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Renewables keep growing!
How are networks responding?

Rough Agenda

* Battery projects are now happening

* Oversizing PV at the residential scale, ...

* And then adding batteries on the DC side
* Solar farm scale PV projects, ...

* And adding batteries on the DC side

* Novel ways to integrate batteries with PV and
inverters — recent research
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Map  Satellite

Battery projects now acceleratlii;fi

Operational: (since) MW / MWh
* Hornsdale (2017), 150 / 194

 Victoria Big Batter
(near Moorabool) (2021), 300 / 450

. Wondoan South (2021), 100/ 150 == @~
« Wallgrove NSW (2022), 50 / 75 oo Lt | T - LTy
- Hazelwood (2023), 150 / 150 ; sl -
. Torrens Island (2023), 250 / 250 s 2
 Kwinana (2023), 100/200 ™= | “
Under Construction: (finish) MW / MWh -E' a = ” |

Chinchilla (2023), 100, 200 % - Ra 1™
. Western Downs (2024/25), 270 / 540 2o gl At
« Eraring (2025), 700, 2800 52 h a8 *
« Waratah super battery (2025), 850, 1680 | g1
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https://reneweconomy.com.au/big-battery-storage-map-of-australia/

Energy storage .«

. . 2004 5,)7& .
learning curves == .
~, 5000 - s L
g : -2mi 1995A 1,
2010 “m A A
. :ﬁ o 2006~ € ".a_ 20w At
- Experience curves generated & *°°7 ... - e R P
to project future prices for 11 & | ;| » S e . Yer,,,
electrical energy storage < B
technologies. £ 500 it
= 2015 L A 1083 2013
* Once 1 TWh of capacity is g R e b, e
installed for each technology, & 200 g 1989 2012
regardless of technology, capital 2014
costs are on a trajectory towards L
* USS340 + 60 kWh~1 for 50 | , | ‘ | ‘ |
installed stationary systems 0.001 0.01 0.1 1 10 100 1,000 10,000

and

e USS175 + 25 kWh1 for
battery packs

Cumulative installed nominal capacity (GWh_,)

e System ® Pack ¢ Module A Battery

® Pumped hydro (utility, =1+ 8%)
Lead-acid (multiple, 4 + 6%)
Lead-acid (residential, 13 £ 5%)

A Lithium-ion (electronics, 30 + 3%)

= Lithium-ion (EV, 16 + 4%)
Lithium-ion (residential, 12 + 4%)

e Lithium-ion (utility, 12 + 3%)

= Nickel-metal hydride (HEV, 11+ 1%)

¢ Sodium-sulfur (utility, -)

® Vanadium redox-flow (utility, 11+ 9%)

m Electrolysis (utility, 18 + 6%)

= Fuel cells (residential, 18 £ 2%)

« O. Schmidt et al., “The Future Cost of Electrical Energy Storage Based on Experience Rates,”
Nature Energy 2, no. 8 (July 10, 2017): 1-8, https://doi.org/10.1038/nenergy.2017.110.
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https://doi.org/10.1038/nenergy.2017.110
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B Battery Pack Production

Year
I Active Materials Cost (b) © 2030: NMC811

2015: NMC111

=]
=1

Learning Only Buys You so
Much: Practical Limits on
Battery Price Reduction

il Co Graphite Mn: 0% Li
] 0, o,
1A% .j.ﬁaﬁ 0.37% 4.7%

Active Materials
Synthesis Cost
T1%

50

Battery Pack Price Contribution (%)

Battery Pack Battery Pack Active Materials
Production Production Synthesis Cost
B87.7% 47 4% 20.5%

* Low battery prices would facilitate transition

tO e|eCtrO mObI|ItV _I I ' I l I I l I & MirlleraIlCosi-Elémer;tary :Analyllsis l I
® Active Material Cost- Supplier Price
. . . . 4 Battery Pack Price Estimates
* Essential materials costs set lower limits 1000 | Learning Curve for Active Material Synthesis
on electric vehicle battery prices. = : cearuing Surve for Satisry Pack Production
. . . . . ; - =2.Stage Learning Curve Projection - Base Case Senario T
° thhlum_lon NMC battery IS unllkely to reach é — 2-Stage Learning Curve Projection - Other Senarios (S. Ill)
. w’ I .

the $100/kWh price target. = — 24 USSKWh
100 |
. : . ] : _

* New battery chemistry is required to lower = f— e rmmm = — =
the price floor imposed by materials. - EEEREE

@ ® ® > ® C-\.@,_,””’~‘——’
10 | ) ! ) f | ! f ) ' | f ! L f | ) ! ) f |
2010 2015 2020 2025 2030

I-Yun Lisa Hsieh et al., “Learning Only Buys You so Much: Practical Limits on Batter?"rice Reduction,’
Applied Energy 239 (April 1, 2019): 218-24, https://doi.org/10.1016/].apenergy.2019.01.138
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https://www.sciencedirect.com/topics/engineering/electromobility
https://www.sciencedirect.com/topics/engineering/battery-electric-vehicle
https://www.sciencedirect.com/topics/engineering/nickel-manganese-cobalt
https://doi.org/10.1016/j.apenergy.2019.01.138

Can ship dry, just add water
Non toxic, non flammable

8 hours Nameplate Capacity,
25 Year Life

No capacity loss with cycles, or time

Lowest LCOS when Frequently Cycled

DC/DC Round Trip Efficiency ~ 75%

Fast Response Times for Grid Stability

Full power in <1 second

Current being tested at NBTC QUT Bayno
Manufacturing plant being set up in Maryborough
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https://www.pv-magazine-australia.com/2022/12/14/iron-flow-battery-arrives-at-queensland-testing-centre-ahead-of-major-perfectly-suited-manufacturing-play/
https://www.pv-magazine-australia.com/2022/12/14/iron-flow-battery-arrives-at-queensland-testing-centre-ahead-of-major-perfectly-suited-manufacturing-play/

Lithium-lon
grld storage

Open access
» 208 references
» Coverage of all aspects of topic

+ Example figure: Distribution of State of
Charge (SOC) and C-rate for three
exemplary storage simulations:

* (a,d) BESS in frequency regulation
(primary control reserve)
application, data from [132];

* (b,e) BESS in peak shaving
application, data from [174];

* (c,f) BESS in PV residential battery
storage system application, data
from [13].

« Holger C. Hesse et al.,

Primary Control Reserve (a)

Rel. frequency over la operation
—_
(o]

4 im

10

0 0.25 0.5 0.75 1

SOC
Primary Control Reserve (d)

Rel. frequency over la operation

-1 -0.5 0 0.5 1

C-rate / h'1

Rel. frequency over la operation

Rel. frequency over la operation

Peak Shaving (b)

0 0.25 0.5
SOC
Peak Shaving (e)

0.75 1

—

-1 -0.5 0 0.5
C-rate / h'1

Rel. frequency over 1la operation

Rel. frequency over 1la operation

PV-BESS (c)

0 0.25 0.5 0.75 1
S0OC
PV-BESS (f)

-1 -0.5 0 0.5 1
C-rate / h'1

“Lithium-lon Battery Storage for the Grid—A Review of Stationary Battery

Storage System Design Tailored for Applications in Modern Power Grids,” Energies 10, no. 12
(December 2017): 2107, https://doi.org/10.3390/en10122107.
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https://doi.org/10.3390/en10122107

Residential grid connect PV
» Residential Grid connected PV is and StO rage

widely adopted and so now
(relatively) well understood.

 Reduces energy consumption
u gy umpton, Q"D @

* Reduces bills and had reasonable
payback depending on tariff and
ability to load shift

0
» But cannot generate without grid D oOoD Opy o o
. . . PV A/C Oven Light & a Hot

- Residential battery storage is power | water

slowing growing, e e
« More self-consumption flexibility, Brdvectond vrer

but still long payback i Piilisvudec

— lost (AS4777 )

* May provide additional reliability
with the right configuration.
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Battery storage: the possibilities for the ...

Customer Network
* The ability to maximise self- » Flattened load curve due to peak
consumption or PV export to clipping and valley filling

minimise bills / maximise income, - Reduction in PV export (and

* Even energy arbitrage associated issues) and more
(buying cheap, selling peak), support at peak times
« Larger PV capacity capability « Better SAIDI / SAIFI ?7?
« Blackout proofing (backup) « Better voltage regulation and power
quality

» Better voltage regulation

» Ultimately network investment

. Ulti ?
Ultimately lower network charges” deferment?

QUT
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Oversizing PV array for given inverter rating,
The Premise ...

« Atypical PV array is matched with an inverter of

1 kWp PV array

identical rating (in 20111) l

« This usually means the inverter is underutilised / over 1 kWac inverter
specified

« How much energy would be forfeited (“spilled”) if the l AC g”d ‘
inverter were undersized, or alternatively, if the array

were oversized? (less than you might imagine)

2 kWp PV array 1 kWp PV array

» For ease of comparison, the inverter and AC grid - -
connection are assumed as the limiting factor and are l l
set to 1 kWac. 1 kWac inverter 0.5 kWac inverter
 All sizes can be scaled in proportion without affecting v _ v
the results AC grid

QUT
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Case study — my 4 KW PV system

http://pvoutput.org/
Installed March 2011 http://pvoutput.org/list.jsp?id=2128&sid=1588

4.23 kWp PV capacity
18 x 235 W PolySi modules
20° pitch roof, 10° West of North

4.0 kWac inverter
SMA Sunnyboy SB4000TL

5 min data collected for first few years
78182 kWh generated as of Sept 2023

Generation exceeds consumption
- but is not time aligned and ...
- iIs not available at night.

i |

QUT
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http://pvoutput.org/
http://pvoutput.org/list.jsp?id=2128&sid=1588

My PV array

SMA provided “Sunny
design” system
configuration tool shows
my system arrangement
is a perfect match of PV
capacity to inverter
capacity

QUT
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mNanes. ry ﬂllw:lyJ_

Manufact (5o lararld 7 @
urer.

pv

module: [Sunm-:-dule plus SW 235 pol ~ | a

Cell temperature

@ Number of PV modules 18 E:
-10...70°C Setpoint:

PV peak 1a2 =

power

Orientation: Azimuth angle: 170%; Inclination: 20°

Mounting type: Roof . Change ‘ [ B Design suggestions ...

Overview of inverters

PV array 1
18 /18
1x9(4)
& 158 4000TL-20 129 @)
& PV/nverter compatible

Configuration
Inverter: SB 4000TL-20 PV array:
Independent inputs: 2
Max. DC power: 4.20 kW
Min. DC voltage: 125V
(Gnd voltage 240 V)
Max. DC valtage (Inverter): 550V
Max. DC current (A/B): 15/15 A

PV peak power

423 kWp

INIVEIET, [HU ST LTew

MNumber of inverters:

Input PV array
A [P'\." array 1 & |
B [P'\." array 1 - |

Mominal power ratio

99 %

Number of PV modules (input):
Peak power (input):

Typical PV voltage:

Min. PV voltage:

Max. PV voltage:

Mazx. current of PV array:

=0
Strings PV modules
15 x =

1 6.13
155 x 9 =

1 6.13

1.1

1.

Energy usability factor

G u |

Input A Input B
PV array 1 PV array 1
9 9

212 kWp 212 kWp

20v @ 2a0v @
215v @ 215v @
v @ EYRAUN - |
794 @ 794 @
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My future EEE——— »

o =1
1 Manufact [Solar'u'u'orld v| @ MNurnber of inverters: 1= a
? urer:
P PV -
V a r ra y [ | module: [Sunmc-dule plus 5. 230,00} | ﬂ Input PV array Strings PV modules

Cell temperature ® Number of PV modules 26 = A [PVamayl - | 15 x 13 =
10..70°C  Setpoint 1.1 6.13
o=
3

- SB4000 (4kW nominal)can = e Lo T e—
accept 26 x 235 Wp PV | vt o (Ses) (B
modules = 6.11 kWp |

1

Overview of inverters

PV array 1

o . . 0 26 / 26 PV peak power Neminal power ratio Energy usability factor
ThIS IS 26/1 8 Or 144 A) Of € 158 4000TL-20 }XBW 611 kWp 69 % n |
my existing PV system size e

© PV/nverter conditionally compatible

° SMA S|Z|ng tool Suggests Configuration Input A Input B

Inverter: SB 4000TL-20 PV array: PV array 1 PV array 1

e n e rgy expo rted WO u Id Sti I I Independent inputs: 2 MNumber of PV modules (input): 13 13
b e 9 5 . 8 O/O Of e n e rgy Max. DC power: 4.20 kW Peak power (input): 3.06 kWp 3.06 KWp

.| Min. DC voltage: 125V Typical PV voltage: v @ urv @

generated . {Grid voltage 240 V) Min. PV voltage: 3ov @ a0v @
| Max.DC voltage (Inverter): 550V Max. PV voltage: saav @ sady @

Max. DC current (A/B): 15/15 A Mazx. current of PV array: 79 A o 794 o
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Daily PV output July — Dec 2011 (184 day traces)

I LA
T "'w |
{ [ \ ‘i { |
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2.5 1 l
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Six clear sky days July to Dec 2011

1 ! ! ! ' 22Jul 2011 — ! ! ! b2 Jul 2011 —
19 Aug 2011~ 5 5 : 19 Aug 2011~

23 Sep 2011 — g g : 23 Sep 2011 —

25 Oct 2011 —— : : : 25 Oct 2011 ——

0.8 [~ 21-Nov 2011~ o : ; ' 21-Nov 2011 ==

26 Dec 2011 26 Dec 2011

06 |- e ; 5 R AT S S A N ST T ...................... ................ |

. Y . . . x . . . N ! : :

iy . . [\ . ' ) . . '

0 4 ! / ' \ ! . ' . .
% A i b I o Y [ S T % . | L T R T T T T T T T —]

02 oot e e . - AN R T E— TR NY s SR SR -
0 SN S B B 1N\ i S\ —_ ;
6 8 10 12 14 16 18 0 5 10 15 20
Normalised power output (kWac / kWp) vs hour of Daily Normalised power curves sorted by
day for six clear sky days July to Dec 2011 descending value vs duration
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Slx clear sky days July to Dec 2011, 144%

22 Jul 2011 — N . T o 22 Jul 2011 —
19 Aug 2011 ; : 19 Aug 2011 —
23 Sep 2011 — ; 23 Sep 2011 —
25 Oct 2011 25 Qct 2011
21 Nov 2011 = .8 [ -+ 21 Nov 2011 ~=
26 Dec 2011 ; 26 Dec 2011
: i ; ; ) ; | i
6 8 10 12 14 0 5 18 20
Normalised power output (kWac / kWp) vs hour of Daily Normalised power curves sorted by
day for six clear sky days July to Dec 2011 descending value vs duration
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Two days N Feb 2012, and yearly average

1 01 Feb 2012— _ 5 _ 01 Feb 2012
03 Feb 2012— : ; : 0_3 Feb 2012—
: year ——
i | j i
0 5 10 15 20
Normalised power output (kWac / kWp) Daily Normalised power curves sorted by
vs hour of day for two day in February 2012 descending value vs duration, including yearly ave

QUT

the university
for the real world

CRICOS No.00213J



Two days in Feb 2012 + yearly average X 144%

| 01Feb2012— | : : _:_ G1 Feb 2012—
© 03 Feb2012— : : : 03 Feb 2012—
. : | ._ : : T yer—
12 14 16 18 : 20
Normalised power output (kWac / kWp) vs hour of Daily Normalised power curves sorted by
day for two day in Feb 2012, increased by 144% descending value vs duration including yearly ave.
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Two days in Feb 2012 + yearly average X 144%

« With 1kWp array and 1kW inverter, ﬁ;m %:g:
e Feb1 5.56 kWh year—
. Feb3 2.12 kWh -
*  Year total 1526 kWh
 With 1.44 kWp array and 1kW inverter,
. Feb1 7.59 kWh = 136% up, 94.5% of available T N S O TR NOPRTPRRRROY e .
- Feb3 3.06 kWh = 144% up, all available exported
* Year total 2136 kWh =140% up, 96.9% of avail.
 Taking note of the following
« 2011 was a poor solar year (about 5% low)
* This is one case study based on one system -
- SMA solar design predicts 95.8%
« Array is a fixed array.
Tracking will definitely change the outcome. | |
- Array has 20° tilt. ' 20
An array with summer bias (eg 3° tilt) will do worse; Daily Normalised power curves sorted by
an array with a winter bias may do better. descending value vs duration including yearly ave.

QUT
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4000 ! ! i | | ! !

Exported i 5 ? i ? 5 ? 4.0
energy : : E : : : : 3.0
per year 300 i i | é ; =00
(kwh ac) - —
for 1 kW : : 5 : L S '
|nvertel:r)' 3000 - e .............. .............. ........... : ............ - 0.5

O hrs

; ; B ; ; : storage
2500 [~ N i e e e S

How far can - =
you go? N __ ______________ ______________ .............. .............. .............. ..... )
How does SR VS S S S S
storage help?

1800 [ v or o e e e e =

1000 i i i | | i i
1 1.2 1.4 1.6 1.8 2 2.2 24
Ratio of PV array to inverter rating (kWp / kWac)

QUT
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Normalised 1.05 ! ! 1 ! 1 | ;
Exported energy ' “ ' ‘ ' ' '
per year (%)
1
1 4.0
PV + DC side -
0.95 [~

3.0
2.5
2.0

storage for PV

« Even 30 minutes of 0.9 [
storage at the inverter
rating makes a
significant capacity

V
b

.
i
' ~

.

f
' .
.

0.85 [~

factor improvement. : | : : : : : 1.0
0.8 = S S R TN S T
- NB: Brisbane weather, f j ; j ; j |09
Domestie system. oz Lo
Ratio of PV array to inverter rating (kWp / kWac) storage
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The rules of (domestic) oversizing ...

* For systems installed under the Small-scale Renewable Energy
Scheme (SRES), these guidelines require:

* 441 In order to facilitate the efficient design of PV systems,
the inverter nominal AC power output cannot be less than
75 per cent of the array peak power and it shall not be
outside the inverter manufacturer’'s maximum allowable
array size specifications

This means PV kW / Inverter kW cannot exceed 133%
Hence the typical 6.6 kWp PV system (with 5 kVA inverter)
And if you have storage? Then it's maybe OK ... see

QUT

https://www.solarquotes.com.au/blog/beat-solar-oversize-rule/

the university
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https://www.solarquotes.com.au/blog/beat-solar-oversize-rule/

Solar farm current build approach

 Traditional fixed tilt — 1.5Ha per MW  Traditional single axis =2Ha per MW
e 5 MW block shown below 2 x 2.5 MW e 5 MW block shown below 2 x 2.5 MW
inverters inverters

QUT
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PV modules

« Example 360W PV module

 Double insulated, so can be
put in series strings to 1500V

ELECTRICAL DATA | STC*

CS3L 350MS 355MS 360MS
Nominal Max. Power (Pmax) 350W 355W 360W
Opt. Operating Voltage (Vmp) 32.7V 329V 33.1V
Opt. Operating Current (Imp) 10.71 A 10.80 A 10.88 A
Open Circuit Voltage (Voc) 39.6V 39.8V 400V
Short Circuit Current (Isc) 11.33A 11.38A 11.45A
Module Efficiency 18.92% 19.19% 19.46%
Operating Temperature -40°C ~ +85°C

Max. System Voltage 1500V (IEC/UL) or 1000V |

QUT

the university
for the real world
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PV Strings to
combiner boxes

Strings typically 29 to 31 series modules

. =30 x40V = 1200 Voc, ~ H H HH H H H fEL
- =30 x 33V =1000 Vmpp THH I =}
. =30 x 300W = 9 kW per string 5 5
o LI ={

« 20 strings in parallel ! —
. =20 x 11.5A = 230 A short circuit, i N B B B o [
. =20 x 10.8A = 220 A operating I — =
| FHOHI T ={| |

 Total power at combiner box approx. — : Combine

- 1 80 kW (tvp. up to 20 strings) O S O SO 1

{(each string typ. 29 to 31 modules long)

QUT
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Combiner boxes
to Inverters

» Up to 16 parallel DC cables from PV sub T R e T
arrays (combiner boxes) — Shion |

+ DC voltage still = 900V =
« 20 strings in parallel : i
+ =16 x220 A= 3500 A DC cables from i o :
i) =t e [ (D!

: — el Irrrerter with Tmhgmer :

- Total power at inverter p— e :
=16 x 180 kW = 2.88 MW Lo - |

QUT
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S M A Ce n tra I M V * Technical Data SC 4400 UP (NB: 4400 kVA, similar size to 2750 kVA pictured)
* DCside

. * MPP voltage range VDC (at 25 °C / at 50 °C) 962 to 1325V /1050 V
I n Ve rte r exa m p I e * Min. DC voltage VDC, min / Start voltage VDC, Start 934V /1112 V
* Max. DC voltage VDC, max 1500 V
*  Max. DC current IDC, max 4750 A
20" SKID - MVPS2SOO/2750/3OOO'S'AU W *  Max. short-circuit current IDC, SC 8400 A

* DCinput: Busbar with 26 connections per terminal, 24 double pole fused or 32
single pole fused, or with optional DC coupled storage 18 double pole fused (36

SWITCHGEAR KIOSK TRANSFORMER INVERTER single pole fused) for PV and 6 double pole fused for batteries

I * Max. number of DC cables per DC input (for each polarity) 2 x 400 mm?
' * Available PV fuse sizes (per input) 200 A, 250 A, 315 A, 350 A, 400 A, 450 A, 500 A
* Available battery fuse size (per input) 750 A

* ACside

* Nominal AC power at cos ¢ =1 (at 35°C / at 50°C) 4400 kVA /3960 kVA

* Nominal AC active power at cos ¢ =0.8 (at 35°C / at 50°C) 3520 kW / 3168 kW
* Nominal AC current IAC, nom (at 35°C / at 50°C) 3850 A/ 3465 A

* Max. total harmonic distortion < 3% at nominal power
* Nominal AC voltage / nominal AC voltage rangel)8) 660V /528 Vto 759V

* AC power frequency / range 50 Hz / 47 Hz to 53 Hz

*  Min. short-circuit ratio at the AC terminals9) > 2

* Power factor 0.8 overexcited to 0.8 underexcited, 1.0 at rated power
* Efficiency

* Max. efficiency / European efficiency / CEC efficiency 98.8% / 98.7% / 98.5%

— SKID WITH OIL CONTAINMENT

20180705 | MVPSS-AU | Bemhard Voll 5
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5B Port Bonython
2.12 MW PV array

62 X 5B Mavericks, each with
18 x 5 = 90 East-West PV modules.
e =5580 x 380 Wp modules
« Area = 13000 m?
« Each Maverick = 34.2 kWp

Over 25 km DC cable, and
1.3 km of HV 240 mm?2 XLPE cable
all on cable ladder

Inverter station made in Melbourne
$800k, completed July 2019

QUT
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Sun Cable Progress (2021)
» 24 Sept: Sun Cable has secured a subsea survey permit from the Indonesian government + |1 Darwin Converter Site
« 20 Oct: Integrated Project Delivery Team (IPDT) announced:
» Bechtel (Project Delivery), -“:.._.
« Hatch (HVDC Transmission), ! e
« Marsh (Risk Management), )Q[ o
« PwC Australia (Project Advisory), | -
« SMEC (Solar Generation System)
« 25 Oct: Singapore Government’s announcement today that it will import up to 4 GW of
electricity by 2035 and will run a competitive market process. Sun Cable announces that it is et it
open to expressions of interest from customers in Singapore who desire dispatchable zero
emission electricity
« Almost double in size: 17-20 GWp solar farm and approx. 36-42 GWh battery, on 12,000 ha at f
the Powell Creek Solar Precinct, 70 km sw of Elliott, adjacent to the Darwin-Adelaide rail-line.
« A +/- 525 to +/- 600 kV HVDC connection,
« 3.2 GW HVDC OHTL runs 800 km to Darwin mainly in the rail corridor, then
+ Powell Creek Solar Precinct Y,
« 2.2 GW HVDC undersea cable, 4200 km to Singapore via Indonesia. 5
« A \Voltage Source Converter (VSC) station at Darwin to connect the Darwin-Katherine AC ‘\\
network. ;

» https://suncable.sg/newsroom/ >> 23 Sept 2021 Current fact sheet for Australia-Asia PowerLink
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Approxmately 800 km South of Darwm e =

. Connected to Darwin-by double circuit - — : - = e
6.4 GW, +/- 525 k\V"HVDC line running .- s - 2 =
‘mostly in rail corridor . T 8 _

+ Sitelis 12kmx 10km = 12, DN
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Sun Cable Powell
Creek Solar Precinct §

* 6.4 GW HVDC VSC converter station and ’
HV switch yard '

e Consists of 36 Solar Fields; each one has
« 400 - 560 MWp DC PV

- 1.2 GWh of storage W\ CEEET EE SRR BERRRaS Y

: [SPILLWA
AN —_— q

- 180 MW substation with 220 kV OHTL R

to HV switch yard. Mo O e BIR B @ B R

8 PER FIELD

o M‘"‘ '-
1 ’-. I i, i , Ny

- - Y.
= SOLAR PRECINCT [ 9=

BUNDED OVERLAN
FLOW DIVERSION
CORRIDOR

] i

5001000

Full Size 1:50000 ; Half Reduction 1:100000 |
SCALE {m)

March 2022 EIS documents available at;:
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;het?l‘nlverlsltv . https://ntepa.nt.gov.au/your-business/public-registers/environmental-impact-assessments-
S calwor reqgister/assessments-in-progress-reqgister/australia-asia-powerlink-project
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Sun Cable Powell
Creek Solar Precinct

« 6.4 GW HVDC VSC converter station and
HV switch yard
» Consists of 36 Solar Fields; each one has
* 400 — 560 MWp DC PV
« 1.2 GWh of storage
« 180 MW substation with 220 kV OHTL to
HV switch yard.
« Each Solar field has 20 Solar Zones,
« 23 to 28 MWp DC capacity
« 60 MWh of storage

* Approx 9 MW inverter(s) and step up
transformer(s).

 DC collection at 1500 V from 5B Mavericks
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(20 Solar Zones T T

« 36 Solar fields x 20 Solar Zones = 720 zones, N R R
- Each Solar Zone B
« Approx 9 MW inverter(s) and step up transformer(s) T i ——
e 3x3 MW inverters? | _ I
« 23 to 28 MWp DC capacity (Assuming 27 MWp...)
* 9 MWp DC PV capacity per 3 MW inverter? e fm |-
20 SKID - MVPS2500/2750/3000-S-AU %
* 60 MWh Of Storage o e ;20, SKlD-I:AVPSZSOO/2750/3000-S-AU % | e | |
e 20 MWh DC storage per 3 MW inverter = oy D e

* 10 hrs at 2 MW discharge? e ]
* 16 hrs at 1.25 MW discharge? (8 hrs charge) -
« DC collection at 1500 V from 5B Mavericks
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9 MWp PV, 3 MW inverter & 20 MWh battery- January

Sun Cable — MWh of PV, Batt, export

« Analysis of one PV inverter and battery assuming
* 3.2 MW inverter
« 9 MWp PV delivering 8.1 MWac at 1 Sun
« 20 MWh DC storage

 Alice Springs PV data — Monthly average hourly
Global Horizontal plane Irradiation (GHI).

- January, PV peaks at 1.0 Sun at noon, 7.7 PSH 7 MR P 5 M nverter & 20 M batery 2y
* 3.2 MW exported for 10 hours,
e 1.5 MW exported for 14 hours, 53 MWh total
 Battery full by 1pm. (capacity factor = 69%)
» July, PV peaks at 0.67 Suns at noon, 4.4 PSH
* 3.0 MW exported for approx. 8 hours,
* 1.0 MW exported for 16 hours, 39 MWh total
« Battery never fills, 10.2 MWh of capacity used.
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. = DC

: — AC
N ===- Modbus TCP
: OVER-LAID EXTERNAL
CO u e : SMA scope CONTROLLER AND :
: MV POWER STATION STORAGE SOLUTION =] | MONITORING SYSTEM -
: BATTERY STRINGS ~ "~ ) [SCADA
. : with MASTERBMS SUNNY CENTRAL  py TRANSFORMER MV SWITCHGEAR A
]
1
I I = v
. 3 PLANT
e et Ll -= == CONTROLLER
“ 9 'S i
« SMA has a “new” DC coupled storage | x

solution for adding battery strings to their e R e |

Sunny_ Central PV inverters in parallel with il - (o —{ —I s
PV strings. —) —

.........................................

* No further information included.

« For a Sun Cable like system, the DC-DC -
converter would need a MW rating equal or | =&«
possibly greater than the AC converter L

: : PV MODULE SUNNY CENTRAL MV TRANSFORMER
rating. RANSFOR

i

OVER-LAID EXTERNAL
CONTROLLER AND .
MONITORING SYSTEM :

MV POWER STATION STORAGE SOLUTION =) (SCADA)

PLANT
CONTROLLER

« Storage system energy flows through the
DC-DC converter twice, so efficiency loss is 5
com po un d ed . BATTERY STRINGS ene (S:AO"QVERTER /‘““;——- GRID

with MASTER-BMS

» MEASUREMENT UTILTY GRID
A E " \ :
ribﬂ —— . P :

|

DC-coupled PV + storage system
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“Graphical abstract” — DC coupled BESS is most efficient

AC-couplin DC-coupling/BESS-side
PV 288 MW oommemommecmcceee " PV288 MW .- . : PV 288 MW
meRy) (0 (L&Y H O BBV (O
K | ~ PCC = . pec
| Inverter - inverter de—dc | inverter
‘ - + ' = ( S ) FCC ‘ = + = | ‘ - +
BEss  { BESS-nverter 5 BESS | do-de _FCs BESS PCS
275 MWh PCS 275 MWh 275 MWh
92 MW 92 MW 92 MW
PCS daily power flows PCS power losses PCS energy efficiency
300 ; : : : ; : : : - : : 12 T ‘ ‘ ‘ ‘ : : . ‘ 97.25 : : :
- :ﬁ\c]c (AC) Wﬂ I [ — ¢
250 - b (DC/BESS) . 10 ——DC/BESS
PCC (DC/PV) DY Il o7l

96.75 -

"‘,»‘"-,‘ 7 96.5
50 - ."' RA_\ 1 2l ' N 1 '
ob— f | \

0 2 4 6 8 10 12 14 16 18 20 22 24 0 ) Z‘l é é 1‘0 1‘2 1‘4 1I6 1‘8 2‘0 2‘2 24 96.25 K & = C‘

Lo Franco, F.; Morandi, A.; Raboni, P.; Grandi, G. Efficiency Comparison of DC and AC
the university Coupling Solutions for Large-Scale PV+BESS Power Plants. Energies 2021, 14, 4823.

Power [MW]
—_ )
g 8
e
Power loss [MW]
(=2} o)
Efficiency [%)]
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Future (technical) presentation:
PV and Battery integrated converters ...

C-couplin
PV 288 MW | /-N\ i

inverter

m(’~

AR

BESS . ESS-inverter

275 MWh %s

It works, It's well

understood, but it

misses soO many
opportunities!
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PV 288 MW

[ [ &

PCS

PCC

de—dc inverter

PCS

This is much better, but there
are some clever ways to
integrate the converters with
the batteries

There are also clever
techniques to integrate the
PV into the system as well




| DC

AC

AC

Blocking diodes 2,800
_/'" . . 2,240
\b)
MODULE 1 Bypass dodes MODULE 1 1,680
1000 WimZ - 1000 Wifm2 . %
— . 3 1120

i<} b) String inverters

oC
l AC
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The Concept of Module
Integration in PV

. +
560
MODULE N MODULE H : ) _
oo wme | . zoowimz | . o 70 140 210
“okage (V)

a) Centralized in

« Series / parallel PV strings

C MICs can suffer from mismatch
d) Cascaded dc-dc MICs and Iower performance_
¢) Cascaded de-ac * Multiple smaller converters

can solve this issue
f) Bypass dc-dc MICs




The Concept of Module Integratlon in PV Applications

Bypass Diodes

, O Il 0= ., D= - , D
1

. | g=r| | g | | g |

=0 =l bl ﬁ'i“:!
Cell 2 Cell 3 Cell=

= St + -
|t
b

Veltage

Series connected PV modules with bypass diodes [5] P-V Ch teristic C
- aracteristic Curve

I " L, . MPP
140
o TIII A o TI“" ay o TI, T
— a - T : ]A 100
B — — I - MPP
T il S w -
L. 7% e /% I Il 9
ek Bl Bl & 1y 4V
- o ——40— ' E
3
I S I | =Y I Ll L gl I
]..l T J-..:....-. J'..I ||.|.'\.:.‘J'.| Imm ]-..l ...-.'."J e s 3
i (1) m (2) e (3) o L fJ
. . . . -5 ( 5 10 15 20 25
Series-connected PV modules with bypass diodes under uniform and

mismatching conditions. (a) Uniform conditions: L nay = 1pv2.maxs

(b) Mismatching conditions: I < L, . (¢) mismatching
conditions: Iy> Ly - [6]

Voltage (V)

P-V Characteristic curves of 3 different
conditions [7]
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The Concept of Module Integration in PV Applications

AC Bus

DC

AC

string inverters approach [8]

Module Integrated Converters (MICs) approach [8]
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The Concept of Module Integration in PV Applications

AC Bus

DC

AC

Cascaded DC-DC MICs approach [8]

; [A] ) [A] .
510 Z 10 H

. OF, = 0P, = -
£ T i N 3_'-'_“\:(.)P| -

2 60OP w6 ! L

E o4 © 4 ) : 1
: 5 < _E 9 ﬁ"q:{ ----- "l = o E
- = M ] “TOPR OF -

0 . 0 Lt . 0
(a) 0 5 10 15 20 25 30 [V] (h) 0 10 20 30 40 50 60 [V] (c) 01w 20 30 40 [V]
Voltages Ul Usw Voltages U, Usw Voltages L5, Ul

Working principles of full-power converters for series connection of shaded (red) and unshaded (blue) panels:

(a) buck converter, (b) boost converter, and (c¢) buck—boost converter [9] Fower Optimirer Wvereer Monitoring Portl
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The Concept of Module Integration in PV Applications

~ AC Bus

DC DC

DC

DC

AC

Bypass DC-DC MICs approach [8]
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Direct power flow

Partial Power Processing =, n 1 P
300 W 240 W 296 W
 Example ... Adaption
. PV 30V x 10A = 300W (ai, bi) P Stage
« DC-DC only 93% efficient 60 W 56 W
. 30Vx2A = 60W in, 7Vx8A = 56\ out Teony
. Output 37V x 8A = 296W (A, Bi) Tp o aw
« Overall almost 99% efficient. X l A |

=3

| >
D
: o o
, i B hd A .
by 1( B Upi D(
DC | o\ 4 DC

Bl
]-:H:-_.L L J L 4 %;”l 4
—o—10 (b) o o {c) T o —0

(a)
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GUSS UNIT
127TM94KVSWER =00 mm e e s s s m s e m e mmmm—— -y
Votags

Ergon Grid Utility Storage System (GUSS) s
Ll

Device
[ P 1 ‘

System

Grid Interface 240\ 1 phase
CT&

Fuse

Power
Conversion
System

I 1
I 1
I 1
I 1
I 1
I 1
I 1
: Control :
| pr—— 1
I 1
I 1

Energy Storage
Unit

1
I : :
I }
I Isolztion : !
I device i J
I Energy ; :
! Management = | |
: System : |
| 1 |
I il
| 1 |
I : :
| 1 |

1

1

v 120 kWh of Lithium Ion batteries
(to meet a 5 hour load at 25 kVA).
v' 25 kVA four quadrant single phase inverter Sk =

v" Connects to the SWER line via a 240 V,
25 kVA pole mounted transformer
(not shown in photo)

QUT
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Components

Master Battery Management Module |
T
[
BMM1 BMM2

T —— Cell Pack (cutaway)
Synerion Synerion
24E 24E
| I 1Phase
Synerion Synerion L | DC 240VAC 25 kVA
24E 24E _ AC Transformer
I I
Synerion Synerion i vl
24E 24E 12.7/19.1 kV 111
: : SWER i 8 i
: | T
|
Synerion Synerion
24E 24E
[ I

Basic GUSS system (2P28S Synerion 24V modules) GUSS (Sa ft Intensium Mini sys tem)

Electrical characteristics at +25°C
Nominal Voltage (V) 700

588
790

The GUSS components:

v 25 kVA four quadrant inverter
v" 120 kWh of Lithium Ion batteries
(to meet a 5 hour load at 25 kVA).
v one Master Battery Management Module (MBMM)
2 Battery Management Modules (BMM) per Intensium® Mini
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Battery-Integrated-Converter Seenario | :
y g String 1 I String 2
£ licati Module { P e # ] | donace
Or GUSS App ICathn o 24F 7 240VAC
Master Battery Management MOSUIe Syr;iréon Tri\Sn:f\c/)ém
Module :‘::::::::::::::::: [ _er
| 1 | Module | [ Synerion
. 3 12.7/19.1 kv
— — Basic GUSS system L 28E | S<NER
= e 1Phase | secceccceccecccee.
Synerion Synerion Module [ s -
240VAC i | Synerion (a)
24E 24E H
I I 28 : 24E
Synerion Synerion || bC 25 kVA bomTmmeemosmossmossnessoeened i
24E 24E | /ac | | Transformer
i i String 1 | String 2
I ! 12.7/19.1 kV‘ T =TT e — | : 1Phase
Synerion Synerion SWER . Synerion |‘ Synerion L AOVAC
2TE ZTE Moduleé Z?E —L DC . . Z?E -L DC
1 i [ synerion [ I AC I Synerion | [’ I AC 25 kVA
24E 1 : 24E | | Transform
= Scenario 1: Nominal 24 V modules L e e Lo y
(21 V at 3V cell minimum), : | | | 12.7/19.1 kV
Scenario 2 | X I SWER
up to 18-out-of-28 redundancy S e T
i i i i | i |
= Scenario 2: Nominal 48 V modules vosue | e Rt e e )
- : I DC P I DC ; (b)
(42 V at 3V cell minimum), 14 _ ac i _ Ac |1
i | Synerion [[ i 1| Synerion [
up to 9-out-of-14 redundancy LI N N S I
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Results — Yearly failed module replacement — 24V modules

Reliability of the System with one Inverter per Failure Rates A: x 10e-6hrs
A=A A=A
Battery Block, for 5 years Life-Span c ceell i inverter
99.99999 ::s'::i The batte ry- Ainverter = 1 09'6 /h r
=0.1, 2,25
e integrated- (the worst failure rate)
A =05 2,28 .
T e inverter
99999 28 by 24 V mOduleS A LA =228 system One Strlng TWO Strlng
A LA =218
99.99 A =0.1,A 5,28 \ 0 * 0 ‘
— 28 by 24V >39.99 % >63.99 %
A 0 5,1S
::‘ 99.9 A _T05A 5,25 mOdUIeS {} +
B R
i o 28 by 24V >99.99885  >99.99998%
z toth e odules with % > six-sigma
£ A TONA =1028
£ w | e e yearly (99.999606)
n S o replacement
028 27 26 25 2‘; 23 22 21 20 1s; 18 hoTeh e ! !
A =tA o =10,28 9
Redundancy Level (Minimum Working Modules) — A FLA S0 8
Reliability of the System with one/two Strings of 24 V Failure Rates A: x 10e-6 /hr ;
Redundant Modules, with Yearly Failed-Module Replacement AR e or @
2 5
99.99999 f: s:::i\ 2,28 / é 4
A ’ 0.1, A 2, 1S § 3
_____ g @
99.9999 N 05N 2z g 2
L A0S 218 'g 1
99.999 A A =228 = 0
I 0.
99.99 R e A =2 A =5 A =10 A =2 .~ A =10 A =2 A5 A =10
____)\c 0.1, A ‘25,15
- e A 05 5,25 Failure Rates of Battery Cell (A . ) and Inverter (A i) % 10e-6
3 ' I N L
r;)’ ) R
s ~ bt s Number of the spare modules for the system with one-string
~ 28 by 24 V modules of 24 V redundant modules to ensure > 99.99885 %

7 with yearly replacement

QUT

the university

for the real world

—_

—_

reliability, with yearly failed-module replacement for 5 years

ell)}

CRICOS No0.00213J



Results — Five year reliability — 18 combinations (refer to paper)

i : - - ] Failure Rates A: 10e-6 h
Reliability of the System with one Inverter per Failure Rates A: x 10e-6 hrs Reliability of the System with one Inverter per aflure Rates x 10e-6hrs
A=A A=A A=A ”,A =A
Battery Block, for 5 years Life-Span e ceelll i inverter two Battery Blocks, for 5 years Life-Span ¢ ce ioin
S: string S: string
99.99999 99.09999
A =01,A =225 I I I I A =04, =225
-_— i -_—c i
A =0 =218 A =04,A  =2,1S
i _——— i
99.9999
N 05N =228 99.9999 A 05N =228
i
A 05N =218 A_SO5A =621
i
99.999
—_ M A 228 99.999 A LA =228
_— i
A =1,A =218 - -
28 by 48 V modules -——— ; 14 by 48 V modules C AT s
99.99 A =01, A =5,28 =
4 - - =04,A =
¢ ' 9999 | | A, =528
e _ _ _ A 01A  =51s
i
n %9 | A 05n =s2s A =05 =528
3 " i
%) =0.5, A = <
A —— = ;7518 2 A =05A  =51s
S o i
< A =1,A =528 =
£ 99 | ° i 2 A hA 75,28
2z A =1A =518 <4 A =1A 5, 1S
= i = -
8 $ LA S
g A SOLA =10,28 > A =04, A 10, 28
— i = =0.1, =10,
o« 90 | 3 — i
A =04, =10,1s s
-———- i o A =04,A =101
o - i
A =0.5,A =10, 2S
° i Ay =0.5, A =10, 28
A0S A 10,18 i
! A c=0.5< A =10, 1S
i
A =tA o =10,28
_ i A_=t.A =10,28
Redundancy Level (Minimum Working Modules) —— —.ASLA o =10,1S !
i = =
Redundancy Level (Minimum Working Modules) — — — A A =108

> the system with 14 by 48 V redundant modules is less reliable than the system with 28 by 24 V modules.

» This is because of the higher number of the series connected battery cells per module, which affects the
module reliability.

» However the fewer number of inverters may decrease the cost and weight of the system as well.
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Reliability Vs. Expected Life-Span for the Basic GUSS System

= ‘ ‘ ‘ Results and Discussion

& \ Basic GUSS System: total 2P 28S of modules

A f (each module: 2P 78 cells) + single inverter
" — » At the best condition of the failure rates assumption
| — 7 (Acen = 0.1€-6 /hr, Amerer = 2€-6 /hr) the system is
= _ Basic GUSS L 91.55 % re}igble over a five year timespan.

ol T i 3‘» » NB: reliability of actual GUSS systems, based on

o [ ——r e | | 25 units deployed for five + years, is much higher ...

1 2 3 4 5
Expected Life-Span (Years)
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Future (technical) presentation:
PV and Battery integrated converters ...

C-couplin
PV 288 MW | /-N\ i

inverter

m(’~

AR

BESS . ESS-inverter

275 MWh %s

It works, It's well

understood, but it

misses soO many
opportunities!
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PV 288 MW

[ [ &

PCS

PCC

de—dc inverter

PCS

This is much better, but there
are some clever ways to
integrate the converters with
the batteries

There are also clever
techniques to integrate the
PV into the system as well




	DC-side storage for Grid Connected �PV Systems 
	Slide Number 2
	Renewables keep growing!�How are networks responding?
	Battery projects now accelerating
	Energy storage learning curves
	Learning Only Buys You so Much: Practical Limits on Battery Price Reduction
	ESS Iron flow battery
	Lithium-Ion grid storage
	Residential grid connect PV and storage
	Battery storage: the possibilities for the ...�	Customer				Network
	Oversizing PV array for given inverter rating,�The Premise … 
	Case study – my 4 kW PV system
	My PV array
	My future PV array? 
	Daily PV output July – Dec 2011  (184 day traces)
	Six clear sky days July to Dec 2011
	Six clear sky days July to Dec 2011, 144%
	Two days in Feb 2012, and yearly average
	Two days in Feb 2012 + yearly average  x 144%
	Two days in Feb 2012 + yearly average  x 144%
	How far can you go? �How does storage help? 
	PV + DC side storage for PV
	The rules of (domestic) oversizing …
	Solar farm current build approach
	PV modules
	PV Strings to combiner boxes
	Combiner boxes to inverters
	SMA central MV inverter example
	SANTOS Port Bonython 2.12 MW PV array
	5B Port Bonython 2.12 MW PV array 
	Happy Valley SA 12.8 MWp PV array
	Happy Valley SA 12.8 MWp PV array
	Sun Cable Progress  (2021)
	Sun Cable Powell Creek Solar Precinct 
	Sun Cable Powell Creek Solar Precinct 
	Sun Cable Powell Creek Solar Precinct 
	Sun Cable – �720 Solar Zones
	Sun Cable – MWh of PV, Batt, export
	SMA DC coupled storage solution 
	“Graphical abstract” – DC coupled BESS is most efficient
	Future (technical) presentation: �  PV and Battery integrated converters … 
	The Concept of Module Integration in PV
	The Concept of Module Integration in PV Applications
	The Concept of Module Integration in PV Applications
	The Concept of Module Integration in PV Applications
	The Concept of Module Integration in PV Applications
	Partial Power Processing
	Ergon Grid Utility Storage System (GUSS) 
	Slide Number 52
	Slide Number 53
	Slide Number 54
	Slide Number 55
	Slide Number 56
	Future (technical) presentation: �  PV and Battery integrated converters … 

