ReinforceRay

Optimal Long-Term Planning of
Photovoltaic and Battery Storage
Systems for Grid-Connected Residential
Sector with Reinforcement Learning

P5 PRESENTATION

04.07.2024
Kuba Wyszomirski

PV System - Optimisation Variable

]
TUDelft



01 Background



01 Background

. 0%
B 35%-<70%
[ 25% - <35%
T ] 0%-<25%
The last few years have seen a significant = i
increase in energy prices across Europe, Z
initially due to a rebound in energy demand G
following the relaxation of post-COVID
lockdown measures, and subsequently after
the Russian invasion of Ukraine.
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Change in electricity prices for households consumers, 2022 - 2023
(Eurostat, 2023)



01 Background

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 generation in many European
countries still relies on fossil fuels, such
as coal and natural gas, the production
of electricity leads to the release of large
quantities of carbon dioxide into the
atmosphere.
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Many homeowners are turning to
renewable energy sources. Photovoltaic
panels and battery energy storages have
become popular solution for generating
electricity, reducing reliance on the grid,
and even gaining energy independence
within the grid-connected residential
sector.
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Yet, estimating the benefits and risks of investing in rooftop PV and BES systems, its type and size, requires is indeed a challenging
task requiring consideration of various factors for its adoption and maintenance.
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Optimal Capacity of PV and BES for Grid-
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expand, replace or contract. update the policy to evolving internal and scope.

external conditions.
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All decisions are ultimately informed by data.

Reinforcement learning is a paradigm within ML "l Agent I
where an agent learns optimal decisions by
interacting with an environment through trial and state reward action
error, making it well-suited for problems where S, R, A,
decisions lead to sequences of outcomes over time. ‘ R.(

<= Environment ]4—
RL can handle high-dimensional state spaces and | \

generalize across different scenarios, making itself

applicable to complex sequential decision-making
tasks (Sutton & Burto, 2020)
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Trained Agent

A trained model can be integrated into a
Recommender System.
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How can reinforcement learning based recommendation
workflow be used for long-term planning and design of residential

Resea rCh grid-connected PV and battery storage systems under the

) uncertainty of future scenarios?
Question
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APPLY CURRENT DATA

04 Workflow r\ o
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YEAR (STEP) 1 !
install aray x i v
i
1
]
1
1

Eletricity
Consumption Profile

I
1 Stochastic Scenarios Propabilistic Processes Computational Analysis RL Based Operation

The problem is structured as a
MDP :

Internal and external
conditions

PV System
Degradation and
performance

BESS Degradation
and Performance

* Agent recieves observation = =00 y
regarding the current condition { -][- (X |
of the system, along with current :
rates of relevant variables

YEAR (STEP) 2
install BESS

Technolog ical and Budget
Spatial Constraints

Internal and external
conditions

* Based on these observations, the 5 ®
agent must execute actions

aimed at maximizing the Ny
reward, calculated as the net '\/é‘f

YEAR (STEP) 3
instoll module y

DEPLOYMENT
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Internal and external
conditions

B et
System's OPEX PV Cell Efficency

balance between costs and
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impact. '
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TRAINED MODEL
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replace module z
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* The optimization process spans ; I i il g/ J//\ L é‘g@
25 years, divided into equal § BEEE | e
timesteps. T !

] ' ‘_____E OPTIMALPOLICY
Consumer prices Ne,,,é;:;;,‘ng,,,,
Elecicty Market Dot

DECISION VARIABLES
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04 Workflow

Criteria: Literature Review and Selection:
Experimentation:

1. Convergence Speed

(" Model-based RL ( N ( ) Model-freele Adva nta e Actor
2. Robustness and Stability i.e. its Model Decision Process (Bisisa) ( Gradient free \ e g
performance consistency across Policy lteration  Ti(5.2) :\A = Off PYicy 0:[’)’(':;” Critic (A2C)
d/fferent Scenarlos Value Iteration V(S) Critic DaN Q(s'a) TD(N;= e
Dynamic programming TD-A
3. Scalability ie. handling of & Bellman optimality __Qleaning SARSA )
. . . Nonlinear Dynamics -
Increasing COm,D/E’XIty - Gradient based
dx o, ule), ot N”Uffg’ - 6" = 6%+ aV,R,0 . .
two
4.  Multi-Objective  Optimization | {__Optimal Control & Wi | (" Polcy Gradient optimisation | Proximal Policy
Capability Deep L Optimisation (PPO)

5. Access to learning resources (Author, 2024)
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No outages
No import limit

Export limit at 4kW
agm o i / Lithium Iron
- " == Phosphate
— Electricity TEChI’)O/O
Solar Radiation ~~ . . _ Grid gy
Microinverter Electric
Meter 1‘
@ -
I 3
Isolation L
DC Link Switch v ”
- e - —
= | = o p—eoe— ) -
i Breaker -
— = ) Lo AL 5 Box .’_.' ~ |e
DC/AC Inverter AC/DC Inverter
Photovoltaic Array Battery Storage
l AC-coupled battery system
.
Crystalline Technology e
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04 Workflow
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PV System - Optimisation Variable
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06 PV Optimisation
PV Modelling

______________

Enviornment
Modelling

-——————

- - ———————

——————————————

DC Qutput
Single Diode
Modelling

- ————————

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

o>

- ——————

______________

Degradation and
Failure

———————————— -
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06 PV Optimisation
PV Modelling g

® \ Crucial Enviornmental Factors:

® Wind Speed ®

/ ®  Diffuse Radiation ™
Weather Data (TMY) @

\/ ® Cell Temperature

® Reflected Radiation ® — @ Total Radiation ®

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

® Direct Radiation

Location [ ]

® Ambient Temperature @
£ WeatherData @ ——

E nViO rnme n-t {Kambezidis and Psiloglou, 2021)

Modelling

—_——————
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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, 1 I-V Curve (author, 2024)
-
I ¢ 1, *
SZ § R, 4
Single Equivalent Circuit (author, 2024)
DC Output !
Single Diode E o i 4
Modelling ! &7
S 4 DAl h N
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Fys

.. pvlib



06 PV Optimisation
PV Modelling

Weather Data (TMY)

Inverter Data

» Sandia Model

|

Soiling Losses Inverter Losses Cabling Losses

|

n Mar May Jul Sep

Soiling Build-up as % of radiation losses
(Author, 2024)

PDC —.ﬁ.ﬁ .ﬁpﬂc

|

Weather Data (TMY)

2500

* Kimber Soiling Model

1500

Energy [Wh/day]

1000

500

-

Mar May Jul Sep Nov

Annual output of a single module (Author, 2024)
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Degradation
e pmmmm s N e \ mmmmm e )
: o i bata ! | Distribution ! : :
| Degradation | e | Processing | @ | Fitting ' @& | To environment 1
]
! Dataset ! ! (Square Root) | ! i :. E

value

Normal distribution of the annual degradation rate

' v (green), fitted to the data (pink) for the budget
}

i Degradation andi panel. (Author, 2024)

! Failure :

\ / n: () =ni(t—1) — ¢

————————————
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06 PV Optimisation

Failure

Degradation and
Failure

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

OO 10 20 30 40 50

L

Weibull Distribution for Panel’s Survival Rate (Author, 2024)

_ _(ﬁ)ﬂ
Rpyi(t;) =e ¢

(1 if 6; < Rpy,(t)
Wpy,i(t) = {0 if 6; > pr,i(ti)

Ppy (h) = Pac(h) x Wpy ;i (t)
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06 PV Optimisation
Stochastic Variables Modelling

* Decision variables evolve
unpredictably  given the
inherent volatility influenced
by market trends, 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
® Precise Iong-term price in the variable at ® ® ®
predictions are very time t. / \
chaIIenglng Drift rate. It models the Volatility with a Brownian
predictable, average di- motion quantifies the inten-
. It is vital to expose RL Model 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.
scenarios reflecting variables
long-term fluctuations.
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06 PV Optimisation { Vistorcal bata

. . } ) ) § Colletion and
Electricity Tariff - Geometric Brownian Motion | Processing
dXt = ﬂXtdt + O-XtdBt I

Stochastic S —— "
Always positive

[ ]
- ——————

\
|
Calcuate log- 1
!
1

* Non-stationary returns
* Continuous e ree— /
*
v
0.35 /
’/- ........... \\
03 ] |
! Parameters |
Ag: 025 I o . |
5 Ll i Estimation !
; 02 // - \S " :
& / N o Y 7/
0.15 / ?
T{M 2005 2010 2015 2020 *
Historical mean annual residential electricity ,” \
. H I
prices (Author, 2024) Generated Scenarios for training and evaluation (Author, 2024) i Scenario !
! Generation !
\ !
~ F

-

2

o
u = mean(logX;) x 5 o =,/var(logX;)
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Grid Emissions Factor -

e Stochastic

e Mean Reversion

* Stationary
e Continuous

e ————————

I
Decarbonisation }
Plans Analysis

’
I
]
1
1 |
] 1
] I
1 U

.

; +
5 gy
4 [ H =~

*

_———mmm e ———

AY
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Q)
>
a
)
9
<
@
-
L
@]
S
®
____________I_________ﬂ

pm—m———————————

Calculate

-————————

Maximum Likelihood
Estimation

Lo
Mean Drift 1 ‘*

———————

Scenario
Generation

PR N ——

kg CO2 eq. per kWh

0.5
0.4
0.3
0.2

0.1

0
2015 2020 2025 2030 2035 2040 2045

Historical mean annual residential electricity
prices (Author, 2024)

N
05 N

0.4

03

0.2

0.1

0

0 5 10 15 20

Year

Generated Scenarios for training and evaluation
(Author, 2024)
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Crystalline Cell Efficiency Improvement -

Cell Efficiency (%)

X
xa(t—s)—le—g

flx; a,8) = ey X 0

Cumulative Process
Positive Incremental Changes Ppy new(t) = Ppypew(t = 0) X (Eff(t) +1)
Independent Increment

Continuous

3.5

Best Research-Cell Efficiencies MINREL

Efficency (%)

Historical evolution of crystalline PV cell
efficiency (Author, 2024)

NNNNNNNNNNNNNNNNNNNNNNNNNN
wwwwwwwwwwwwwwww

One scenario for trainir:eérand evaluation
(Author, 2024)

Historical Data
Colletion and
Processing

———————

\
|
|
|
|
|
|
1

——————————— -

,', Parameters

]
i Estimation using !
'Method of Momentg
\ !

« S — y
*
v

." ------------ S

! Scenario

i Generation

\

N y

- - ——— ==
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06 PV Optimisation

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

e Stochastic A —
* Always positive i’ HistoriFaI Data \i
«  Sudden Jumps : Colle’ﬂon.and !
* Continuous '\__E)_r?f?s_s_”_]?_,z:
*

..................... 1 ’______!_____\
T I I :’ Parameters 1
\ [ . ! Estimation using,
{ MLE |

/
I
1
1
1
1
1

-9 |
|
|
|
|
|

\

e : e | i
g s . I Riahbinbiebie .
= = == T | | S : :
Historical CAPEX of PV modules €/kWp | Cenarlo |
(Author, 2024) , Generation |
\ ]

- ————
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06 PV Optimisation

PV Module Price - GBM + Learning Rates

dXt = I.lXtdt + O'XtdBt

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.

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

¥
X

5100470

Co = CoQ7F

Stochastic )
Always positive ’
Continuous - _
(Roser, 2023)
i’ ‘i 07
." . i L .‘\| E :"— ----------- .“I i ~
'Historical Prlcmgi o i’: Calculate ! ° i
I . JI . .-T-
+ Data Colletion | i1 Volitility i ; -
R p—— ’ i N ," i
e | r— v
1 ' [} ~
: : ! io |
: e | Scenarllo : g
; ; i Generation 1
ST T T \ P ooooooD =, i sTTTTET TS =~ i ‘\ _____________ I'
1 FututePv. { FuturePrice 3§ Calculat v
i Cumulative | -4 ! Estimation using! e-i-# ! alcu a? | et
[} ] '
f Output ' E Swanson's Law ! ! :| Mean Drift I ! 02
|, YN e , H N e e e e ’ H 0 5 10 15 20 25

Generated Scenarios for training and evaluation (Author, 2024)
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06 PV Optimisation

RL Environment — Observation Space OBS(t) = [0, Mis1 (L), - Tian (0, 1(0),J(£), EFF (L), CAPEXpy, (8),

[BOX/M ulti-Contin UOUS] C(t —1),Pen(t),B(t),B(t —1),EG(t),id;(t),id;1(E), ... id; 1 (O)]

[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)]
System Performance External Conditions Internal Conditions Panel Type ID’s

& Gymnasium
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06 PV Optimisation

Environment — Action Space

Simple Action
[Discrete / Multi-discrete)]

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

Complex Action
[Multi-binary/ Multi-discrete]

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

\ |

Asimplified = [2r 1]
Acomplex= [0,0,1,1,0,0,1]

& Gymnasium
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06 PV Optimisation

Balance of System
Cost

Financial Only

25

Rppy = Z BalanceFIN(t)
e ™ t=1
&
\\\.\“ "I” Mixed

I’, \\\
1 1
I‘\ 'I PN
\‘ ,’r ,I \\
“_‘__"‘1 ’f N \\
: ',
Operational Costs \ el
AN ooof
JET I . Budget
I’ \\
’ \
] 1
! f’ “ f’ \‘
() %
Moo~ - : aoD '| ! W},
Electricity Tariff et
Interest
Energy Export

Consumption

25 25
Rior = Z Balancegpy(t) |w + Z Balancegyy (t)
t=1 t=1

‘‘‘‘‘

System’s Embodied
Carbon

—————

_____

—————

—_———

Grid Emission
Factor

Self-Consumption
and Export

& Gymnasium
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06 PV Optimisation

Analysed Scenarios — Houses

i

Max no of modules: 12
Annual Load: 3045 kWh
Azimuth and Tilt: 180 and 40
Single-Pitched

House 1

House 2

Max no of modules: 24
Annual Load: 3836 kWh
Azimuth and Tilt: 180 and 30
Single-Pitched

Ao~
s
—im—

House 3

Max no of modules: 32

Annual Load: 4678 kWh
Azimuth and Tilt: 90/270 and 30
Double-Pitched
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06 PV Optimisation

Analysed Scenarios — Modules

Second-Hand Module Budget Panel High-End Panel
Polycristaline Monocristaline, PERC Monocristaline, N-type, IBC
* Carbon Footprint: None * Carbon Footprint: * Carbon Footprint:

* Efficiency: 16.2% Efficiency: 21.3% Efficency: 23.3%

Select Panel

* CAPEX(t=1): 0,36 €/Wp CAPEX (t=1): 0,69 €/Wp CAPEX(t=1): 1,583 €/Wp

* Mean Degradation: 1.16% Mean Degradation: 0.82% Mean Degradation: 0.67%

Low High
* Minatt=1:0€ * Minatt=1: 750 €
* Minatt=1: 750 € * Minatt=1: 2000 €
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06 PV Optimisation -

Hyperparameters Tuning

No of Neurons 1024
No of Layers 2
Activation Function Tanh
Learning Rate Linear decg.\:)gg(r;;- 0.0003 to
No of Steps 2048
Gamma 0.99
Lambda 0.93
Proximal Policy Batch iz 1024
- . Clip Ratio 0.17
Optimisation (PPO)
No of Epochs 24
ST ) y ~ ST R
i Algorythm ! j Enileiiueis | i Automatic |
) R © » i Vectorisation fori [ bi tunin :
'\ J: i multiprocess ) " 8 J

—— -

1024 Neurons 1024 Neurons

Tanh

-
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06 PV Optimisation

Evaluation

Training : Evaluation
/:3

Trained Model

~—m T

!

: O, ’\,
\\ ,’
Base Policy

Common Practice
if 1, <0.85 install panel i

Evaluation Metrics

Net Present Value

T
Balanceypy (t)
NPV =
; (1+9)

Net Carbon Savings

T
NCS = Z Balancegyy (t)

t=1
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06 PV Optimisation

Results — Key Figures (financial reward only)

———————
aaaaaaaa

,,/ \\\ ’/’ \\\ ’/’ \\\
’, \\ l/ \\ Il 0/ \\
! | \ I \
[ | ! | ! o |
NPV 2% ) =2
\\\ ,, \\\ z /,/ \\\ ,/I
Mean NPV Mean PV production Average Efficiency During Mean Interest
Module’s
Simple Action Space _AO
plemEton b +6.4% 4% -6 p.p. -9%
Vs Base Policy
Complex Action Space
0]
Vs Base Policy -18% -17% -8 p.p. +14%
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06 PV Optimisation

Results — Overview NPVs

Low Budget High Budget
.
]
-
®
L ®
® - (]
® .
L]
]
°
M
& <, 4, & &, 4,
S, %, s %éc. %, “, s %éc\
e, = |, 2, 4 o, & |, 9 4
4. A, o 6, E g o, %,
", ‘e, %, % " °z, %, %
CR “ N, %
% %,

House 1 — 12 modules

22k

20k

18k

16k

12k

8k

Base Policy
Simple Action
Complex Action

Low Budget High Budget
]
[}
°
]
L ] L]
L .

House 2 — 24 modules

28k

26k

22k

16k

14k

High Budget
[
w
[
®
']
L
°
M
)
8 8, .
q‘q %, “ )
g o &5
*, 3, *,
“% "2 %,
e, 4 %
% %,
%,

House 3 — 32 modules
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06

PV Optimisation

Results — 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

Low Budget High Budget

we

° ° L
. d
°
e
U .
L
°
° L]
) 8, S S L) A
% %, %4 % %, % 6’0,)
Zox Oex S, ¢ ;. N s,
s, 4 %, (4
% %

Plot of NPVs for each analysed scenario for House 3

_____

_____

,,,,,

Vs Base Policy
(Simple Action Only)

Financial Reward Only

Mixed Reward (Financial +

Environmental)

+7.4% -1.3%

+0.9% +9.8%

Low Budget High Budget

50k

48k ° [

a6k v

44k ry
42k o

40k

38k
36k
34k
32k

30K 8 % Sy Sk S,
(rob {94‘ @/@ S, %
’)o: o 600' R

Plot of NCSs for each analysed scenario for House 3

@‘.?‘
3

4
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06 PV Optimisation

Results — Selected Episode

o

Electricity
Tariff

e Buy

o FiT

\

PV Module
CAPEX

Cristaline
Cell

Efficency

K ! (L J L J.
Total i T | ] | | eur
Interest | ! ! : | |
L
° -0
. | |
Evaluation 3\\ i T - 200
° : X 1 1 1400
Base Policy - i i ! : 1600
: 1 1 1 i y-800
r 1 b } b 1--1000
L ! L 11, L L
| | ‘Watt
PV Array ' ' ' e
Size:

Evaluation

Action:
Evaluation 8 @ @2 29 2 2 222022000V PIPDPISE@

PVArray s s s e e e e e e e s e et R 10k
Size: Base 111 L N . 9500
Policy
"“llll‘l‘llllll """ “I“II”“
Al A .. LS. 8500
Action: Base
Policy N N N X N N N N N KN N E X N NN N N N N N N X

) Achieved
NPV
Modef 22 486
Evaluation
Base Policy 20364

44




PV System - Optimisation Variable

07/ /“

PV+ BESS y
Optimisation .
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07 PV + BESS Optimisation

System Modelling

Battery Inverter

I

Breaker Box

] |

Power Sensor

7

Critical Load

Battery

PV Inverter

Q

System under consideration (Author, 2024)

Power Sensor

]

o

Non-critical Load

Tu Qcharge (h)?k
—Ty Qdischarge (h)

AEBatery (h) = {

EBatery (h + 1) = EBate‘r'y(h)(]- - np,leak) +

Na

AEBatelr’y (h)

if charging

if discharging

- Tu X Neleak
inv,B
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07 PV + BESS Optimisation

Fluctuating PV Production
and Consumption

/ \
F DT
| .
YOall /

-

Varying Electricity Tariff

e Peak Shaving

Reducing the consumption of
electricity from the grid during
peak demand and high rates

* Load Shifting

Charging the battery when
demand and electricity rates are
low

* Battery Health Management

Linear Programming

Nonlinear programming

Dynamic Programming

Rule-Based Control
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07 PV + BESS Optimisation
Battery Operation -

prmmTmmmommoooos » oo » L l )
; | | * Develop the optimal schedule for
! * battery’s charge and discharge
! Action
{  State | Reward pmmmm s . _ _
| State of Charge |  Costs of | Charge/ ! * Generalise Over Different Battery
: PV production, ©  Electricity | Discharge ! sizes, Load Consumptions and PV
IElectricity Tariff, ! R ——— / i
| Current Load ! . array sizes
etc, Environment ;
E E :’ Battery Energy E i
"""""""""""""""""""""""" ® ! Storage System | 7T
] ]
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O/ PV + BESS Optimisation
Battery Operation —

Observation (State) Space
[Box/Multi-Continuous)]

0BS(h) = |soc(h), soc(h—1), N(h), N(h+1), N(h
+2), I(h), J(h), Hour, Week, By, Prax |
N(h) = Ppy total — Pload

Reward

R = [_I(h) X Esup(h) +](h) X Eexp (h)]

Episode Time Horizon
168 hourly timesteps

Action Space
[Continuous]

A= [Qdischarge,max Qcharge,max]

& Gymnasium



O/ PV + BESS Optimisation
Battery Operation — RL Models

2048 1024 1024 512 256

Proximal Policy

Optimisation (PPO)

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

] | :
E Network Automatic |
1 Selection

Tuning
OPTUNA N e = ’ N e L N (= k4

.

v
=
=4
3>
o

———————



O/ PV + BESS Optimisation
Battery Operation —

P i P
il N
/ \
B
! |

\
\ ,'
A ’

~

-

Trained Model

House 1 V

——
rd

-

~

’ (@) \‘\
! @Q@ \,
n‘\g @j,
\ y

Rule-Based Control

if N(h)y< 0
if N(h) > 0

discharge

charge
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O/ PV + BESS Optimisation

Battery Operation —

Accumulated Reward

No Battery
-949.7 EUR

0

-200

—-600

—800

Rule-based
-121.4 EUR

RL Model
-108.9 EUR

4 kWh

3 kWh

2 kwh }.-

1 kWh

0 kWh

SoC of the Battery plotted for a Week

red line - RL operated BESS,

purple - rule-based operation,

dashed line - electricity tariff rates,

red and green fields - electricity shortage or surplus from PV and building load
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07 PV + BESS Qntimis

Battery Operation

No Battery Rule-based
-949.7 EUR -121.4 EUR

U -

200
o
1
5
H

& -a00
o
&
m
=]

E -600
=1
o
o
s

00

. -

lveltriediso hard and qot |

so Far but‘m the ‘end it
doesnsevenimatter!!y

b from PV and building load
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O/ PV + BESS Optimisation
Battery Operation —

____________

:’ “RL model for !
Training Time (house 1 — main model) : battery | @
i operation v
* No BESS environment - t T -
i Main
e Rule Based BESS operation —tx 6 i\ Environment
:‘" Rule-based \‘: Yoo U ‘
* RL based BESS operation —t x 25 | protocolfor | .. ':

————————————



07 PV + BESS Optimisation
Battery Degradation —

————————

o ———————

______________

Literature
Review

e ————

______________

Dataset
Selection and

——— e ————

fan(x) = s w0 xaw(O-1gbx

(ap(t))

Bca act — Bca EOL
SoH = —% 2

% 100%
Bcap,nom - Bcap,EOL

30
25
20

15

Educated Guess

NHGP Value

10

| Parameter ! {  Scenario ! D Anr:jui: i 0 e
AT | | @ws | Degradation ! -

i Estimation | i Generation i | Determination i A plot of 100 NHGP for the battery degradation paths
e ———— 4 R ‘ A e ’ (Author, 2024)
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O/ PV + BESS Optimisation
Battery Price - GBM + Learning Rates

e Stochastic
* Always positive
* Continuous

dXt = I.lXtdt + O'XtdBt

- -

———— e — -

,r """"""" "\ i TS ~

1 ! ' / |

Historical Pricing} |, | Calculate !

1 . H

:\ Data Colletion E i E Volatility i

M seppp— ; o /

:’ Futute BESS 1 :" Future Price \: § :' Calculate ‘:
q I I

i Cumulative ! @-—+# | Estimation using; e | . E -
o 1 1 1

4 Capacity | i Wright's Law | 1 | iz Dir i i

H
I ST

\---_--1--_---------_-----_--

-——————y,

Price and market size of lithium-ion batteries since 1992 -
Price per kilowatt-hour; KWh bagathic s "
$10.000

$6,035 per KWh

1.55 MWh curmul led capacity
B

5,000

$2,000

$1,000

$500
$244 por kW
78,000 MWh cumulative lnstalied capacity
$200
1MWh 10Mvn 100MWh L000MWH  10.000MWH 100,000 MWh
[

Ci

(Ritchie, 2023)

25

Scenario
Generation

————————

CAPEX (eur/Wp)
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O/ PV + BESS Optimisation

Environment _
Observation (State) Space

[Box/Multi-Continuous)]

OBS(t) = [7?1 (t), 7?i+1(t): ---ni+n(t); I(t)!](t)r Eff(t)! CAPEXPV (t):
C(t — 1), Pen(t), B(t), B(t — 1), EG(0), id;(t), idy 41 (), . idyy (L),

Beap(t) X SoH(t)) QAPEX g7 (L))

State of Health of _/\ Action Space

Each Battery Module Simple Action
[Multi-discrete]

A={(xy@ | 0<x<Nand0<y<M

and0 <z <L}
Complex Action
[Multi-discrete]

A= {(x;,Xi41 X%, V(@) | 0 <x; <1 and
0<y<Mand0<z<L}

Battery Price
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O/ PV + BESS Optimisation

Evaluation
30x ++ !

Reward Trained Model Evaluation Metrics

25
Rpiny = Z BalanceFIN(t) Net Present Value

T
t=1 e NDU = Z Balanceppy (t)
7 o)\ L (1+09)

Training : Evaluation :' Q) £=0
7 . 3 “%y’/”

Base Policy
Common Practice
if 1, <0.8 install paneli

if Beap,j =0 install battery module j
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O/ PV + BESS Optimisation

Results —

””””

I, \\

/

I 1

. NPV |

\ ’

“\ !

Mean NPV Mean PV production
Simple Action Space _/0
PesEIonsp +16% 4%
Vs Base Policy
Complex Action Space
0]

Vs Base Policy ‘12 A) 17%

T S

e Sy e

Mean Self-consumption

-12%

-22%

- -

Mean Interest

-31%

-1%
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0/ PV + BESS Optimisation ¢ &noa.

©  Complex Action|
Results —

Low Budget High Budget Low Budget High Budget :
g g g g Low Budget High Budget
22k 32k
42k
20k 30k [}
a0k
18k 28k
38k
16k 26k
36k
°
14k 24k
34k -
. - ® L] °
12k > 22k - L 2 22k
. o
10k @ ] ® 20k ° 30k
L] [ ]
s T ® []
8k < 18k 28k g
[ L ] [ ]
! ° ° [ ° °
ok L 16k ¢ 26k i1l T
L ] L ]
L J
[ ]
[ ] 24k L ]
4k 14k
22k
2k 12k
20k L}
¢ 8 1ok s, 4, %, 8, %
'594 %, ‘%% o, '594 e, %, %, s %, %, %y % “\s% %, oy %% ‘%Q) %, %y
&, L) "% Y, &, @ 2% P & K3 P £ k3 % e, s, = %, %, s,
90'4, '560, 3 s, Ly 4, 90,4 4, @, s, S . 9‘74 % 4 . 90,4 e, 3 "a e, % /;01' %a o 69 'y %
(2 L2 "Gy (- (Z . (7 G, (7 153
oo,% % o "6,,, % 00,% % % 150, 3 o% % 3 0% % % 4’% % oo% % £ %0 %
% “% “% “%
House 1 House 2 House 3
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O/ PV + BESS Optimisation

Results —

Budget (EUR) N Budget (EUR)
" House 3 (double pitched roof) Year (Timestep) 1 House 3 (double pitched roof) Year (Timestep)
= 4678 kWh annual consumption 0 13 = 4678 kWh annual consumption
o] - ) w
sanes PV + BESS Microinverter Setup ane PV + BESS Microinverter Setup
1o, s ® = 20 - Financial Reward Only BESS AC-Coupled s 100, s 10 15 = 2 Financial Reward Only BESS AC-Coupled
Current Expense (interest excluded) (EUR) Current Expense (interest excluded) (EUR)
e, i
Current Interest (EUR) Current Interest (EUR}

o s 0 1 Y Y | “ 5 10 1 = s

Annual Gross Profit (System Operation / Compaonents Resale) (EUR) Annual Gross Prafit (System Operation / Components Resale) (EUR)

3000 3000
acan 4000
acon* ao00"

o H 0 5 2 = ° 3 10 1 ) ]

Mean Annual Electricity Tariff / Feed-in-Tariff (EUR/kWh]) Mean Annual Electricity Tariff / Feed-in-Tariff (EUR/kWh)

oas o
ass ass
. B w - 2 = B 5 ® ., zn =
Market PV Module Cost (EUR) D Market PV Module Cost (EUR) - B
P 257
zILSI b 5.
- Action = [-] ™ Action =[]
2a85 e
) ; % . i P . 5 % Y - "
Market Cristaline Cell Efficency (1 at t=0) PV Array Capacity (Wh) Market Cristaline Cell Efficency (1 at t=0) PV Array Capacity (Wh)
r 15 .
i\ 4
o5 b oS b |
5 > > ¥ % - : s ® » » = 5 . N - - - b B w0 - 0 2
BESS CAPEX (1 at t=0) BESS Capacity * State of Health (kWh) BESS CAPEX (1 at t=0) BESS Capacity * State of Health (kwh)
3 3 z 1
os o od

% s 0 15 2 2 ] s 1 1 20 s % s 10 15 20 23 ] s Py 1s = s
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08 Deployment

One-off Recommendation ¥ Coooo0
+ User Interface
+ Visualisation

-—————
L pp———

-———————

O ' Single Home Energy
| ) System
Sequential Recommendation : | : Y
+ Newsletter H piy=} ! e ,
Recommender i E :
System i :

Shared Energy

Agent-Based Modeling ® : Storage
+ Agents Definition ' ; R
on Rl TTTTTTTTEEET ’ < T \
+ Interaction Rules Scenario Analysis S : |
.\‘\iorce,? |
Real Option Valuation ¢ -Ll-d
. e /- N ocalize
+ Oph.on Idenhﬁcatlon { ¢ b Neighborhood
+ Option Valuation \ ¥ Energy Network
Vg _
(- Impact Analysis and bt
@) Scenario Planing =
: _I’ + Sensitivity analysis 2
Q. -
4
(-
) °
¢ T ) 7 I v T \
= R TEE
> ' DQU : NI 2 - v
1 1 : = H i n o
O [ 2 J N J
Q_ Homeowners Authorities and Grid Operators
G) Policy Makers

+ Grid limitations
+ Energy sharing and trading
+ Community energy management

+ Lidar/GIS data

+ Grid limitations

+ Social and behavioral factors

+ Regulatory and policy considerations
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| Market Data
i and Electricitvi
! ]
\ ]

Info about the system

08 Deployment

Recommender System

i \
H H
H - H
Yes i1 and environment !
pr % imported from the dts i &y
H
! monitoring software |
\ ,n'
i Already have i
1 PVsand/or i -
|
' BESS? | A
Sy / ¢ Y
{  Environmentaland | ]
No | building data submitted ! v : ;
Fre E by the user i Sobe v
] ' H
! ] i pmmmmm—————— = P e -
P ' : H i : H 3
e e S i | Current | Emerging Data » | New Training :
E H H L - i 1
i ' market Data i ! Data i
H \
T ~ | R ettt < A ettt ‘
: : > ‘ . .
g | PV Only - { Environment |
| E | Action and State H |
\ i H H
v | USERINTERFACE
i’ h o H Orh e Resame et o SR — 8 S NEWSLETTER
| BESSOnly ! ; v : / ¥ Offline Reccomendations }
...... > nly b i (On Request) & ! - !
 — - jommmm e 2 : | H ommmmmmmmm- N ! : P -, (Periodical) |
s A} 1 . [l ' [l ]
! \ ! Whatis the ! | ’ Reauil ! ] | i ! : ; 1 !
1l 1 i 1 - Equlrement 1 : . : i 1 1 Re_tralned 1 i
| User | & | requirement?! e o - . L « v i Model ! !
: ! | ,- ; R Pl / : - } |
N e e e s TEmmmmsmmme-e=t ey AN A A S~ Memmemeceeaas i Soomcsconsnmns '
T PV + BESS i ] E a i E [ E
:\ ’l E One time reccomendation | i i
------------- : o E : Periodical E
1 H System/ Installation/ Loan | [ Reccomendations ]
____________ \ 1 1V ] 1
; Y ' Offers ' ' + '
i Reccomend E A -.“‘ i " o i i System/ Installation/ E
------ > the l‘JESt [ ‘s i Budget Context and Explanation | i Loan Offers !
i option | : ! : 2 :
_____________ - . A E [ ! Context and Explanation 1
A Ny WY Y \ ; i :
: 9 S s N ;
, A— = ' i ST ™ Feedback
/ Purely | 3 i : U | & ———
i 1 4 1 4
----- ' ' | | i User |
> \ Financial i ' : : | *
' 1 : | \ ]
\ S ' : R 4
g R T ) o '
' What goal to ! + Goal A Pre-trained model
% 1 consider | e o Scle . .
' y — Reward and State
P '\.
"
e E ‘Purelv s
i Envwronmental:
"
i |

Recommender System Interaction Flowchart (author, 2024)
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08 Deployment

-einforce ray

About Find Installers Contact

Reinforce Ray is a recommender system, utilising the power of Al to

supply you with optimal guidance for upgrading your home

renewable energy setup.

Reinforce Ray is suitable for:

@ PV or Battery only and PV +Battery setups
@ Single house and neighborhood energy systems

@ Existing systems’ upgrade and completely new setups

Every recommendation stems from analyzing millions of

scenarios based on relevant conditions and variables.

Define your needs and scope - we'll assist you in making
an informed decision and planning for the future. Our
system will help you determine the optimal size and type

of energy storage and PV system.

A bespoke Al model is trained to your specifications, taking into
account:

@ Your budget options
@ Installation and components costs.
@ Consumer electricity market conditions

@ Latest advancements in technology.
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10 Conclusion

Overall, it can be concluded that reinforcement learning is a viable framework for the planning and design of residential grid-

connected PV and BES systems. The deployment of this workflow into practice can have several benefits for stakeholders and
decision-makers.

‘‘‘‘‘

palCSp— - —-

Make better decisions that

Strategic flexibility Risk Mltlf_.v.,atlon - Asses .
both save money and reduce allowing to modify or the value of different strategies
carbon emissions defer plans in response to under uncertainty
e - the arrival of new e
information g N
l’ \\
: |
l.‘ ’,
\\\ ,,
More Informed Support multi-stage
Decision-Making investment with expansion

or contraction options
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11 Further Research

Scm="

Benchmark Against Other
Computational Approaches

Test Different Algorithms
and MARL

’ \
’ \
/ \
1 \

A
\ :
\ /
\ /

N ’

-—-

Reevaluate Probabilities

G -

S~

Broaden the Optimisation
Scope
(other inverter configurations,
building typologies)

Evaluate on a separate
test case

/ \
; % \
! \
! |
\
\
\
AY ,/
N 7’
\\ﬁ-——/

Generalize over different
environments
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Budget (EUR)
-

seses
1o,

] s ©

Current Expense (interest excluded) (EUR)

10Tk
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s
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Current Interest (EUR)

b s 1

Annual Gross Profit (System Operation / Components Resale) (EUR)

Mean Annual Electricity Tariff / Feed-in-Tariff (EUR/kWh)

o s s

» s ©

House 3 (double pitched roof)
4678 kWh annual consumption

PV + BESS
Financial Reward Only
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Action = [-]

PV Array Capacity (Wh)
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3 s 10

BESS Capacity * State of Health (kWh)

Year (Timestep)

0

Microinverter Setup
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House 3 (double pitched roof)
4678 kWh annual consumption

PV + BESS
Financial Reward Only

90.6%

Action = [-]

PV Array Capacity (Wh)

1ox

s s 0

BESS Capacity * State of Health (kWh)

Year (Timestep)
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JE 2 —-2A

S = 5o EXP((” - ?) b+ ”Wf)* X, = Xoe ™% + u(1— e~*) + \/" B Neo)

Expectation of Log Returns
*  GBM with jump process analytic solution

Eflog(X;) — log(X;_1) = 1

o? i

Variance of Log Returns: Panel(t) = Panel(0)exp [(a -5~ APTQ) t+ aBt] X H(V,;)
i=1

var[log(X;) —log(X;—,)] = o*
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e Total radiation

Gr = Gpp X cosAOI + Gp 4 (HC—OSBT) + Gh,p (1+COS9T)

2 2

where:
Ghb is the direct beam radiation

Ghd is the diffuse horizontal radiation

th is the reflected radiation
AOl is the angle of incident sunlight on a tilted plane
6, isthetilted angle of inclination relative to the ground

surface

* AOIl between the Sun’s rays and the PV array

AOI = cos ~(cos B cos(A — @) sinBr + sinpf cos O7)

where:

@ is the azimuthal deviation of the PV module
A is the sun azimuth angle

p is the sun altitude angle.

* Cell Temperature

axGar(1l-n

Te = Tampient + (" m)
U XU, XWS

where:

T isthelocal ambient temperature,

TC’STC is the PV temperature under standard test conditions
[25°C],

a is the PV cell absorption coefficient,

U_is the heat loss factor coefficient dependent on the
module construction,

U is the combined heat loss factor influenced by wind,

WS is the wind speed in m/s.
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