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  Executive summary 

Developments of the power system are driven by the need to decrease the environmental 

footprint, to meet international climate goals, pushing for fossil‐free energy system. The 

transition towards clean energy will require power systems to adapt on a global scale with 

significant investments needed in fossil‐free electricity generation and transport. Renewable 

Energy Sources (RES) play an increasingly important role in the power system and may become 

the dominant sources of electricity.  

Significant RES are integrated in distribution grids globally, resulting in an increased need for 

distribution grids to perform new and complex tasks necessary for continued grid stability. The 

rapidity of small‐scale investments calls for agile, alternative grid development solutions. This 

agility is furthermore necessary to meet challenges arising from demand scenarios encompassing 

intermittent renewables along with electrification of transport and heat sectors. New 

technologies and markets are emerging to provide flexibility in consumption, generation, and 

power transfer capacity. 

Active Network Management (ANM) solutions provides alternative methods for planning and 

operation of the power system, through monitoring and control of multiple grid assets. This paper 

presents an overview of the ongoing project ANM4L, where a toolbox will be developed to support 

operation and planning of distribution grids.  

The project ANM4L (Active network management for all - anm4l.eu), will develop and 

demonstrate innovative ANM solutions for increasing integration of distributed generation in 

electricity distribution systems. ANM solutions will consider management of active and reactive 

power to avoid overload situations and maintain voltage limits. The goal is to decrease the need 

of curtailment of renewable energy, theoretically enabling further integration of distributed 

generation potentially even above the current design limitations of the electricity network.  

Core research and development activities of the ANM4L project include development of: 
 ANM methods for local energy systems. 

 Economic considerations to provide decision support. 

 A toolbox to support the planning and operation. 

The toolbox, methods and business models for ANM will be demonstrated in real life distribution 

grids in both Sweden and Hungary. Furthermore, the project will consider the replicability and 

scalability necessary for these ANM solutions to be applied across the EU. 

Coordinated by RISE Research Institutes of Sweden, the ANM4L project is an 
international cooperation with a consortium consisting of partners in Sweden, 
Germany and Hungary: Municipality of Borgholm, Lund University, E.ON 
Energidistribution AB, RWTH Aachen University, Lumenaza GmbH, E.ON 
Solutions GmbH, and E.ON Észak-dunántúli Áramhálózati Zrt. 

https://anm4l.eu/
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  1 Background 

The rapid deployment of distributed generation together with growth of concentrated load 

centres (e.g. e-mobility charging stations, heat-pumps), are posing increased challenges for 

Distribution System Operators (DSOs).  

Load growth and presence of generation have long been handled at the transmission level by 

Transmission Network Operators (TSOs), and whilst it may appear easy for DSOs to simply adopt 

TSO means and methods, transmission and distribution are not only organizationally different, 

they have implicit physical differences which alter the applicability and outcome of generalized 

solutions. Practically all transmission assets are readily visible to the TSO control room allowing 

actual grid load levels to be monitored. However, DSO control rooms are usually only provided 

infeed information for the medium voltage (MV) network. The rest of the MV networks and all of 

the LV networks are generally operated without active monitoring. Historical data and statistical 

predictions are often used to reactively understand the current state of the grid, limiting both 

operation and planning of distribution networks that has had to rely largely on safety margins. 

Most planning is conducted utilising reserve power requirements which encompasses grid loads 

expected if, and when a power line is unavailable due to maintenance or damage. Rapid grid 

response is foreseeably necessary when high levels of intermittency are introduced into the grid 

by increased deployment of RES at all voltage levels. Decisions are currently hindered due to the 

lack of, or limited availability of, real time data regarding network load and voltage status. 

Many DSO’s manage grids with a range of voltages necessary for distribution of power over vast 

distances, through to requirements for household electricity resulting in DSO grids often 

managing voltage ranges from roughly 145kV to 0.4kV. The tools available for management of 

grid condition (maintenance of voltage and current within limits whilst maintaining supply 

security) alter dependent on the voltage level in question. Large scale wind power turbines are 

usually installed in grids with voltage span of around 20kV-30kV, whilst many solar installations 

are placed at lower grid voltages (20kV and below), of course this general characteristic may differ 

country by country. Secondly and of great importance, the number of assets needing to me 

managed on the regional grid are much fewer than those found on the local grid (orders of 

magnitude). EU regulation [1] requires a non-discriminatory approach to national power supply 

and as such the problems of low voltage solar solutions installed on privately owned houses are 

as great as the problems introduced by a corporation owned, large-scale wind turbine. In order 

to support the challenges faced by DSOs, new solutions and methods are needed.  

This paper presents an overview of the objectives and conceptual approach of the research and 

development activities in the ANM4L project.   
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  2 Alternatives to network expansion 

As traditional network expansions are both costly and slow, alternatives are developing, with new 

technologies and markets emerging to provide increased flexibility to support the grid. Solutions 

can be provided from different levels in the power system, supporting different time frames, and 

a categorisation of different flexibility needs has been proposed in [2] as an important factor in 

the process when developing flexibility solutions. With significant levels of distributed flexibility 

resources, such as demand response (DR), demand side management (DSM), renewable energy 

sources (RES), battery energy storage systems (BESS), and other controllable system 

components, well‐functioning market solutions can provide support for the operation and 

planning of distribution grids.  

Through ANM, advanced control solutions can be deployed requiring detailed monitoring and 

integrated communication between flexibility providers, aggregators and grid operators. 

Furthermore, utilisation of ANM solutions increases the possibility for making grid expansion 

plans with higher accuracy by considering forecasted flexibility scenarios. ANM is an expression 

used with different definitions, see e.g. [3].  

 

 

An ANM solution is the concept of a control system, integrated with ICT and the power system, 

with the ability to manage generation, load and electrical tolerances for DSO-driven purposes. In 

this way, ANM solutions may reduce the need for conventional grid reinforcement, speed up 

connection processes and reduce costs for customers.  

ANM is however not new and has been successfully deployed in many specific cases. Of great 

interest for the ANM4L project, application of Dynamic Line Rating (DLR) equipment to 

overhead powerlines found on Öland (the site for ANM4L Swedish demo) have successfully 

allowed increased integration of wind power to the grid with reduced curtailment, without the 

need for powerline reinforcement [4]. The different tools required for holistic grid management 

on all voltage levels is however a complex and challenging task. The current atmosphere of 

increased RES integration adds complexity, especially when replicability and scalability across 

the whole EU are considered. The rate of this integration is faster (and accelerating) than the rate  

The ANM4L project define ANM as: 

ANM is the exploitation of flexible network assets for the purpose of providing secure means 

of increasing grid utilisation. 
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of required grid reinforcement, and the ensuing capacity constraint is already an issue resulting 

in RES curtailment and customer connection refusal [5].  

The EU “Clean Energy for all Europeans” [6] (also known as the “EU winter package”) aims to 

increase integration of RES across EU by increasing the commercial viability of RES systems and 

lowering the barriers for the society to participate in providing clean energy and stabilise grid 

capacity needs. Development of grid flexibility solutions for improved grid utilisation have been 

the focus of several recent and ongoing activities, such as: SmartNet, CoordiNet, FED, 

INTERFLEX, INTERRFACE, FlexPlan [7]-[11]. Many of these projects are driven by DSOs, TSOs, 

local initiatives and communities, highlighting the importance of implementing innovative 

solutions into the operation and planning of the power system. 

Regulatory bodies in several European countries are considering how to develop the existing 

revenue framework to incentivise network operators to abandon present investments driven 

perspective by changing their remuneration basis from CAPEX to TOTEX, thus supporting 

alternative solutions for network development, e.g. [12], [13].  
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 3 TSO-DSO cooperation in a changing operation and planning environment 

Nowadays, system operators share large amount of data regarding network planning and 

development, common data platforms and metering. Ancillary services (AS) are however 

completely handled by the TSO, even if the contracted participant is connected to the distribution 

grid. The potential social welfare increases due to flexibility and ANM solutions are highly 

connected to the level of integration of flexibility markets expected to begin to operate in the 

coming years.  

During the development of new – mostly, but not only local markets (e.g. stability reserves like 

inertial response are not local, but can be a new AS) – the DSOs can act as neutral market 

facilitators, market officers or contributors to system security. Gerard et al. [14] identified 

flexibility from RES as a viable opportunity to provide beneficial services both for DSOs and 

TSOs. The services include frequency control, congestion management and voltage control as 

well, therefore the coordination between TSO and DSO is a key to achieve a safe, reliable and 

cost-efficient flexibility activation structure. Five different market schemes are presented in 

detail in [14], which are valuable from the ANM point of view as well. These schemes are included 

below for simplicity:  

Centralized AS model: provides a common market for any AS, connected to any part of the 

grid. The market is operated by the TSO, the only available buyer (monopsony). The DSO role 

remain limited, not involved in procuring local flexibility real-time or near real-time, nor involved 

in the TSO processes except if there are some pre-qualifications (such as constraints defined by 

the DSO which must not be violated). 

Local AS model: a separate local market operated by the DSO. The resources connected at 
distribution level participate in the local market at first (priority due to local constraints). After 
closure, the remaining flexibility can be transferred to the system-level AS market, operated by  
the TSO as a spatial aggregation. This is the only model where the DSO has priority over the 
TSO, and the possible imbalances due to the local needs should be handled with coordination. 
 
Shared balancing responsibility model: a TSO operated system level AS market and a 
local DSO operated market. The resources from the local market cannot be transferred after 
closure. This brings a new role for the DSO: local balancing and congestion management, while 
the TSO handles the whole system. TSO has no access to distribution level resources. 
 
Common TSO-DSO market model: one market for any flexibility resource jointly operated 
by the TSO and the DSO. Common auctions might be introduced to enhance the optimization 
between local constraints and system-level needs. The market is beneficial from a social welfare 
point of view due to the increased integrity with resources allocated to the system operator with 
the highest need. The market is either: 

 one session including all bids, taking any constraints into account simultaneously, or 

 a two-stage process, where the local sub-market sends information to the TSO to find a 
system-level optimum. 
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Integrated flexibility market model: a common market introducing the participation of 

regulated and competitive market participants as buyers. An independent market regulator is 

needed to guarantee neutrality, manage the data and the settlement, requiring cooperation with 

TSO and DSO. 

These five schemes summarize possible development areas with different roles and integration 

levels for TSOs and DSOs. The roles related to grid operation, business data management, 

metering and settlement are fixed, and can be separated between DSOs and TSOs, while 

congestion management and balancing are handled in different ways. An optimal market 

structure is difficult to identify, due to regional and national circumstances and regulations, but 

each of the proposed scheme would likely be a significant step towards an efficient integration of 

RES and a market environment for ANM. 

ANM approaches could be an integral part of a market, with the Smart Grid Traffic Light Concept 

[15] used as complement, where sophisticated ANM algorithms interconnect network 

calculations and with different controllable flexible assets.  

The main restriction in creation of new market models is the unbundling of system operators. 

The TSO and DSO definitions were introduced to enhance market activities along the value chain 

of the electricity supply, while having regulated market players in the non-competitive segments. 

However, the changing environment – customer centricity, RES and the decentralization, 

keeping efficiency of operators at a high level with many new uncertainties – requires further 

cooperation and information exchange between TSOs and DSOs. Development of ANM solutions, 

providing flexibility for operation and planning, is an important factor towards a successful 

creation of new market models. 
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  4 Development of Active Network Management methods 

ANM uses flexible assets to maintain safe and reliable operation despite high network loading. 

At the core of ANM is control of active and reactive power to maintain acceptable voltages 

throughout the network as well as avoiding overloads. 

At transmission level network loading is practically decoupled from voltage control: Avoiding 

overload is about active power flows that are closely related to electricity market operation, while 

voltage is related to reactive power that can be considered as an ancillary service. The decoupling 

between active and reactive power is based on the fact that the series impedance of transmission 

lines is largely reactive, and the descriptive X/R ratio is typically 10-20.  

While it is easy to believe that transfer capacity and voltage management is easier in distribution 

networks since they have a radial structure and largely unidirectional power flow, it is rather the 

opposite. Distribution lines and cables instead have an X/R ratio of about 0.5-1. Without the 

decoupling between active and reactive power, control in distribution grids is suddenly more 

complicated than that of transmission grids: Active power has a considerable impact on both line 

loading and voltages, and the same is true for reactive power which here has less impact on 

voltage. Overload and voltage control cannot be decoupled as in transmission networks. In the 

ANM4L project, both these controls are closely co-ordinated. 

Another important difference between transmission and distribution is the SCADA system 

coverage, where distribution networks are largely without monitoring. In the absence of 

measurements, planning and operation are therefore to a large extent relying on assumptions. 

Behaviour diversity of customers adds further uncertainty. The response has been to install 

physical transfer capacity with sufficient safety margins so that operation never comes close to 

physical limits – both regarding currents (overload) and voltages. In addition, when designing 

LV networks, the load simultaneity factor is considered which is valid for traditional consumers. 

With the changing the situation and load behaviour, the operation and planning necessitates new 

approaches. 

As an alternative to traditional solutions, ANM uses the flexibility in active and reactive power of 

connected devices for the benefit of network operation thereby solving overload and voltage 

issues. This is a paradigm shift in planning and operation of distribution networks, enabling 

assets to be used to their full physical capacity and controllers assure that currents and voltage 

stay within their limits. Passive reliance on margins is thus replaced by active control that exploits 

the margins and make them unnecessary. This is illustrated in figure 1 from [16], where voltage 

is controlled using ANM: As long as all voltages are within the permissible range – here 95-105% 

of nominal voltage – operation is unrestricted. But when generation causes the highest voltage 

to hit the upper limit, flexibility resources are used to keep the voltages within the limits. As 

generation decreases, the need for control goes away and the voltage returns below the limit. 
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Without ANM in this example network it must be assured that the overvoltage can never occur – 

either by permitting less generation or by reinforcing the network thus reducing network 

impedances and voltage variations. 

For ANM to function, key network quantities need to be continuously measured and the 

measured data needs to be communicated to controllers and possibly to the control centre. 

Relevant quantities are currents through lines and transformers, voltages at transformers and 

voltages at consumers. Some of the flexibility that could be harnessed for ANM are: transformer 

on-load tap changers, reactive shunts, converter active and reactive power, and flexible 

consumption. 

There are many ways to design controllers that exploit the flexibility based on measurements. By 

definition, the best is to use optimization methods. While serving excellently as benchmark, 

optimization-based control actions may not be easily understood by control centre staff. From 

this perspective simpler controllers may be preferred even if they are sub-optimal. Simpler 

controllers on the other hand require careful consideration of both desired and undesired 

interaction between controllers. 

With ANM solutions in place not only operation changes, but also planning and how these are 

linked. As an example, voltage limits are traditionally applied mainly at the planning stage, while 

in the ANM example illustrated in figure 1, they are also used by the voltage control system during 

operation. Capacity limits are normally rather static, but recently dynamic ratings have been 

successfully used for lines and transformers. A system for Dynamic Line Rating on 50 kV lines is 

already in place in the Öland test system. There is also a system that curtails wind power  

 

 

Figure 1 ANM controlled bus voltages. Source: [16] 

 

 desired max voltage (1.05 pu) 

 max bus voltage (blue) 

 voltage at primary substation (red) 

 min bus voltage (blue) 

 desired min voltage (0.95 pu) 
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generation to avoid exceeding the dynamic current limit. The ANM4L project will incorporate 

this ANM solution as well as the voltage management system mentioned above. 

With ANM solutions, key network quantities are kept within bounds through control actions, 

making it impossible to exceed voltage and current limits. This resembles the bowling lane 

bumpers that make it impossible for the ball to enter the gutters on each side. But just as the 

bumpers change the game of bowling considerable, ANM changes operation of distribution 

networks. To network operation itself, the control actions are extremely helpful, while flexibility 

providers experience constrained operation as their devices are controlled. Just like ancillary 

services, this flexibility has a value for the network but also imply a cost for the flexibility provider. 

The ANM4L project could potentially capitalise on this through development of a flexibility 

trading market platform. An important market platform consideration in regard to the overlap 

between ANM control laws and market design is fairness between flexibility providers at different 

locations in the network. 
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  5 Economic considerations 

In addition to the technical complexities involved with developing ANM solutions, several 

economic issues related to these solutions also deserve careful consideration. As noted above, 

ANM solutions are often proposed as possible alternatives to traditional network expansion 

measures. The economic viability of an AMN approach compared to traditional investments is 

highly case-specific. Further, the financial evaluation needed to determine the appropriateness 

of an ANM solution in a given case are relatively complex, not least because of the financial 

regulations that DSOs are subjected to and the financial risk-considerations involved.  

Therefore, there is a need to develop methods and models that can be used to assess the financial 

costs and benefits of ANM solutions in a given context. In the development of such models, it is 

important to acknowledge that the financial costs and benefits for the DSO will likely differ from 

the fundamental economic costs and benefits for society as a whole. This is because the financial 

regulations of DSOs inevitably shape the possible financial incentives of DSOs in one way or 

another. Any financial model considering the costs and benefits of ANM solutions from a DSO 

perspective therefore must take relevant financial regulations into account.  

ANM solutions can provide economic benefits in several ways. In addition to creating value by 

replacing or deferring traditional network expansion measures, they could also allow for faster 

connection of new customers, which could increase short-run revenues. Further, if the long-run 

need for a network expansion is uncertain, then utilizing an ANM solution for deferring the 

expansion can buy some time, reducing the risk of ending up with stranded network assets. 

By developing financial models that can take these aspects into account, the ANM4L project aims 

at proving support for DSO decision makers. Further, since this analysis can highlight potential 

implications of the regulatory framework, it can also be used as an assessment of the effectiveness 

of regulations for providing sound incentives for ANM solutions. 

The ANM4L project plans to carry out the economic modelling in steps, beginning with a model 

for estimating the value of an ANM solution from a societal perspective in terms of the value of 

deferred investments and faster connections. This model will then be extended to include the 

regulatory dimension to assess how the ANM solution affects the DSO’s bottom line. The model 

will be expanded with a characterization of flexibility resources to provide a possibility to analyse 

the costs associated with flexibility provision. In addition, the usage of ANM solutions requires 

the DSO to interact with flexibility providers in new ways, which brings into question how the 

relationship should look like between the DSO and the flexibility providers and how the financial 

compensation for flexibility should be.  
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  6 ANM4L Toolbox for operation and planning 

Interoperability is becoming increasingly important in the digitalised power system, especially 

vertically between TSO and DSO. This is highlighted by the TSO-DSO Data Management Report 

[17], which describes the need for a deeper cooperation between TSOs and DSOs. Furthermore, 

the focus should be on services rather than platforms. The same service can be provided by 

different platforms. Hence, a deeper integration does not necessarily require the use of the same 

platform. Focusing on services enables a faster transition than trying to move all partners to a 

specific platform. To provide access to a service, the user only requires a specification of its 

Application Programming Interface (API). The source code implementing the service is not 

required. 

While IEC61970 Common Information Model (CIM) is becoming the standard to exchange grid 

data for planning purposes, a standard API for planning and operational services is not yet 

defined. Similar efforts can be observed in other EU projects, such as SOGNO [18] and PlatOne 

[19], which propose APIs for operational tools. Services for grid management facilitate not only 

the data exchange but also the access to functions on this data by TSOs. Besides, standardized 

interfaces support flexibility in the IT system of DSOs, which allows them to replace parts of their 

infrastructure without affecting other parts.  

An API description is required to be able to use a service. The intention is to build a modular 

toolbox using Representational State Transfer (REST) APIs, which are widely used for 

webservices and programming language agnostic. Hence, all partners using or implementing 

parts of the toolbox are free to select a new or maintain their current technology stack. OpenAPI 

is a project to standardize the specification of REST APIs. The advantage of OpenAPI is that many 

tools exist to either present the API in a human readable format or generate source code to 

implement the API in a certain programming language. This further increases the accessibility of 

the provided services. 

The ANM4L toolbox, illustrated in Figure 2, will essentially consist of two parts: a Planning and 

an Operation package.   

The aim of the planning package is to provide information to the grid planners on the level of 

impact a set of ANM solutions (technical and financial) would have on the network. The planning 

package features an API that allows the user to upload grid data, manipulate the data and run 

various types of simulation and analysis. The main use cases considered are: 

 Outage Planning and Contingency Analysis 

 Reinforcement and Reinvestment Planning 
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To support these use cases, the modules presented in Figure 2 are identified as basic building 

blocks of the planning package. 

 

Figure 2 Building blocks of the ANM4L toolbox  

The aim of the operational package is to provide the operators of the grid with knowledge on the 

status of the grid and available ANM capabilities to maintain the grid in secure operation. The 

operational package interacts with field devices to monitor the grid and distribute new set points 

for controllable field devices and flexible assets.  

In order to maximise the control possibilities, the operational package will be open for all possible 

flexibility solutions, related to both DR and DSM. Flexibility in the form of DR need to be 

procured on the market by the DSO (e.g. from suppliers or aggregators), but not being directly 

controlled by the DSO itself due to market distortions. Flexibility assets as part of DSM can be 

directly controlled by the DSO for operational network security purposes.  

In the case of DSM (direct DSO activation), a contractual bi-lateral agreement between DSO and 

customer can allow the DSO to control flexible loads directly. This provide the ability to increase 

or decrease e.g. household power consumption, thus making residents direct contributors and 

part of the solution by adding grid supporting flexibility. Such an approach cuts down on 

transaction costs, allows reactive strategies and reduces complexity. However, the difficulty lies 

in ensuring efficient allocation of flexibility and identification of adequate remuneration rates.  

In case of a market-based approach (i.e. DR), flexibility requests and offers are matched on a 

market platform. This is usually done with aggregators handling the bidding and end-customer  
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activation to ensure adequate pricing, efficient allocation and access to flexibility. This is a more 

complex approach with numerous interactions and limited number of market participants for 

liquid transactions.  

The operational package includes a flexibility market platform with the aim to facilitate the 

engagement with end users to provide supply and demand side flexibility potential to the ANM 

solution. The market platform handles all aspects of end user engagement (business, technical, 

and communication) and is integrated with the ANM via open APIs.  
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  7 Summary 

The ANM4L project started in December 2019 and continue until the end of 2022. During the 

three-year project phase, technical methods and algorithms for ANM will be developed for 

various assets found within the distribution grids. Together with their respective economic 

implications, these ANM solutions will be integrated into a toolbox developed for network 

operation and planning. The toolbox, which will utilise standardised interfaces to be able to be 

integrated into the systems used by the network owners, will be tested in two distribution 

networks owned by E.ON. The demonstrations on the island of Öland in Sweden and one in 

Hungary (exact location to be decided), are in regions currently facing challenges related to the 

integration of renewables.  

The ANM4L project will demonstrate strategies to mitigate these challenges using Active 

Network Management solutions. The testing of the toolbox will enable the network owners to 

become acquainted with how systematic coordination of active elements in the network can 

contribute to improve the management of the grid.  

The scalability and replicability of the results from the ANM4L project is of great importance to 

make the developed solution available for European DSOs and valid for a large number of areas 

in different networks.  

One of the biggest challenges in operation and planning of distribution grids in the years to come 

will be to find the right business model for efficient utilisation of available flexibility resources. 

Different scenarios can be imagined, but market players must be treated in a fair manner and 

system operators must maintain a secure and reliable operation of the grid. Finding the adequate 

cooperation model of market players will have a great importance and will highly depend on the 

current and future national regulatory and technical environment.   
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The Anm4L project supports the 

Sustainable Development Goals 

The Sustainable Development Goals (SDGs), 

also known as the Global Goals, were adopted by 

all United Nations Member States in 2015 as a 

universal call to action to end poverty, protect 

the planet and ensure that all people enjoy peace 

and prosperity by 2030. 

The Anm4L project has made a sustainability 

declaration. It shows that the project can be 

expected to have a positive impact on seven of 

the seventeen global Sustainability Development 

Goals. 
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