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increase in energy prices across Europe, Z
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Change in electricity prices for households consumers, 22923
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Group of European countries aim to decarbonize their
electricity system by 2035

News item | 18-12-2023 | 19:45

Today, Austria, Belgium, France, Germany, Luxemburg, The Netherlands
and Switzerland announce a joint ambition to decarbonize their
interconnected electricity system by 2035, an important step towards a
joint path to decarbonize the industrial heart of Europe.

(Ministerie van Economische Zaken en Klimaat, 2023)

Renewable energy targets

23% 32% at least 42.5%
share of renewables in EU 2030 target set in 2018 new binding target for
energy consumption 2022 2030, but aiming for 45%

(European Commission, 2023)

As power generationin many European
countriesstill relies on fossilfuels, such
as coal and natural gas,the production
of electricityleadsto the releaseof large
guantities of carbon dioxide into the

atmosphere
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Many homeowners are turning to
renewableenergysources Photovoltaic
panelsandbattery energystorageshave
becomepopularsolutionfor generating
electricity,reducingrelianceon the grid,
and even gainingenergyindependence
within the gridconnected residential
sector
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Yet,estimaing the benefitsand risksof investingin rooftop PVand BESsystemsits type and size,requiresis indeeda challenging
taskrequiring consideratiorof variousfactorsfor its adoptionand maintenance
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Optimal Capacity of PV and BES for Grid-
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Thereis a need for a new riskmitigating computational optimisation framework what would be able to
accommodatdorX.
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Multi-stage strategyvith option to Allow for time flexibility, adapénd Incorporate a multiobjective
expand, replace or contract. update the policy to evolving internal and scope.

external conditions.
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All decisionsare ultimately informed by data.

Reinforcementlearning is a paradigm within ML :l Agent I
where an agent learns optimal decisions by
interacting with an environmentthrough trial and state| |reward action
error, making it wellsuited for problems where S, R, A,
decisiondeadto sequencesf outcomesovertime. < R.. (

o | <= Environment ]4—
RL can handle high-dimensionalstate spacesand i \

generalize acrossdifferent scenarios,making itself
applicableto complex sequential decisionrmaking

tasks (Sutton & Burto, 2020)
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Trained Agent

A trained model can be integratedinto a
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02 How can reinforcement learning based recommendation
workflow be usedfor long-term planningand designof residential

ResearCh grid-connected PV and battery storage systems under the
. uncertainty of future scenario®
Question
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04 Workflow Formulation



04 Workflow

The problem is structured as a
MDP:

A Agent redeves observation
regarding the current condition
of the system alongwith current
ratesof relevantvariables

A Basedon theseobservationsthe
agent must execute actions
aimed at maximizing the
reward, calculated as the net
balance between costs and
benefits and/or the net carbon
impact

A The optimization processspans
25 years divided into equal
timesteps
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04 Workflow

Criteria: Literature Review and Selection:
Experimentation:

1. Convergencé&peed

(" Model-based RL f N\ ( ) Model-free RL ) Advanta e ACtor
2. Robustnessand Stability i.e. its Model Decision Process (Bisisa) ( BELGEE : - g
performance consistency across Policy eration  ils2) [—— off iy o Critic (A2C)
differentscenarios Value lteration  V(s) || ¢jpic Sl :
Qsa) || ey = MC
Dynamic programming TD-A
3. Scalability i.e. handling of & Bellman optimality __Qleafning SARSA )
increasingcomplexity NopliceeaTis [ Gradint bosed
S fixe), ule), t)dt Policy b ar e P . | Poli
Network N
4. Multi-Objective Optimization | \__Optimal Control & 1 | LT A fOAlifial - ONCY
Capability Dees Optimisation (PPQ

5. Accesgo learningresources (Author, 2024)
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No outages

04 WOI’kﬂOW No import limit

Export limit at 4kW
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06
PV Optimisatior|
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06 PV Optimisation
PV Modelling

-------------- \
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______________
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06 PV Optimisation
PV Modelling T

® \ Crucial Enviornmental Factors:

® Wind Speed ®

/ ®  Diffuse Radiation ™
Weather Data (TMY) @

Enviornment
Modelling

—_——————

Location

\/ ® Cell Temperature

® Reflected Radiation ® — @ Total Radiation ®

@® Angle Of Incidence '
Tit e / zen ®
Normal 1o surface \
i . @ ® Surface Radiation

® Direct Radiation

® Ambient Temperature @
£ WeatherData @ ——

{Kambezidis and Psiloglou, 2021)
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06 PV Optimisation
PV Modelling

|
Cell Temperature @ PV Module Specification ® Current| tse I ks

| light-generated current
|, diode saturation current
@ * R, series resistance @ PDC — I X V
R, hunt resistance
Vv, thermal voltage

 J

A

under Standard Test Conditions \f
e ® \oltage V -
Surface Radiation @ R I I-V Curve (author, 2024)
-
I ¢ 1, *
SZ § R, 4
Single Equivalent Circuit (author, 2024)
DC Output !
Single Diode E .- vy
- «
Modelling ! 87
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06 PV Optimisation
PV Modelling

Weather Data (TMY)

Inverter Data
» Sandia Model A

Sep Nov

Soiling Buildip as % of radiation losses
(Author 2024)
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PDC —- . ﬁ . ﬁ . ﬁ PAC
l ey Wpenc
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B e g ’ Al AN
Annual output of a single module (Authpd24) S
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Degradation

i \ \ \

; NREL ! ] Data ! 1 ' ( |
| I i _ ! ' Distribution ! : i
: g | &b | Processing g ekl e i To environment |
! Dataset ! ! (Square Root) | ! i ' ;
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Failure i
. ni®)=nt—-1)—¢

————————————

26



v

-——————

06 PV Optimisation
Failure
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06 PV Optimisation

Stochastic Variables Modelling

A Decision variables evolve
unpredictably given the
inherent volatility influenced
by markettrends,etc

Jump process, capturing
sudden and significant

Stochastic Differential Calculus changesiiEheisyston;

dX, = u(X,, t)dt + o(X,, t)dB, + dq(X, t) ® /

. . Incremental change
A Precise Iong-term price in the variable at @ O ©
predictions are very time t. / \
Cha”englng Drift rate. It models the Volatility with a Brownian
predictable, average di- motion quantifies the inten-
A It iS Vital to eXposeRLI\/lOdel rection in which the sys- sity of the random fluctua-
tem tends to move over tions around the drift rate.

to a wide range of possible time.
scenariosreflecting variables
long-term fluctuations
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06 PV Optimisation
Electricity Tariff Geometric Brownian Motion

dXt = HXtdt + O-XtdBt

A Stochastic

A Always positive
A Nonstationary
A Continuous

Price per kWh

1990 1995 2000 2005 2010 2015 2020

Year

Historical mean annual residential electricity
prices (Authqr2024)

‘A Qwé £idQ

Historical Data
Colletion and
Processing

-—— - —— -
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-——————
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-—————

\
|
Calcuate log- 1
!
1

- —————————

p————— - ———— -~

Parameters
Estimation
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Scenario
Generation

-
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06 PV Optimisation

Grid Emissions Factor

0.5

dX, = p(0 — X,)dt + odW,
A Stochastic
A MeanReversion
A Stationary
A Continuous

0
2015 2020 2025 2030 2035 2040 2045

Historical mean annual residential electricity
prices (Authqr2024)

T | s N |
| Hlstorllcal Data | : :'Calculate Mean ! i
1 ) 1
1 Colletion and | @—-# | and Reversion i @
| . H \ | 1
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------------- E Semmmmommooo-- i ,’__-___-___-_"\I 2
) 1 ] [
i : i : | a
: I > Scenarlo : g
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:t ------------ \l : R = \ : \\ _____________ ’l Eﬂ
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i Plans Analysis 1 &% 1 MeanDrift | *T 0
1 s E . ; i
_____________ ; N e e e : 0 5 10 15 20
N e e e e e e M . Year L .
Maximum Likelihood Generated Scenarios for training and evaluation
Estimation (Author 2024)
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06 PV Optimisation

Crystalline Cell Efficiency Improvemegt

A Cumulative Process

A Positive Incremental Changes
A Independent Increment

A Continuous

Best Research-Cell Efficiencies MINREL

Historical evolution of crystalline PV cell
efficiency (Authqr2024)

Efficency (%)

X
xa(t—s)—le—g

flx; a,8) = ey X 0

PPV.new(t) = PPV,new(t = 0) X (Eff(t) + 1)

NNNNNNNNNNNNNNNNNNNNNNNNNN
wwwwwwwwwwwwwwww

One scenario for trairYffhg and evaluation
(Author 2024)
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06 PV Optimisation
PV Module Price

dX; = p(t, Xz) dt + o(t, X;) dW, + S0, Y dJ,

A Stochastic
A Always positive
A Sudden Jumps
A Continuous

CAPEX (eur/kw)

———a_

Ty

Historical CAPEX of PV mbds &Wpe K
(Author 2024)
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06 PV Optimisation

PV Module PriceGBM + Learning Rates
dX, = uX.dt + oX,dB,

A Stochastic
A Always pos
A Continuous

--------------

Data Colletion
{ FututePV
! Cumulative E
:‘ Output l

itive

The price of solar modules declined by 99.6% since 1976 n

Price per Watt of sofar photavoltaics (PV) modules (logarithmic axis)
Tho prices are adjusted for Iniation and presented in 2015 US'S.

w
T
R 'With each doubling of instalied capacity the price
AN of solar modules dropped on average by 20.2%.
: This is the learning rate of solar modules,
e
1985
\ses
¥

Co =CoQ7F

1MW 10MW  100MW  1000MW  10000MW 100000 MW .
b axis)

*  Cumulative installed solar PV capacity (logarithmic axd

(Roser, 2023)
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06 PV Optimisation

RL Environmertg Observation SPace  ossw = m@, i@, in©, 10,0, EFF©, CAPEXsy(®),
[Box/MultkContinuous] C(t —1),Pen(t),B(t), B(t — 1), EG(), id;(t), id;41 (1), ... id; 15 ()]

\

\:

/
o \
] | !
! |
g \ / \ g \ vi-end
0% \ W 7 AN / Bud%?‘ pane!
A /
S 7 3 N~ ~o _- s’ ?af\e

[0.99,0.91, 0.87, 0, 0.95, 0.96] [PVCAPEX(t), FiT(t), [Expences(t-1), Interest(t), [0.6,0.6 0.3,0,0.9,0.9]
Efficency(t), Grid CO2(t)] Budget(t-1), Budget(t)]
SysterrPerformance External Conditions Internal Conditions t | y S f ¢ & LJS L 50

r O
& Gymnasium
L » y



06 PV Optimisation

Environment; Action Space

\ -

SimpleAction
[Discrete/ Multi-discrete)]

A={xy)I0<x<Nand 0 <y < M}

ComplexAction
[Multi-binary/ Multi-discrete]

A={(x;,Xi31 X, V)| 0<x;<1land 0 <y <M}

Asimplified = [2r 1]
Acomplex= [0,0,1,1,0,0,1]
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06 PV Optimisation

Environment Reward

Balance of System
Cost

e -

—————

‘‘‘‘‘

ElectricityTariff

FinanciaDnly

25

Repy = Z BalanceFIN(t)

t=1

Mixed

25
Rior = Z Balancegy(t)
t=1

Resalé/alue

EnergyExport
Consumption

i
]
1
\

25
w + Z Balancegyy (t)‘
t=1

J”----‘.‘\
/. o/ ™
A
;
’

\ EE
\ o
~ -

Interest

‘‘‘‘‘

{eadsSyQa
Carbon

—————

Grid Emission
Factor

SeltConsumption

and Export

,
G
L@y
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06 PV Optimisation

Analysed ScenarigdHouses

House 1 House 2 House 3
A Max no of modules: 12 A Max no of modules: 24
) ' f les: 32
A An_nual Load: 3045 kWh A Annual Load: 3836 kWh ﬁ Xr?r)](ur;? fozfilé% k%,\,h
A Azimuth and Tilt: 180 and 40 A Azimuth and Tilt: 180 and 30 A Azimuth and Tilt: 90/270 and 30
A~ SinglePitched A SinglePitched A DoublePitched
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06 PV Optimisation

SecondHand Module Budget Panel HighEnd Panel
Polycristaline MonocristalinePERC MonocristalingN-type, IBC
A Carbon Footprint: None A Carbon Footprint: A Carbon Footprint:
A Efficiency: 16.2% A Efficiency: 21.3% i y 23.39
y 0 y 0 A Efficency 23.3% Select Panel

A CAPEXGT MOYWp nZocAeOAPEXGT MO YWp 13 AOCAPRXITMOYWp MEIpyYyo €K

A Mean Degradation: 1.16% A Mean Degradation: 0.82% A Mean Degradation: 0.67%

Low High
A arAy G Grmy n Aeaiy G Grmy tpn e
AarAy G Grmy tphaky G GIrmY wnnn e
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06 PV Optimisation -

Hyperparameters Tuning

1024 Neurons 1024 Neurons

Proximal Policy

Optimisation (PPO)

No of Neurons 1024
No of Layers 2 O
Activation Function Tanh
Learning Rate Linear decg.\:)gg(r;;- 0.0003 to O
No of Steps 2048
Gamma 0.99
Lambda 0.93
Batch Size 1024
Clip Ratio 0.17 O
Entropy coefficient 0.0
No of Epochs 24 /

o
o

Tanh

Automatic

1 \ ;e \

i Algorythm ! : En\nronmen;[ E

' i 4 #» | Vectorisation for, e
Selection ! i

\ J | multiprocess E

-

v

tuning

-
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06 PV Optimisation

Evaluation

Training: Evaluation
7:3

a0 { g

TrainedModel

-
-
P -~

RO
? (@) \
I

! @y
‘&?)y:
\ /
) ’
\\ ’,

-

BasePolicy
CommonPractice
MO mpuv QEi Gda @a

EvaluationrMetrics

Net Present Value

 Balan (t)
alanceyp
NPV = E Y
t=0

1+ 9)

Net Carbon Savings

T
NCS = Z Balancegyy (t)

t=1

40



06 PV Optimisation

Resultg; Key Figures (financial reward only)

———————
‘‘‘‘‘‘‘‘

’,I \\\ l/ \\ I’I 0 \\\
' NPV ! A2 | Lo, )
\ /" \\ 7' / \\\ W /
Mean NPV Mean PV production Average Efficiency During Mean Interest
az2RdzZ SQa
Simple Action Space +6.4% 4% -6 p.p. 9%

Vs Base Policy

Complex Action Space

Vs Base Policy '18% 17% -8 p.p. +14%
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06 PV Optimisatio
Result Overview NPVs

Low Budget High Budget

12k

10k

{ 1]

8k

[ ]
L ]

(13

ak

Housel ¢ 12 modules

a9 e

22k

20k

18k

16k

12k

Base Policy
Simple Action
Complex Action

Low Budget High Budget
°
[}

L J L]
]

[} ® *

L [
L .

House2 ¢ 24 modules

28k

26k

22k

16k

14k

High Budget

[ ]

\%60‘;% 1’96)‘“
w
House3 ¢ 32 modules



06

PV Optimisation

Resultg House 3 Comparison

30k

28k

26k

24k

22k

20k

18k

16k

14k

12k

10k

Mixed Reward - Simple action
Mixed Reward - Complex Action
Base Policy

Financial Reward - Simple Action
Finandial Reward - Complex Action

00000

Low Budget High Budget

we

Plot of NPVs for each analysed scenario for House 3

Financial Reward Only

Mixed Reward (Financial +

Environmental)

’’’’’

+7.4%

_____

,,,,,

+0.9%

Vs Base Policy

(Simple Action Only)

Low Budget High Budget
50k
g o
48k ° °
>
e L ]
a6k .
L] L]
L] L
44k o &
42k v °
40k °
L L ]
L ]
38k
36k ]
34k
L ]
32k '3
3%k Y 8, 4, 8, 8 8 4,
%, %, %5, S %, %, %5
%, () S, Q‘ %o, (O
%, ) %,
%o %

Plot of NCSs for each analysed scenario for House 3

-1.3%

+9.8%



06 PV Optimisation
Result; Selected Episode

0 5
Electricity | :
Tariff i 0 :
o Buy - — o - ! !
o FiT : ! 1 | | 1
L (K 1 L 1
IY/_' i | 1 ) |
1 1 1 ] I
1 1 (1 1 b 1
1 | | |
! ! ' '
I
|
i
PV Module :
CAPEX |
Cristaline
Cell
Efficency
Budget

Total 1
Interest

> < i

°
Evaluation
°

’/

Base Policy

by A Lo
[ S S i _<---_

Achieved
NPV

PV Array
Size:
Evaluation

Model

| 22 486
Evaluation

Action:

Evaluaton B @22 292200 V020D PO D @ Base Policy 20364

PV Array @i

Size: Base 11 B B
h IIIIIIII lll I I

Action: Base
Policy 0000000000000 000 0PRSS
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PV System - Optimisation Variable

O7 /ﬁ

PV+ BESS '
Optimisation| =L
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07 PV + BESS Optimisation

System Modelling

Battery Inverter

I

T i

System under consideration (Auth2024)
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