a need for improved accurate flexibility aggregation tools applicable to real distribution networks

Conclusion
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https://github.com/AndreyChurkin/3FlexAnalyser.jl

https://github.com/AndreyChurkin/3FlexAnalyser.jl
https://github.com/AndreyChurkin/3FlexAnalyser.jl
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More materials on my YouTube channel https://www.youtube.com/@ChuScience

 

https://www.youtube.com/@ChuScience
https://www.youtube.com/@ChuScience


Thank you!
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