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Results obtained in FED

1. Data hub & data lake

1.1 Established Center Denmark as a leading Data Space for
Energy (and Water)

Center Denmark is established as a national data hub for smart energy systems (maybe also
water) supported by AAU, AU, SDU and DTU - and some of the major energy systems
stakeholders.

Center Denmark is now a Eur op e d&martEEdelgiDigitahor e pr ec
Il nnovation Hubd. énmark playes B ceotnale€ole inthe metv European

Test and Experimental Facility for Smart Cities and Communities (CitCom.ai), and Denmark

is leading the Nordic Super Node centered around Data Spaces for Power in Europe.

Center Denmark is now involved in national and European research and innovation projects.
The projects are all focusing on operating a European Data Space for Energy (and Water)
Systems, and the total budget for these is around 130 mill Euros (has to be verified).

The Data Space at Center Denmark is mentioned in several international reports:
The EU Commission: Data Spaces for Energy, Home and Mobility (Oct 2022)

Danish Energy Agency: Digitalization Related to Energy Consumption in Buildings
(January 2023)

IEA: A Data Sharing Guideline for Buildings and HVAC System (March 2023)

5

1.2 Creation of FEDDL as a Danish National Energy Data Lake

The FED Data Lake (FEDDL) has been built to handle huge amounts of energy data from
different sources (ranging from private consumers over companies to energy network
operators) in the Danish society. FEDDL enables efficient and advanced analysis of the
data. It is built to scale, and it uses only open-source technology. FEDDL is thus a
foundation for collecting and sharing all types of energy-related data in Denmark to allow Al
and machine learning tools to combine, analyze, and predict energy data for the purpose of
optimizing the flexible use of renewable energy.

Some of the work behind FEDDL has been described in Hamadou, H. B., Pedersen, T. B., &
Thomsen, C. (2020, December). The Danish National Energy Data Lake: requirements,
technical architecture, and tool selection. In 2020 IEEE International Conference on Big Data
(Big Data) (pp. 1523-1532). IEEE.
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1.3 Work towards On-Demand Cube Exposure of Data in Data
Lakes

Cubes are a very popular tool for data analysis. They make it easy to select relevant data
and group it at the right level of detail. Traditionally, significant efforts are, however, first
spent on cleansing data and specifying hierarchies before a cube can be defined. In a data
lake setting, new datasets are easily and often added, but the data is not cleansed, and
hierarchies are not defined on beforehand. Work has been done towards making it possible
to use cube operations directly on big data sets in a data lake without requiring cleansing or
definition of hierarchies on beforehand. A cube will thus be made on-demand and it can
then, if needed, be gradually refined. This will be possible via the Python programming
language which is very popular among data scientists. It will thus be easy for data scientists
to use this and integrate with their existing solutions. Work has been done to define the
needed constructs and a prototype is being developed. The work will later be presented in a
paper.

1.4 Work towards Privacy-Aware OLAP Querying in Data Lakes

Datasets in the FED Data Lake can contain personal data and different users should be
allowed to see different things: External users should never be able to see personal data;
Living Lab managers should be able to see data from their own Living Lab, but not personal
data from other Living Labs; and finally authorized researchers should be allowed access to
the full datasets. Work towards a system that ensures this has been started. A dataset is
said to be k-anonymous if data related to each individual cannot be distinguished from data
from at least k-1 other individuals. With the proposed system, users have roles with
permissions to see k-anonymous data for a given k for a given dataset. If a query result does
not fulfil the allowed k-anonymity, the query is automatically rewritten. For example, an
external user could issue a query about total energy consumption per hour per address. The
result of this query will, however, be about individual households (i.e., k=1) and thus contain
personal data. The query will therefore be rewritten, e.g., into a query about total energy
consumption per hour per street where data about one household cannot be differentiated
from data about other households on the same street. Work has been done to formally
define how this rewriting should be done. It will later be presented in a paper.
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2. Market and grid tools

2. 1 Methods for TSO and DSO coordination and grid services

The Smart Energy Operating System (Smart Energy OS) is established as a Data Space
designed around a hierarchy of data handling with associated technical and governance
rules that aim to ensure coherence across all relevant aggregation levels (wholesale energy
markets, transmission networks, distribution networks, and end-use consumers), with a
focus on providing solutions on multi-objective criteria like energy efficiency and flexibility.
The Smart Energy OS includes a hierarchy of controllers that are able to utilise the flexibility
at the building, district and community levels to solve grid related issues for both the TSO
and the DSO.

The Smart Energy OS is analogous to an operating-system for a personal computer; guiding

fundamental workflows, as well as information, between various hierarchies of the energy

system. 't util i sesy OMA& cnhiamuins nisnét e(rMlphsr)a baisl iat ¢ om
interoperable set of information requirements that ensure that necessary data is accessible

between stakeholders.

The Smart Energy OS and the Flexibility Function concepts are also mentioned in e.g., the
following reports:

i The EU Commission: Data Spaces for Energy, Home and Mobility (Oct 2022)

i  Danish Energy Agency: Digitalization Related to Energy Consumption in
Buildings (January 2023)

i IEA: A Data Sharing Guideline for Buildings and HVAC System (March 2023)

Penalty Generator for, e.g.: Penalty Signals for: Cost Efficiency,

Voltage Control, Emission Efficiency,
Balancing, Energy Efficiency [

: Flexibility Function
| (Estimator)
I

|
|
|
|
| Congestion Management - o
|
|
|
|
|

o
Reference | Penalty Generator | Penalty Flexible User(s) Response’
(Controller) (Penalty-responsive)
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2. 2 Methods for BRPs and Aggregators; How to link markets
with the physics

Solutions for the fundament al guestion: OWhere d
begin?d has been suggested. This is facilditated
above), and the methods can be used by retailers and aggregators to optimize the used of

green power and to minimize the costs for the end-users. See the figure below.

.;‘" Bought
Orders \ .-"‘: Energy

\ J __\_,'
Bought A . . Energy Flexible
P D d
[ Aggregator J» Energy ﬂ‘ Flexibility Function Jf rice H[ - emand >

The method has been demonstrated in a number of research papers.

2. 3 Methods for improved wind power (and PV) forecasting.

We consider reconciliation of wind power forecasts in a spatial hierarchy with three
aggregation levels. We produce base forecasts for the bottom level consisting of 407
substations (connection points for local groups of wind turbines) in Jutland and Funen.

DK1

/\\

Region 1 L L] Region 15

e /\
M A

{b) Spatial hierarchy for DK1 with three aggregation levels,

{a Regional map of Denmark with lacations of substations.

FIGURE 1 (a) Map of Denmark showing the locations of the individual power substations and regions. (b) lllustration of the spatial hierarchy for
the western price area DK1 with 15 regions at the middle level and 407 individual substations at the bottom level.
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State-of-the-art forecasts from a commercial forecast provider are available for the middle
and top levels, which consist of 15 regions and the entire Western Denmark (DK1),
respectively. We find that the accuracy of the total forecast can be improved through spatial
reconciliation, even with a relatively simple model used at the lowest level of the hierarchy.
Computing the base forecasts for the substations using wind speed as the only predictor, the
RMSE of the DK1 forecast is reduced by 20.5 pct.

This setup of wind and solar power forecasting ensures a coherency between forecasts seen
by eg. BRPs, DSOs and the TSO.

The wind power forecasts are important input for developed state-of-the-art methods for
electricity price forecasting. The forecasts are used in the Novasol Demo Site in FED.

2.4l ntegrating Distributed Fl exibi
Operation

The future of power systems is envisioned to be largely based on renewable generation and

di stributed flexibility. Yet, integrating existi
operational decisions poses a major challenge, g
frameworks and controllers. Moreover, in such a system, the operational decisions need to

be predictive, multi-stage, as well as TSO-DSO coordinated. In this paper, we consider a

generic,grey-b ox consumer model that can forecast (or s
consumption profile as a function of pricing signals, and use this model to integrate small
consumers massively into a distributed policy fo

The consumer model is generic enough to accommodate any type of consumer, while the
proposed policy inherently coordinates Transmission and Distribution System
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Fig. 2: Schematic diagram of the information exchange and
decision process

Operatorso6 decisions in the presence of wuncertai
generation. The results demonstrate promising convergence properties and short execution
times, which is encouraging towards the schemebds

2. 5 Optimal design of DSO networks related to Energy
Communities with PV generation and battery storage systems.

This work is carried out in a collaboration with Danish Energy (Dansk Energi).

An extensive study of Renewable Energy Communities (ECs) and their potential impact on
the electric distribution grid has been carried out. For that purpose, an optimization model
si zing t he- Vo §PY) aRdBatterg Energy Storage System (BESS) was
developed. The model was soft coupled with power flow analysis to investigate the impact of
different EC configurations on distribution grids. Different distribution grids (city, urban,
village), different EC configuration, different operating strategies and different battery
placements were investigated. The results showed that when the grid topology is taken into
account when choosing the battery placement, then the EC does not impact the observed
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mi ni mum and maxi mum voltage. Moreover, it was fo
operating strategy the LV grid loading can be reducedby58%. The ECO®6s si zing sh
optimal capacities of PVs and communal batteries were up to three times larger for the case

of city grid, following the operating strategy o
than in other operating strategies and grid layouts.

The following paper is submitted to Applied Energy:

Renewable Energy Communities: Optimal sizing and distribution grid impact of
PV and battery storage
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3. Long-term energy systems planning considering
flexibility potentials

3.1 Clustering and flexibility for Long-Term Energy Planning

In the FED project we aim at generating the information needed for long-term planning while
taking into account the estimated long-term flexibility potential. This calls for new methods
for a clustering of primarily the commercial and industrial load patterns.

In future power systems, consumers will become a significant source of flexibility. In order to
anal yse c¢ on gammflexbiitypoteniat apd improve forecasts of the future hourly
load profile, methods for load clustering and patterns tracking their evolution over time are
required. In this paper, we propose a clustering methodology that accounts for heterogeneity
in consumer s6 | oad s visedleamings The studyrconsiders hourly lvadp e r
measurements from 9412 smart-meters of the Danish commercial and industrial

sector. A wavelet transformation is proposed to min-max scaled load data, where the
extracted wavelet coefficients are used as input to the K-means clustering algorithm.
Through cluster validation, eight clearly distinct load profiles are identified and compared
with the industry classification of the cluster constituents. Moreover, the flexibility potential is
estimated for each cluster.

The results related to this work will be published in a paper entitled:

Clustering Commercial and Industrial Load Patterns for Long-Term Energy Planning

3. 2 Capturing flexibility for batteries using the FlexOffer model

To solve the problems caused by the intermittent generation of Renewable Energy Sources,
the concept of energy flexibility is of utmost importance, and batteries are devices with high
potential in this regard. However, current exact mathematical models specifying battery
flexibility cannot scale (exponentially growing runtime) with long time horizons and many
batteries. The FlexOffer model has been proposed for this purpose, because: 1) itis a
general model, capturing all types of flexible assets in a unified format and 2) being
approximate, it scales very well in terms of number of devices and time horizons. It has been
shown that FlexOffers retain most of the flexibility, while vastly outperforming exact models
in optimization and aggregation speed.

This research is described in greater detail in the paper Capturing Battery Flexibility in a

General and Scalable Way Using the FlexOffer Model, presented in the SmartGridComm
2021 conference.
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3. 3 Modeling uncertainty within the FlexOffer model

As the usage of Renewable Energy Sources in electricity grids increases in popularity,
energy flexibility has a crucial role. The most common weaknesses of current flexibility
models are: i) being hard-coded for specific devices, ii) not scaling for long time horizons and
many devices, iii) losing a lot of flexibility if the model is approximated, and iv) not
considering the uncertainty affecting flexibility representations, which causes the model to
capture too much excess flexibility when imbalance penalties are high. The FlexOffer model
can perform approximations of flexibility with good accuracy across different devices, and
scales well to long time horizons and many devices. In order to consider uncertainty,
FlexOffer has been extended to a new model, Uncertain FlexOffer, which keeps the good
properties while capturing uncertainty. It has been shown that Uncertain FlexOffers vastly
outperform exact models in terms of optimization speed and scalability for many devices and
longtime horizons, while retaining almost all of the available flexibility.

A short overview of this research can be found in the poster Uncertain FlexOffers: a
scalable, uncertainty-aware model for energy flexibility, presented at the conference ACM e-
Energy 2022, and a more detailed description will appear in the paper with the same name,
which will be presented at the conference ACM e-Energy 2023.
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4. Energy Ecosystems

4. 1 Energy Ecosystem Digital Twin Platform

Built on Trefor's Living Lab, the Energy Ecosystem Digital Twin Platform was developed to
simulate energy ecosystems, assess the implementation of data-driven smart energy
solutions and business models, and analyze the outcomes of these decisions. This platform
is employed to evaluate a range of business models for providing the value propositions
available from Energy Flexibility Solutions, as well as to study the grid load capacity with
respect to substation temperature and analyze the effect of dynamic DSO tariffs.

The Energy Ecosystem Digital Twin Platform includes a variety of distribution grid topologies,
components and DERs such as EVs, PVs, batteries and heat pumps. This platform also
incorporates consumer behaviour models and DER operations strategies, dynamic distribution
tariffs, and electricity prices. It is used to evaluate the performance of various DERSs, and the
impact of their deployment and operation strategies on the grid, particularly EV charging
strategies.

The related publication is:
Ma, Z. Energy Metaverse: a virtual living lab of the energy ecosystem. Energy Inform 6, 3
(2023). https://doi.org/10.1186/s42162-023-00258-3
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4. 2 DERINnGrid: an agent-based simulation tool for power grid
state estimation and analysis with distributed energy resources

DERINnGrid is an agent-based simulation tool that enables electricity system operators to
predict the impact of distributed energy resources (DERs) on a power grid. The tool
automatically generates a topology representation of the system and its residential consumer
connections based on input data, allowing users to conveniently perform simulations on
different distribution systems. It also comes with a user-friendly interface for users to adjust
parameters for different scenarios.

Tested on two power grids operated by TREFOR, DERINGrid provides operators with valuable
insights such as when components in the grid start becoming overloaded and typical timing
patterns of these overloads. It also provides power flow time-series measurements for all
components and appliances, which can be used to plan cost-effective future grid
reinforcement activities and determine whether other solutions, like demand-response or
energy management, can be used to alleviate overloads.

The methodology and results relating to the DERINnGrid tool have been presented as part of
1 Veerbak, M. (2022). Agent-Based Framework for Simulating Evolution of Distributed
Energy Resources in Energy Systems. [Ph.d.-afhandling, SDU]. Syddansk Universitet.
Det Tekniske Fakultet. https://doi.org/10.21996/vny1-bw06
1 Veerbak, M., Ma, Z., Demazeau, Y. et al. A generic agent-based framework for
modeling business ecosystems: a case study of electric vehicle home charging.
Energy Inform 4 (Suppl 2), 28 (2021). https://doi.org/10.1186/s42162-021-00158-4
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4. 3 Multi-Agent and Multi-Criteria Decision-Making model for
investigating energy ecosystem dynamics with Electric Vehicles
charging, dynamic distribution tariffs, and electricity pricing

The developed model is a decision support tool consisting of a multi-agent based simulation,
a multi-criteria decision-making model and a dashboard. The Multi-agent based simulation
represents the energy EV home charging in distribution grids, ecosystem dynamics, and
stakeholder behaviors. The multi-criteria decision-making model is for evaluating and
selecting State-of-the-Art dynamic distribution tariffs and EV charging algorithms. The
Dashboard is for illustrating and analyzing ecosystem situations and relevant ecosystem
stakeholders.
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