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Data-driven assessment of distributed PV systems and

their impacts on electricity network planning and operation
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..... PhD story with lots of funl!

3 months ago: 2018-06

Australian PV installations since April 2001: total capacity (kW) 8.45GW

2018-06
Reported installed capacity (kW): 8,452,422

Estimated installed capacity (kW): 8,475,435 7.19GW |
6,000,000 ThesiS—submiﬂed#O—]—Z-Oél—7/‘
6.15GW

4,000,000 PhD started : 2013-09 &M/\

3.04GW }t First draft of thesis: 2016-12
¢ 5.84GW

2,000,000 First email to Anna: 2012-08 /&M"‘
21GW vy 22 APV

u((«(m«((((«m«««m«u««(«mum(«“‘ :
2002 2004 2006 2008 2010 2012 2014 2016 2018

8,000,000

0

Australia: World’s highest residential PV penetration (21% of suitable dwellings)
5™ in terms of per-capita PV capacity
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Context:

* Numerous small scale PV systems exist in the network with very limited
monitoring /control

* Good estimates of the operational performance and impact of distributed PV is
needed

2018-06
100+ kW: 1346.046 MW
50-100: 321.912 MW
25-50: 312,048 MW Uti I it (~15%)

14.25: 246,201 MW y
9.5-14: 371.184 MW
6.5-0.5: 372.476 MW

4.5-6.5: 2478.682 MW Commercial

2.5-45:1708.12 MW

<2.5KW: 1282.479 MW ("" 10%)

9000 MW ——

2 Residential
W0 M (~75%)

HHRY. L 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

W <2.5kW W 2545 W 4565 M 6595 W 9.5-14 W 1425 W 25-50 M 50-100 W 100+ kW
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: of the PhD:

ovide and test a set of techniques to improve the quality of data and
- metadata from distributed PV systems

e

- To estimate aggregate PV generation including non-monitored system

- And to estimate the potential impacts of these systems on transmission and

distribution networks
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Data and meta-data quality check

* Individual PV system output data from ~5000 distributed PV systems
PVQOutput.org for +5 years (300,000,000 records)
* A set of filtering methods applied to flag/remove the likely invalid data
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a and meta-data quality check

‘The characteristics of the sample data was compared to all PV systems
installed in Australia (Sourced from Clean Energy Regulator)

CER Capacity (kW)

' s
TAS (2.5%) H‘)m -%

@, Ssample Capacity (%) (0 — 11%)
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 Data and meta-data quality check

* The characteristics of the sample data was compared to all PV systems
installed in Australia (Sourced from Clean Energy Regulator)

= CER = Sample
B CER m Sample
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Sample performance (vertical axis) vs. average Ausgrid PV system performance
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(horizontal axis) for three years for 2-digit postcode 21 XX Percentage of Systems
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Estimation of Distributed PV Systems’ Installation Parameters

* Self reported meta data (tilt, orientation, and location) are not usually reliable
* Automatic detection of installation parameters can help in quality checking
which is necessary for performance analysis

Measured PV output power Daily pattern Extracted sunrise, sunset and noon Comparing with EOT and extract longitude

» A - - - - -
-

3-D surface fit to data 1 1 Longitude

Parameter Estimation
Time series of clear P=ﬂtilt’aZimUth"at’n)

sky data
Clear sky model Perez model PVwatt model

GHI=fi(lat) —> POA=f2(GHI,tilt,azimuth) — P=f3(POA,n)

Vo

tilt azimuth lat
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Estimation of Distributed PV Systems’ Installation Parameters

Three case studies defined to test the method: e A

¢ Simulated PV systems using meteorological data (green) v o Sty v‘ “

s PV systems with validated parameters (blue) 5 L O

%* PV systems with self-reported installation parameters =~ TP 1 £ '
(red) " '

ssssss

o

Tilt (°) Azimuth (°) Latitude (°) Longitude (°;@
MBD MAD STD MBD MAD STD MBD MAD STD MBD MAD STD
Case Study 1-1 -4.47 6.70 11.43 -2.33 10.89 27.12 2.42 4.84 3.42 -0.02 0.23 0.12
Case Study 1-2 -2.12 2.75 2.93 -0.83 5.85 4.07 3.97 4.08 2.12 -0.01 0.20 0.08
Case Study 2-1 -1.13 5.26 4.21 7.80 9.84 6.84 4.44 5.84 3.42 -1.22 1.22 0.78
Case Study 2-2 -4.18 4.18 1.30 = = = 4.57 4.57 1.65 -0.52 0.52 0.47

Case Study 3 -0.96 4.18 3.34 3.55 17.63 20.64 1.40 3.75 2.94 -0.69 1.18 1.40
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Operational Performance Analysis of Distributed PV Systems

* The real performance of distributed PV systems is analysed and compared
with publicly available estimates including:

L)

*¢* Renewables.ninja (open-source model using NASA Merra re-analysis data)

)

0

* PV_Lib (Sandia national lab’s simulation package with RMY

&

L)

* Average estimates of Clean Energy Regulator (CER)
* And Clean Energy Council (CEC)

(R )

)

L)

Comparison of daily solar exposure (BOM)
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Operational Performance Analysis of Distributed PV Systems
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ational Performance Analysis of Distributed PV Systems

Adelaide Perth
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Operational Performance Analysis of Distributed PV Systems

[ () [ .
M All ¥ ideal M CECSMIRN £ CER M RMY-BITMY:

EER RN R RERERLERNERLRERERERANER NN RJ

6.0

5.5
Main takeaways:

* CEC, RMY, and TMY are more aligned
with ideal subset

* CER is more aligned with all systems

* RN is generally overestimating the

Average daily yield (kwWh/kwp/day)

. performance
2.0
Darwin Sydney Melbourne  Brisbane Adelaide Perth Hobart
Average daily yield (kwWh/kWp/day) Bias from the median of ideal subset
City CEC | RN | CER | RMY | TMY | All |Ideal | Nall| N ldeal CEC RN CER RMY TMY
Darwin | 4.40 | 3.97| 4.21 | 453 | 441 |4.15|4.44| 10 | 2(20%) -0.9% 2.0% 0.6% |
Sydney | 3.90 | 4.03| 3.79 | 3.01 = 3.59 | 3.72 | 181 | 18(10%) 4.9% . . Z 5.3% i:I
Melbourne| 3.60 | 3.79| 3.25 | 3.50 | 3.55 |3.51|3.62 | 305 | 26(9%) -0.6% : -10. -3.3% 19% N |
Brisbane | 4.20 | 4.33| 3.79 | 4.20 - 3.95 | 4.11 | 1006 | 146 (15%) 2.3% 2.3%
Adelaide | 4.20 | 4.05| 3.79 | 423 | 415 |3.94|4.24| 268 | 27 (10%) -0.9% -0.1% 20% B |
Perth | 440 | 4.26| 3.79 | 4.43 - 4.38 | 4.51 | 219 | 38(17%) -1.7%
Hobart | 3.50 | 3.56| 3.25 | 3.49 = 3.60 | 418 | 40 | 1(3%)
Sum | 2029 | 258 (13%) | | min -0.6% -4.4% 1.8% -0.1% -0.6%
max| -16.3% -15.0% -22.4% -16.5% -2.0%
MBD 1.05% 1.05% -1.91%
wao | 2.20%
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tion Mapping of Distributed PV Systems

stributed PV systems output data

Top D
2:45pm «  September 2018 PPN
Postcodes 20xx Su Mo Tu We Th Fr Sa 23rd Nov 2014
rf
Reset 0 peromenes 2 27 28 20 30 31 1 18th Sep 2018
T E EEEE 6th Jan 2018
9 10 11 12 13 14 15 Bottom Days
16 17 18 [REN 20 21 22
10th Mar 2015
23 24 25 26 27 28 29
= 12th Jun 2013
31 2 3 4 5 6

st Jun 2013

WA: 26

Live Solar PV

PV Performance by

Live performance data from Climate Region

nationwide PV installations, with Compare and chart PV generation
data from over 50 locations

across Australia, and download

2-digit Postcode Performance
Estimated photovoltaic oulput as a percentage of its maximum
capacity in 2-digit postcode areas

© AnimATE

- .

Sapacity in oach ciate

State Performance
Estimated photovoliaic output as a percentage of its maximum

State Contribution
Estimated percentage of electricily dermand being met by
photovoltaics in each state. Currently unavaslable in the NT

0% 100%

Total Demand + PV Generation
Total electricty demand in each state combined wilh the amount
generated by PV.

total electricity demand and PV
\ data for offine analysis

contribution )
ay b 4 I -
201108

AUSTRALIAN
PV INSTITUTE

http://pv-map.apvi.org.au/

UNSW

THE UNIVERSITY OF NEW SOUTH WALES
SYDNEY « AUSTRALIA

SunSPoT

Rooftop solar mapping tool using
3D data, for assessing annual and
per-month PV potential in urban
environments

View data

o 24spm

i l "
Northem ] I I l
Lypitory N (R { ] B |
Solar PV Status Market Analyses Solar Animation PV Postcode Data
Estimated percentage of Charting per-month PV Visualise per-postcode PV Explore PV installations by
dwellings with PV systems installations registered under installations across Australia postcode and system size,
and total installed capacity, by the Commonwealth since January 2007, by with per-month installation
postcode and LGA Government's Renewable average system size and PV figures since 2007
Energy Target penetration
5,000 MW
ax00am
Total MW (PV)
NSTW: 8,005 MW [0 W)
6,080 MW
3,000 W
gzzAPI
oMW
400 S0 &0 700 BN 900 W0 M00 1200 1300 400 1500 800 TR0 18
900 20 hrt displayed in yaur loca e
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A sact of Distributed PV on Zone Substation Peak Demand

~* PV systems performance is upscaled by the capacity of PV installed in each
L distribution feeder to estimate the contribution and impact of PV

6
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Estimated peak reduction from present PV penetrations for
138 Ausgrid ZS
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Zone substation (sorted by highest impact on 100% penetration)
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~ Impact of Distributed PV on Zone Substation Peak Demand

V systems performance availability in peak times of the zone substations is
clustered
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Average PV reduction from existing PV penetration for the 23 ZS with Clusters of PV performance in peak times of the 138 ZS - dotted lines are the clusters

reater than 1.5% peak reduction as the number of peak periods over
g p

representatives, solid lines are the moving averaged smoothing of the representatives
which the average peak reduction is calculated varies.
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Impact of Distributed PV on Zone Substation Peak Demand

* PV systems performance availability for different ZSs and for different
penetration level is estimated

2013 2014 2015 .
100 100 100 :
90 90 90 0.7
) 80 80 0.6
(5}
70 70 70
- Cluster 1| 99 Cluster 2 g 0-3
. 60 60 60
24 Hiddd 0% A 0.4
~ 27 H S 50 50 50 :
E zz o Q g 40 40 40 0.3
2 : 30 30 30 0.2
23 A =2 :
T8 100% = 20 20 20
| 21 0.1
16 10 10 10
19 llihi. 0
14 17 20 40 60 80 100 120 20 40 60 80 100 120 20 40 60 80 100 120 1%
20 40 60 80 100 20 40 60 80 100 7S number 2, o 7S number Performance
> (kW/kWp)
. 28 Cluster 4 . . .
20} - 0% PV availability over the top 1% of demand periods for each ZS over the years 2013,
%18 " 3 20714 and 2015
< 2 §
EN T00% 2013
S 4 20 100 100 2014 100 2015
" 18 9 —No load shift 90 —No load shift 90 —No load shift
1% — 1h load shift — 1h load shift — 1h load shift
20 40 60 80 100 20 40 60 80 100 80 —2h load shift | | 80 —2h load shift || 80 —2h load shift
Number of peak periods Number of peak periods g 70 70 70
. . Z 60 60 60
Load duration curve for one sample ZSs from each of the first four clusters 3 s s IS
A
<
8 40 40 40
2 30 30 30
20 20 20
10 10 10
0 0 0
20 40 60 80 100 120 20 40 60 80 100 120 20 40 60 80 100 120
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Trend of 0.3 PV availability for different options in different years across each ZS
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Impact of PV on Peak Demand in Transmission Network Regions

* PV systems performance is upscaled by the capacity of PV installed in each
NEM region to estimate the contribution and impact of PV

NSW ViC QLD
NSW vic o aLb . .. i " ]
-7% ° 20 oo 22 20 ° o o
s 9 ® .12% 18 4 20 o L 18 s:.-'h‘
= o 16 ... 184 = °
985 B 44 5 16 < o
2 z * Z 14 Z 14 ]
= B iz o 12 Y s® 12 s
b4 10 o 10
7.5 8 o o 8ty ¥ - 3
° X - L, WO 6 8 101214 16 18 20 22 66 8 1012141618202224 8 10 12 14 16 18 20 22
P, (GW) P (GW) P, (GW)
SA TAS Gross SA Gross TAS Gross
24 e oo 22
\ 21-2.5% 22 20 H o
32 Y6 175 22 20
g » o ° ’;‘ o 18 " [ = o,
: 3 16 H o ® 2013-14
Q Y 0 17 o 3 H 14
et ~ Z 14 »d z ® 2014-15
z 28 = ® 2013-14 12
o 0 165 ® 2014-15 ]g o 10 ° ® 2015-16
26 ® 2015-16 8 F . 8 s
24 16 6 6
24 26 28 3 32 1.6 1.65 1.7 175 6 8 1012141618202224 6 8 1012 14 16 18 20 22
Pe(GW) Ps (GW) Gross Gross

Net vs. gross demand in different states in fop 0.5% of peak times. Range of peak Peak time change for each day due to current solar contribution. x axis shows the peak

reduction (%) is shown with a green line. hour in gross demand and y axis shows the peak hour in net demand
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mpact of PV on Peak Demand in Transmission Network Regions

* The average peak reduction for each penetration level is estimated using

[ historical data

NSW . vic QLb - vic _
15
4 2 15 e
= Sa 5 - R R
% 2 Current status: % 2 Crrent stajus: % ! Current status: & & g4
9.5% (1.1 GW) 10.7% (0.92 GW) 18% (1.54 GW) < 5 < 5 <,
0 0 0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 L P o o e IR e LT —
PL (%) PL (%) AL PL (%) PL (%) PL (%)
SA TAS SA ° TAS °
a 2.5
= 32 A10 . 2
= &’ —O0—2013-14 = £ 15 —0—2013-14
E 2 g 1 c t status: —0—2014-15 x g x . —0—2014-15
< Current status: < . u7r°r/en9§ ?/I\llj\ls —0—2015-16 % B —0—2015-16
23.6% (0.67 GW) T%( ) 05
o
0 20 40 60 80 100 0 20 40 60 80 100 O a0 6o B0 100 0 T os
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Impact of PV penetration on daily peak of the top 10 peak days; change in daily

Impact of PV penetration on daily peak; average change in daily peak value
peak value (APR). Top filled circles represent current penetration level.

(APR). Top filled circles represent current penetration level.
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mpact of PV on Peak Demand in Transmission Network Regions

* Load duration curve for different penetration level and the availability of PV
L systems in the peak times are estimated

= 0.8 ‘
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5 S35
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&
Demand duration curve for different PV penetration levels >
a ‘ .
10% 30% 50% 70% 80% 90% 100%

% of time in top 0.5% of price

PV availability across three years. Top: in top 0.5 of peak loads;
bottom: in top 0.5% of price
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Ce nclusion of the PhD

- A set of techniques introduced to improve the quality of data and

metadata from distributed PV systems

- The aggregate PV generation is estimated by upscaling the
monitored systems

- The potential impacts of these systems on transmission and

distribution networks are estimated




THE UNIVERSITY OF NI

SYDNEY & AL

Annual Bill
025 T T T T T T T T
A - Flat rate
A - Tou
[C_JHi Income - Fiat rate
o02f Hi Income - TOU 1
[@ TDA (CEEM, UNSW) O I Income

[ Low income - Flal rate

JLow Income - TOU
Project Load Tariff Export Preferences Help

z
Project Name: Comparing Tariffs 3
_‘.—_ Centre for Energy and UNSW ingle Vari Dual Variable Graphs i é
‘ Environmental Markets 8 SYDNEY Foole Yasiable Gonpls Singhe Cose Gerpht List of cases: )
s 4500 : : . . : . Mot
% _— +  FR €C:0.889 . . HMc2
Select. SFSC s Set 4000 - +  TOU CC0935 | Hc.3
— Demand Charge CC:0.925 . %
e 3500 F J < 3 N o 500 1000 1500 a::l :‘M:;Oﬂ 3000 3500 4000 4500
Income (ASSRTD): e ~ >
Gas Usage (ASSRTD): [ v § ] T 09 . . . . : - - - . 3
Electricty Usage (ASSRTD): Al - B Case 3 ( Demand Charge) s
2 '3/ Demographic Information: ey
Dwelling Type: o ¥ 1 2| Income (ASSRTD) All g
Income: e ~ J 5| Gas Usage (ASSRTD). Al S o6
B %] Electricty Usage (ASSRTD): All g
Aircon Type: [an ~ 1 2| Dwelling Type: All ?0-5
= Income: All
Eema— - z 0 05 1 15 2 o = 35 TR %N
: 5] Num of Oc Al
70+ Occupants: Al ,,| Average Demand at 10 Network Monthly Peak(s) (KWh) & m:" MMS::" :n Sos
Has Gas: a . Xoxis:  Average Demand at W Net. | N= [10 | &]0ne PeakiDay I || s i 8
Has Solar: | ~ Yaxis:  pusyen) - [ summer £ Winter 01
No. of users: 3663 Show: |Daily Profite interquartie Ran_. v |~ Select Tariff:
Sy ) Name: ~ CitiPower Demand charge 2017118 Typs.  Demand Charge Ste.  ViC [ No. of users. 732 Show.  [Daly W Fistogram M
Interquartile Range (25%. 50%, 75%) e o e DUOS TUOS DUOs+TUDS NUOS 0.12 . . . . ! .
State: [ o Daily Ch  0.2561€ KWh):
Al aily Charge (S/day): 025616 | Energy Charge (S/kWh):  0.03916 oal -::leeud Users
Provider: g Neme | Rete | Unit | StetHour | StatMin | EndHour | EndMin | StertMonth | Endl
| 4 1 | peak 5.4270 SAWAonth 15 0 21 0 12 20081
_—_— 2 | peak 3.2230 SAWMonth
Year: Al ~ = 4 T T v T T T T
- g *  Ni:Fatrale CC0857 %
Tariff: citiPower Demand ¢ v [X|i S8 faveone e C0s g - 1
13 6 7 8 11 13 156 17 19 21 2 ————— $ § Rl crsonibiodf i s R : 1
Hour [ Exclude GST z : Lowincome . TOU CCOar8  * S =
. g 25
g 5 ] [3 4 s e 70 8 9 100
kWhi/day
o Y S
https: //github.com /UNSW-CEEM /TDA Matlab é
1
http://ceem.unsw.edu.au/cost-reflective-tariff-design g
https: / /www.researchgate.net/project /Tariff-Design-and-Analysis-TDA-Tool e
Unitised Bill (kW)

Xaxis:  Uniised B4 (kW) v

Yaxis  werageemanaattiNemo. v Ne 3



https://github.com/UNSW-CEEM/TDA_Matlab
http://ceem.unsw.edu.au/cost-reflective-tariff-design
https://www.researchgate.net/project/Tariff-Design-and-Analysis-TDA-Tool

Centre for Energy and
Environmental Markets

CEEM's researchers believe in the value of open source modelling in the Energy and Environmental research space. In this regard, we have developed a series
of open source tools which are listed below. For a list of some of our under development tools you can refer CEEM's Github page.

Nem Data Tool:
I
Nem-data is a simple tool for creating custom data sets using publicly available information about tt

Links: Github

National Electricity Market Optimiser (NEMO) Tool:

NEMO, the National Electricity Market Optimiser, is a chronological dispatch model for testing and ¢
electricity generation technologies. It has been developed since 2011 and is maintained by Ben Elli
free software license (GPL version 3) and requires no proprietary software to run, making it particuli
academic researchers and students. The model is available for others to inspect and to validate res|

Links: Github, OzLabs

Tariff Design and Analysis (TDA) Tool:

We have developed a modelling tool to assist stakeholders wishing to contribute to network tariff de
open source modelling tool to assist stakeholders in assessing the implications of different possible
engagement in the relevant rule making and regulatory processes in the NEM. Our tool takes pubilic|
NSW, and allows users test a wide range of existing, proposed and possible tariffs structures to see
Demographic survey data of the households allows you to explore the impacts of these tariffs on pa
children. The tool can also show how well different tariffs align these household bills with a househy
data are open source — you can check, validate and add your own data sets; test existing or even d
underlying algorithms.

Links: Project page, Github, Researchgate

Local Solar Sharing Scheme Model:

Intended for modelling embedded networks, local solar and peer to peer electricity networks. This s.
and Rob Passey at CEEM. A working build with a simple user interface for OSX can be found here.

Links: Github

UNSW

THE UNIVERSITY OF NEW SOUTH WALES
SYDNEY « AUSTRALIA

# CEEM NEM Data Access Tool

I Run queries Output data to: |C:\Users\use{\nemdau_r5ults Save session ]
Raw data cache: lC:\Users\user\uw_aemo_data ' Load session ‘1
Query name: Select table: Select columns: Select DUID's:
all_scada DISPATCHLOAD SETTLEMENTDATE
- DUDETAILSUMMARY JID
Start time: DISPATCHCONSTRAINT C ALUE
(YVYY/MM/DD HHMMESS)  (GENCONDATA
DISPATCH_UNIT_SCADA
IR/ HHC00 |DISPATCHPRICE
End time: [SPDREGIONCONSTRAINT
(YYYY/MM/DD HH:MM:SS)  [SPDCONNECTIONPOINTCONSTRAINT
[SPDINTERCONNECTORCONSTRAINT
2018/04/01 12:00:00 BIDPEROFFER_D
Query name: Select table: Select columns: Select Fuel Source - Primary's:  Select DUID’s:
unit_fuel_types [SPDINTERCONNECTORCONSTRAINT  Participant [ ] [
: |BIDPEROFFER_D [Station Name
Start time: IDISPATCHINTERCONNECTORRES Region S
(YYYY/MM/DD HHMM:SS)  gipDAYOFFER_D Dispatch Type
FCAS_4 SECOND
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(YYYY/MM/DD HH:MM:SS) ARIABLES_FCAS_4_SECOND
eduled Loads TTechnology Type - Primary
‘:] [Technology Type - Descriptor
Left ight
Merge name Select join type ke Riohthry
o
Left table ght U
Right table
|+ Query
|+ Merge |

TV U YWUD WU Y UIUUM Y YT U T IO U VI DT T

https://github.com /UNSW-CEEM /nem-data
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Collaborations

ITP/ UniMelb : Arena-funded project, open source capacity expansion model

Rob Passey: Designing cost reflective tariffs

Naomi Stringer: Security implications of the distributed PV systems particularly
aggregate PV response to the system events (voltage and frequency excursions)
Yusak Tanoto: Cost and reliability trade off in capacity expansion planning in
Indonesia

Mike Roberts: PV in apartment buildings

Anam Madlik: Contribution of residential Aircon and electric water heaters in peak
demand

Abdollah Ahmadi: Electricity generation scheduling in uncertain load /generation
environment

Nick Gorman: Open source simulator of NEM dispatch tool

Mohsen Fadaeinejad: Sustainable, environmentally friendly, and intelligent transport
system
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