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‘ ‘ 01 Motivation

An energy gap
foreseen

Source: EBN (2024)
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Pressure on the Grid

Increase in Solar/Wind Energy production leads to mismatch based on time and space

Daily and annual mismatch in solar production and demand Spatial mismatch between production and supply
among households
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Congestion in the Netherlands in the future

These two problems combined with the current state of the grid lead to congestion

Wuppertal

Diisseldorf

Antwerpen

Kéln
Bruxelles Leuven
- Brussel

(O Transparent: (still) no congestion

O Yellow: Threat of congestion

o Orange: Advance notice of structural
congestion at ACM

@ Red: Structural congestion

Source: Netbeheer Nederland (2024), Accenture (2024)
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Especially at low voltage level, the available
flexibility options will often not be able to (cost-
effectively) reduce the demand peak below the
level at which grid reinforcement is no longer
necessary.

“TenneT expects structural grid congestion
until 2029.” — TenneT website
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Microgrids?

Microgrids or Energy Hubs are hot topic

Generation &

transmisson * “A small-scale power subsystem comprising a limited number
rer- of DERs, which can include both renewable and conventional
energy sources. “ (Uddin et al., 2023)

Resilience
o icrogridsimp ilience by di ing
am from the main grid during an outage and using
local resources, including storage, small
N generators, and renewables, to keep power
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Microgrid technologies offer co-ops
additional flexibility in managing the use

et : Enhanced Grid Reliability
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MGs are instrumental in evolving power grids
towards greener and more adaptable systems
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Challenges Microgrids

What are the challenges when trying to implement and manage MGs?

191
o— Al -0 X
2 X
I3l O
Optimization of Energy Technical Complexities Long-term Strategic
Management Planning

Each type of microgrid can face unique challenges based on its design, scale,
and the specific needs it serves.
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Energy Grid: The gap
The gap and infrastructure combined form a problem
e Current research underrepresents
— Urban environments with diverse user profiles
— Balancing of energy among different functions
— Case studies often isolated environments

* Location and geographical data approach

* Research should aim to facilitate stakeholders with knowledge towards implementation
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How to approach urban Microgrid Energy
Management (MEM) problems with RL?

\ 4

How can Distributed Energy Resources be deployed and managed, in a cost-
effective manner, within an electrified microgrid to achieve a balance between
energy consumption and production in order to minimize the burden on the
central grid given fluctuating demand?

3
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Research objectives

- deployed and managed .. cost-effective, .. to achieve equilibrium .., to
minimize the burden on the central grid given fluctuating demand -

O,
r=-
Release burden on main Improve the cost
grid efficiency

While utilizing intermittent energy sources.
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Methodology
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Research overview

CONCEPTUALIZATION

MODEL
ARCHITECTURE

IMPLEMENTATION
MODEL

VISUALIZATION
MODEL

ANALYSIS AND
VALIDATION

Accenture Industry X

Detail components, relations and interconnections
Define performance indicators and entities
Define scenarios for model testing

Translate conceptualizations into quantitative constraints and objectives
Select programming language and environment
Select RL algorithm

Formalize the model architecture and translate the architecture into a
functional system

Employ RL in the model
Create scenarios

Map the physical grid attributes into a digital representation
Design POC visualization based on user requirements

Align results with expectations to validate the agents’ performance
Analyze and validate results based on convergence and variability

Motivation — Research Objectives - Methodology - Results — Conclusion - Recommendations
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Case study

Kop van Zuid: Big buildings and naturally isolated

L\
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et 2 S 4 Lable 3.2: Summary of energy system scenarios
12 ) c
@

i Scenario Description

Base case This scenario serves as the control setup, where
the current energy system configuration is used
oy without any modifications. The focus here is to
establish a benchmark for performance compari-
S0n.

panes®
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Demand side decrease In this scenario, variations in demand patterns are
introduced to evaluate how changes in consumer
behavior affect system performance.

Increase in Renewable Energy supply This scenario explores the impact of varying re-
newable energy supply sources. It considers the
effects of utilizing a single type of renewable en-
ergy versus a combination of multiple sources,
thus providing insights into the benefits of diver-

% %, R - sifying energy supply.

* Increase in (EV) battery storage possibilities This scenario examines the role of ESSs in enhanc-
ing grid resilience and efficiency. It assesses how
different storage capacities and technologies can
optimize overall system performance.
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Case study: Data acquisition

Synthetical creation of demand profiles for the case study based on open source geographical information

Apartment

i Ca S e St u d y i n fo r m a t i O n ( Residential and Accomodation

Commercial and Institutional

Building Type

— Demographic information

Categorization [ID]

Energy Label

* Simulated loads with categorization buildings

e Other Exogenous variables

— Solar data (timely) 12
— Wind data (timely) B
— Geothermal potential :M
— Grid costs (timely) 5.
0.2
0

s e
1 2345678 9101112131415161718192021222324
Time (hr)

]
Accenture Ind ustry X TU De|ft Motivation — Research Objectives — Methodology - Results — Conclusion - Recommendations



Deep Reinforcement Learning

An Algorithm that must be trained, like a child or in this case an Energy Management system

How does Reinforcement Learning work?

”The uncertain nature of the microgrid components and the high dimensionality of their variables incentivizes the use of
intelligent learning-based methods in the EMS, such as DRL algorithms. “

States and actions:

* (EV) Batteries: charging, discharging, idle (max charge, : ( Agent }
max discharge :
ge) State| |[Reward Action
* Main Grid: importing, exporting, idle (max import, st Frel ai
max export) e/
< % Enviroment )4—

Fi+1 Fe+2
ai ar+l1 i+ 2

%
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Environment & Reward function

Implementation of the model architecture

* Environment per scenario:
— Base case is formed based on advancements within the spatial limits

e Reward function:

— Maximizing independency

— Minimizing costs

2
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Output

Graph reward function per episode
(trainingscurve)
& action per timestep

Concatenated Training and Evaluation Rewards Over 140 Eprsodes

fl IH-". ‘FUWJ VAN T VLW

Epinades

(a) Training curve for environment with base parameters and the
loads with a factor 0.2
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Metrics Values

Data model

Combination of gathered, and simulated data

AL

Comparison of Microgrid Performance Metrics

Energy Losts

from Royal Netherlands M logacal Ins (2024b)

Table 4.1: Wind data coll
Description Details
Location Rotterdam Geulhaven

Coordinates 51.891944, 4.3125
Data Collection Frequency  Every ten minutes
Variable: FF_SENSOR_10__ Avg. wind speed from sensors 1 and 2 at sensor height (m /s).

Table 4.2: Solar data collection from Royal Netherlands Meteorological Institute (2024a)

Description Details
Location Rotterdam Locatie 24
Coordinates 51960556, 4.446944

Microgrid 10 \
60000 —e— Microgrid 10, RE \ \
—e— Microgrid 21, Loads ’\ \ N
—e— Microgrid 21, RE ~ \
40000 \
} \//
b
\ [
20000 LAWY
0 oy
~20000 sor
~40000 - |
-60000 g ‘
—80000 o ‘ ‘
0 5 10 15 20 25 30 H
Time Steps. o |
‘ 1
Table 6.2 Vamables, parameters, and values DRL model
Variable Parameter Value
Table 6.2 — continued from previous page Smrall Batteries
Variable Parameter Value = —— — -
N Charge Efficiency 0.9 (dimensionless) Comax (‘-"F:‘C‘r) 500 k‘:\}‘
Costoy, Cycle Cost e Penasge Charge Fower 3% kwh
Quantity Number of Units n Piischarge Discharge Power 38 kWh
Solar prnels 1 Change Efficiency 0.9 (dimensionless)
vy Efficiency 0.9 (dimensionless) ( wele Cyele Cost S0.20
Aredgusinare Available Area Solar analysis with Energy atlas, (Juaniily Mumber of Units fr
now 0.6 percent =
Quantity Coverage Every available surface Big Batteries
Domestic-scale wind turbines Coas Capacity 710 kWh
Riarbine Radius Piharge Charge Fower 50 kwh
:J-r '{‘:i‘:*&‘-"':‘“ fent Ptischarge Discharge Power S0 kWh
Required_radius Free Radius Contimued on next page
Quantity Number of Units
Heal Pumps
Input parameters
Lyeo Potential 071
cop Coefficient of Perfor- 1.5 (dimensionless)
mance
Heat Cutput TRW
Operational Cost &0.50
Number of Units One per residential abject E
T E T E T E T E

5
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Data Collection Frequency — Every ten minutes

Variable: Q_GLOB_10  Avg radiation (W per m?)

Total-RD/pymgrid

a large nurmber of micre

DQN model

Installation

Motivation — Research Objectives - Methodology - Results — Conclusion - Recommendations 18



Results: Optimization

3
Accenture Ind ustry X TUDelft Motivation — Research Objectives — Methodology — [&5¥l[i& - Conclusion - Recommendations 19



Metrics Values

Data model

Combination of gathered, and simulated data

Comparison of Microgrid Performance Metrics

Microgrid 10
60000 —e— Microgrid 10, RE r
—e— Microgrid 21, Loads / .....
e Microgrid 21, RE P
40000
20000 : ;
0
=20000
—40000 ’ o 60, 200 E) %o %0 £ ES 13 £ 200 EJ E3 0
- ‘ (T t ) I p t d t
-80000
0 5 10 15 20 25 30 35 20
Time Steps
Table 6.2 Vanables, parameters, and vahses DRL model
Variable Parameter Value
Table 6.2 — continued from previous page Smrall Batteries
Variable Parameter Value — — — -
e Charge Efficiency 0.9 (dimensionless) Comax Capacity S00 k‘:\ h
Costyyete Cycle Cost 50 Penasge Charge Power 38 kWwh
Quintity Number of Units n Pischarge Disicharge Power 38 kwh
Solar pranels Tek Charge Efficiency 0.9 (dimensaonless)
ey Efficiency 0.9 (dimensionless) Costeyeie Cyehe Cont S0
Aredgpsiianie Available Area Solar analysis with Energy atlas, (Juaniily Bumber of Units 3
now (L6 percent :
Quantity Coverage Every available surface Big Batteries
Domestic-scule wind turbines Conas Capacity 700 kWh
Riarbine :(:h]iu:v(. et ::{u . Ponasge Charge Power 50 kWwh
Cp wwer Coefficien 143 sionless) Potoonare Discharee P =0 KW
o Air Density 1225 kg /m’ discharge Nscharge Power EWh ) . )
Required_radius Froe Radius ZTm Continued on next page
Quantity Number of Units 12
Heat Pumps
Input parameters
Potential 071
Cocfficient of Perfor- 1.5 (dimensionless)
mance
Heat Qutput TRW
Operational Cost &0.50
Quantity Number of Units Cne peer residential abject E
T E T E T E T
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~ Analysis

“Table 4.1: Wind data collection from Royal Netherlands Meteorological Institute (2024b)

Description Details
Location Rotterdam Geulhaven
Coordinates 51.891944, 43125
Data Collection Frequency — Every ten minutes

Variable: FF_SENSOR_10 _ Avg. wind speed from sensors 1 and 2 at sensor height (m/s).

Table 4.2: Solar data collection from Royal Netherlands Meteorological Institute (2024a)

Description

Details

Location
Coordinates
Data Collection Frequency
Variable: Q_GLOB_10

Rotterdam Locatie 24
51.960556, 4.446944
Every ten minutes

Avg. radiation (W per m?)

Total-RD/pymgrid

e

a large nurmber of mi

DQN model
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Results Scenario 1 — day patterns

Base case — Trained on 100 episodes and evaluated over 40 episodes

Output Base case

In put 1e9 Concatenated Training and Evaluation Rewards Over 140 Episodes
0.0 r| 1 y—v\/— ’_V \/ / M
—0.5 'V V\/_\ \ [\[
_1.0 -
{ . 1 ‘ m ﬁ —1.5 “
&}&' wﬁ \ & | I I I
E ,~§5Q; -2.0
5 L |

/ /

—— Training Data
—— Evaluation Data

—3.0

T T T T T T T T
0 20 40 60 80 100 120 140
Episodes
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Results Scenario 1 — week patterns

Base case — Trained on 100 episodes and evaluated over 40 episodes

Scenario 1.1 Day patterns Scenario 1.2 Week patterns

atenated Training and Evaluation Rewards Over 140 Episodes lel0 Concatenated Training and Evaluation Rewards Over 140 Episodes

ssssssss

3
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Results Scenario 2 — Less demand

Decreased loads with factors 0.8 until 0.2

Training and Evaluation Rewards Over 140 Episodes

10 Concatenated Training and Evaluation Rewards Over 140 Episodes

o 20 ©

[ 20

o ) ) 100 120 10

(a) Training curve for environment with base parameters and the (b) Training curve for environment with base parameters and the

loads with a factor 0.2 loads with a factor 0.4
s c Training and Evaluation Rewards Over 140 Episodes s c Training and Evaluation Rewards Over 140 Episodes
02 0z
00 a0
02 02
o0 o4
£ 06 £ o6
H H
& &
e -08
=L, 1.0
2 12
. — aining oata —— iog bota
— Evalation Data 14 ~ Evalation Dat
13 £y P 3 w P o o : B3 P @ w o o o

Episodes

Episodes

(c) Training curve for environment with base parameters and the (d) Training curve for environment with base parameters and the
loads with a factor 0.6

loads with a factor 0.8

Figure 6.4: Scenario 2: Concatenated training and evaluation curves

Table 6.4: Summarized version of; Evaluation rewards for sub-scenanos within scenarno 2, see Table F3

Scenario 2.2
-H6H2632.52

-H06Y910.9491

Scenario 2.4

-B8906300

Scenario 2.3
11243708.78

2592276241 -174252802.5

Episode Base case Scenario 2.1
1 014403125 -26385).225
40 S1701428874  -287048.409
Average  -9.31E+08 -2 46E+05

-5.25E+05

-34TE+07 -1.59E+08
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Results

Findings coming forward in the (sub)scenarios

Scenario l
Base case

* Tested daily and weekly
patterns

e For both runs no optimal
learning, or convergence

* Daily patterns: Higher
rewards, less variability
and more stable learning

Accenture Industry X

Scenario 2

Demand side
decrease

Loads 0.8, 0.6, ...
* Behavior as expected

* High variability
everywhere -
stochastic data selection

* Higher demand is more
complexity

Scenario 3

Increase in RE
supply

Solar Energy only
* No convergence
Solar Energy increase

* Improvement in reward
but not in variability

Heat pump

* Improvement in reward
and in variability

Scenario 4

Increase (EV)
battery storage

More Battery (Speed)

Not as expected, but
understandable

No improvement, due to
more complexity

Lack of more
comprehensive states

EV Batteries (18om — 7am)

No convergence

Motivation — Research Objectives — Methodology — Results - Conclusion - Recommendations 24



Hybrid scenario

The most desired balanced combination of components

Scenario 5.5.Longer Scenario 5.5.Seasonal Scenario 5.5.0ptuna

Longer Training & Seasonal data split Hyperparameter tuning

Evaluation with Optuna

e 400 training episodes and 200 e 2,5 months training and 0,5 month * |learning_rate, 2.02e-05,
evaluation episodes evaluation every season « gamma 0.93

* epsilon_decay: 0.93

Accenture | nd ustry X Motivation — Research Objectives — Methodology — Results - Conclusion - Recommendations
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Results: Digital Twin

3
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Digital Twin: ArcGIS

Visualization of the work which functions as showcasing method

3
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Microsoft Game DVR

Digital Twin v3




Digital Twin: Experience Builder

Visualization of the work which functions as showcasing method

{5 Digital Twin - Energie o Liveview O [ 1280 x 800 -« B o0 : Publish

Data Configure time x Timeline 2

4 Add dato accenture Enable time animation for Content

Scenario1_tempora.

rasmusbrug
@ WebMap

Digital Twin v3 L% Join Features % Scenariol_temp_Lo,

Enrich Layer il Digital Twinv3

>
accenture A

Digital Twin web map - Tessel Ka

i Dl i ProofCocst shocas simionand DERs g

optimization results of a DRL algorithm mixed with Hierachical m Web Map
Clustering ° .
@ sattery 3

Randomized actions - web map. wyphaven =
®Gid <3

End time
.
8 Windturbine Rijnhavenbrug Maximun of all

® 1/1/2022 1:15:00 AM - 11/1/2022 1:15:00 AM

Start time Customize time settings

Minimum of all

al _— n
88 apitr R ——
Digital Twin - Made by Tessel Kaal 3 y with the time.

Configure time

Scenariol_temporalview

accenture

Buildinginformationkopvanzuid_Co w2 3 4 s 6 7 8 9 Month
py_loinFeatures = | ] ] ! ] ! ] ] !

Tools History

Scenariol_temp_Loads_temp_Feat
ure Merge

I
B\

Buildinginformationkopvanzuid

28 Join Features >

©

o Spoorweghavenbrug

Enrich Layer > 28

Y | 0599100000754173 (m)] ~ x
i |
188 &

OBJECTID 23

TARGET_FID

Identificatie

B Battery
Bouwjaar 201 e

B Grid A |

°
B Windturbine Wilhelminapiein

Scenariol_temporalview

Scenariol
® 1/1/2022 1:15:00 AM - 1/1/2022 1:30:00 AM @

Building information

22 n an st 61 m 8 o 101 11 1211 2
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g op | Copy. ® K> D
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[] Scenariol_temp Loads_temp Feature Merge
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Digital Twin
Visualization of the work which functions as showcasing method
* Proof of Concept showcased

internally in ArcGIS experience
builder

* Hosted as map layer on Arcgis
Online (AGOL)

>
accenture

Digital Twin - Made by Tessel Kaal

This Digital Twin is Proof of Concept to showcase simulation and
optimization results of a DRL algorithm mixed with Hierachical
Clustering

Motivation — Research Objectives — Methodology — Results — Conclusion - Recommendations 29
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Conclusion

Answering the research question

Research question:

How can Distributed Energy Resources be deployed and managed, in a cost-effective manner, within an electrified
microgrid to achieve a balance between energy consumption and production in order to minimize the burden on the
central grid given fluctuating demand?

3 .
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Conclusion

Answering the research question

* Deployment and managing of the MEM, with:
— Scalable simulation techniques using open Geographical data
— Deep Reinforcement Learning model for variable scenarios

— Dynamic mappings and visualization

* The pipeline facilitates set up and testing of Microgrid scenarios for urban environment in the Netherlands

— A practical solution

* A Digital Twin with a modular and standardized set up can provide stakeholder with insights

Motivation — Research Objectives — Methodology — Results — Conclusion - Recommendations 32
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Recommendations

%
Accenture Indust ry X TUDelft Motivation — Research Objectives — Methodology — Results — Conclusion - 33



Recommendations
What would be suggested for further work

e Extend model further by
— More realistic models, like:
* Comprehensive battery charging and discharging models
* Use wind turbine models for the wind speed and generation or solar roof analysis
 Model EVs and charging stations with greater detail

— Adding and comparing multiple algorithms

* Extend Pymgrid with more modules

— A redefined action space
* Extensive testing overall to avoid loss in confidence and risks of failure

* Novel approach integrating GNN and clustering can address the varying topologies and non-
uniformity of energy microgrids, to balance on more local level and minimize over distance/routing

Accenture Ind ustry X Motivation — Research Objectives — Methodology — Results — Conclusion - Recommendations
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Appendix
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Proposed novel approach: GNN and dynamic clustering

DQN brings limitations with a quickly growing action space

* Distances and routing optimization enlarge the action space until not @ i s I | OPERATOR 1
. . . -— U VIER NETWOR
feasible computation time S e ) L
ES'rNTHETIC TOPOLOGIES EE> EL'::-:-‘:_‘HD%T :5:::::,::2
* Almasan et al. (2022) implement DRL + Graph Neural Network for E‘x.:TF?T?E_?TE_¥_iEEI?FET?_.:i FRETWORE
_____ OPERATOR 3
internet routing optimization: (_ Lononn) \
— Deep Reinforcement Learning meets Graph Neural Networks: Fig. 7: DRL+GNN deployment process overview by incorpo-
exploring a routing optimization use case rating it into a product.
— Creating a generalized agent for all topologies £ . % == Treatcatria | o[ = emeseairiad
2 o [l /|
E-s-i;[]l?[:l. I 10 |
. & o . .n Fr wod | ARAE '!_L .-.-_
* Results show great performance on unknown topologies for g ] il é g ; o] T
StrUCtureS up to 100 nOdes E_I{} 20 30 40 50 60 TO BOD ';l‘J 100 :iz o I 60 90 13 150 ISlIZI 210 240
\:-I'upculug:,.l size I:nurnl:;r of nodes) Tur.:-c\-lng‘_.-'- identifier
(a) (b)
. i . Fig. §: DRL+GNN relative performance with respect to the
* Agent is able to traverse unknown sub mlcrogrlds fluid model over 180 synthetic topologies (a) and 232 real-
— To investigate' world topologies (b).

* Time in}erval for dynamic clustering
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(Sub) Research questions

How can Distributed Energy Resources (DERs) be deployed and managed, in a cost-effective manner, within an
electrified microgrid to achieve equilibrium between energy consumption and production, in order to
minimize the burden on the central grid given fluctuating demand?

1. Modelling aspects: MG & EMS

Which modeling aspects need to be

2. RL implementation

How can reinforcement learning be utilized to

considered when designing a microgrid and effectively place and manage all identified

its energy management system, and how are modeling aspects in a microgrid while m (
these reflected in the existing literature? maintaining grid stability and reliability?

How can the location-based optimization of a
microgrid be effectively visualized to ensure it
creates value for all stakeholders?

5
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Conceptual Model

Base for scenario composition

Electrical Utility Grid

PV power Batteries

Wind power EV batteries

Elektrolyzer &
Storage

Geothermal power Hybrid Heat Pumps |« Hydrogen Utility Grid

[

i T

(Hydrogen-based)
CHP

Commercial and
Residential loads

Fuel cell

EV Fuell cell <
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Case study: Fixed environment

Energy profile simulation - Thesis Tessel
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Case study: Fixed environmen
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Case study: Variable environment

Components and relationships .
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Case study: Variable environment

Components and relationships

Reward

RN

Reinforcement
learning agent

Actinn/

Environment

Exogenous state variables (e.g.

) State————»
weather, market price)

State variables impacted by the
‘agent (e.g. battery state of charge)

DER Scenarios
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Scenario: Basic
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DRL+GNN and dynamic clustering

DRL-GNN & Dynamic Clustering

NETWORK
OPERATOR 1
NVORK L
»

MNETWORK

OPERATOR 2

[ CONTROULED CONTROLLED | | {}
: i L J
[ TESTRED#I TESTEEDEZ

|
1

Fig. 7: DRL+GNN deployment process overview by incorpo-

¢ |nstantiation =
rating it into a product.

e Size of system: loads,
batteries, RES, Grid

e Action space: total

* Train one agent in one system with a DRL-GNN

model v
Timestep t+1

Timestep t

¢ Use clustering during every timestep
* Create sub microgrids

eComplexity increases required
computational effort

~

¢ Evaluate agents parallel in submicrogrids
(constrained)

¢ Evaluate agent in main microgrid consisting of
loads and main grid

¢ In all sub systems distances can be taken or only
in the main system, as HC already limited sub
microgrid distance /

e Evaluate and hypertune
parameters

eTrain agent in complex system
eComplexity asks more training
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Future connection for Accenture

Visualization of the work which functions as showcasing method

e Connection with script with ArcGIS and creation of a tool
» Layer connected to (oracle) database

* Interactive running of script

Requirements
* Modularity
— Format for a scenario

— Data in uniform formats

5
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