NERA

ECONOMIC CONSULTING

SIMPLIFIED MODEL OF LOCATIONAL
MARGINAL PRICING
USER GUIDE

11 SEPTEMBER 2020

wnwnera.com Insight in Economics”



MODEL QUALIFICATIONS, ASSUMPTIONS & LIMITING CONDITIONS

This model conforms to the specifications required by the terms of NERA’s engagement by the Australian Energy Market Commission. This
model is not to be used, reproduced, or distributed for any purpose other than those permitted by the terms of NERA’s engagement by the
Australian Energy Market Commission without the prior written permission of NERA.

Information furnished by others which is incorporated or reflected in this model, is believed to be reliable but has not been verified. No
warranty is given as to the accuracy of such information.

The results produced by this model are solely for illustrative purposes and should not be used to forecast or predict actual results. NERA
accepts no responsibility for any results produced by this model. No obligation is assumed to revise the model to reflect changes, events or
conditions which occur subsequent to the date hereof. NERA shall have no responsibility for any modifications to, or derivative works based
upon, the model made by the Australian Energy Market Commission or any other third party.

All decisions in connection with the use of the model or any results produced by the model are the sole responsibility of the user. This model
is provided “as is”, without any warranties or representations, express or implied, as to its accuracy or completeness, and NERA, its affiliates
and professional advisor(s), shall not have any liability to any recipient of this model in respect of the information or conclusions set forth
herein or any actions taken or refrained from or decisions made as a consequence of the information and conclusions set forth herein, or for
any consequential, special or similar damages, even if advised of the possibility of such damages. There are no third party beneficiaries with
respect to this model, and NERA does not accept any liability for (i) any third party software (including third party software that may have been
recommended by NERA); (ii) any liability that may arise as a result of delay or the user’s failure to install any software updates, upgrades,
modifications, bug fixes, enhancements or versions; (iii) the user’s use of the model in a manner other than as permitted pursuant the
engagement; (iv) any viruses, worms, disabling, programming codes or other such items that may be introduced to the user’s system, network
or hardware as a result of installation and/or operation of any third party software; (v) the model incorporating or being based on the
Australian Energy Market Commission’s requirements, materials, or other information provided by or on behalf of the Australian Energy
Market Commission; (vi) or any failure of the users’ network and/or their IT system to comply with any requirements necessary to operate any
third party software on which operation of the model is reliant and all other losses or damages arising from or relating to the user’s network
and/or IT system functionality impairments or failures, network connections and/or telecommunications links. In particular, NERA shall not
have any liability to any third party in respect of this model or any results produced by this model or any actions taken or decisions made as a
consequence of the results produced by this model.
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Step 1. Download a Solver and Open the Model

Important note: Our model requires the use of a linear solver to operate with the same user interface
and, depending on the choice of solver, minor edits to the virtual basic macros. The underlying
model is built in Excel’s default solver add-in, and any linear solver that can read Excel’s solver may
be able to run the model. Itis your responsibility to find the solver that best works for you and meets
any IT standards that you or your organisation have. Please see our full model qualifications,
assumptions, and limiting conditions in this user guide.

1. Download your solver of choice before progressing. We used the latest stable version of
OpenSolver (from https://opensolver.org/) to run the model (OpenSolver 2.9.0).1 We illustrate the
model setup using this solver in this user guide to illustrate how one might incorporate a solver into
the excel model. The remainder of Step 1 may differ for other solvers.

2. Please ensure Microsoft Excel is closed to begin.

3. Once, you have downloaded your solver, extract the ZIP file and save the contents on your
computer all in the same folder — for instance, on your desktop. Be sure to extract the file. You may
save/extract the file anywhere, but do not move the files once you have extracted them.

4. Open your solver file, in our case “OpenSolver.xlam”, from your saved folder — this will open
Microsoft Excel

5. Save the model file “Simplified Model.xlsm” on your computer — for instance, on your desktop.
You may save the file anywhere, but do not move the model file once you have saved it. It may
be helpful to save in the same folder as your solver files.

6. Open “Simplified Model.xlsm”.

1. Source: Mason, A.J., “OpenSolver — An Open Source Add-in to Solve Linear and Integer Progammes in Excel”, Operations Research Proceedings 2011, eds. Klatte, Diethard, Luthi, Hans-
Jakob, Schmedders, Karl, Springer Berlin Heidelberg pp 401-406, 2012, http://dx.doi.org/10.1007/978-3-642-29210-1_64, http://opensolver.org
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Step 2: Enable Macros

When you open the model file, you need to enable macros to run. To do this EITHER:

wpvuar » b - ——— e e -
(1) SECURITY WARNING Macrosha\rebeendsab < C“Ck enable Content

&

Info

MNew

Open Desktop » COGATI 1- CliCk File

g - .
Save @ ecurity Warning
Aclye content might contain viruses and other security hazards. The following 2 CI I k bl t t
Save As Ensble | copferETEEET TR . LIICK €naple conten
Content ~ Macros
Sawve as Adobe

PDE You should enable content only if you trust the contents of the file.

Trust Center Settings

Learn more about Active Content

Print
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Step 3: Ensure the Excel Solver Add-in is Enabled

The Excel Solver Add-in should be available as standard on your version of Excel

Ii—??} View and manage Microsoft Office Add-ins.

1. Go to File -> Options -> Add-ins

2. Click “Go” to Manage Add-ins

Add-ins ?
Add-ins available:
IiI _What'sBest! 16.0
|| Analysis ToolPak Manage: | Excel Add-ins
|_| Analysis ToolPak - VBA
Cancel
|_| Euro Currency Toals Cancel
Ren>0live
/| Solver Add-in

3. Tick the Solver Add-in

_What'sBest! 16.0

Optimiaton enine for earcer e 4. Click OK and exit from Options

problems. Linde Systems - www.linde.com —
312-988-7422 -- info@lindo.com
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Step 4: Enable the Macro to Run the Solver

In order to automatically run the solver, you will need to give permission for the model
macro to run the add-in

1. Open Visual Basic for Applications by using the keyboard shortcut: ALT + F11

t| Microsoft Visual Basic for Applications

lmbug Run | Tools | Add-Ins  Window Help

2. Go to Tools -> References

3. Tick the box related to your EE-d - w
solver (in our case OpenSolver) E’“f'@““’"" —
AND the Solver boxes 58 Solver (SOLVER  Qptions..

- ﬁm‘l’xf‘: g; VBAProject Properties...
4. C“Ck OK ) Sheet1 (5 Digital Signature...

) ] . References - VBAProject
5. Exit Visual Basic

Available References:

[v] Visual Basic For Applications

[w] Microsoft Excel 16.0 Object Library
OLE Automation

ice 16.0 Object Library

Solver
orms 2.0 Object Library
oft Visual Basic for Applications Extensibility 5.3 Priority
[_]Ref Edit Control
wba ﬂ

[1 AccessibilityCplAdmin 1.0 Type Library
[1Acrobat
["1Acrobat Access 3.0 Type Library
["1Acrobat Distiller 1

< >

OpenSolver
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If Your Solver (or OpenSolver) Does Not Appear in
the List of Available References or Appears As
“Missing”...

1. Click Browse and navigate to where you saved your solver, in our case OpenSolver, in the
Folder in Step 1

2. Select your solver (e.g. “OpenSolver.xlam”)
References - VBAProject

3. Click OK and ensure the box
related tO your SOIVer (eg v Visual Basic For Applications \ Cancel

OpenSOIVer) bOX iS t|Cked v Microsoft Excel 16.0 Object Library \
v OLE Automation 5
. | Microsoft Office 16.0 Object Library rowse...
4. Click OK v Solver
+

4l OpenSolver
Microsoft Forms 2.0 Object Library

. . . Microsoft Visual Basic for Applications Extensibility 5.3 iori
5. Exit Visual Basic Kot Bt Contoa) PP v Priortty ™ eip

wba ﬂ
AccessibilityCplAdmin 1.0 Type Library

Acrobat

Acrobat Access 3.0 Type Library

Available References:

Acrohat Distiller
L4 >

OpenSolver

You may need to repeat this step if you later change the file location of your solver
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Step 5: Make Sure Calculations are Set to
Automatic

Automatic calculations are required for the solver to run, and for the dynamic aspects of
the model to function

File Home Insert Draw Page Layffut Formulas Pata Review View Developer Help Acrobat What'sBest! B Tell me what you want to do
A - B, % —

fj: z E . . . . a g <—| &7 Define Name - Trace Precedents  fv Show Formulas y [ Calculate N

‘ Use in Formula = 9 Trace Dependents A, Error Checking ~ 4t

Insert | AutoSum Recently Financial Logical Text Date & Lookup& Math&  More Name i Usein Formula J Trace Dependents /i Emor Checking fitch Calculation EI'CalcuIateSheet
Function < Used ~ < = Time~ Refkrence~ Trig~ Functions~ | Manager B ETCreatefrom Selection lT;(RemoveArrows < @Evaluate Formula | Wihdow Options ~

Function Library Defined Names Formula Auditing v Automatic
1103 - e Automatic Except fog#ita Tables
Manua
A B C D E F G H J K L M M o) P Q R 5 T

1
2
: implified Model of ional inal Prici
X Simplified Model of Locational Marginal Pricing
3
6
7
8 @ Model Overvie
9
10
11 Overview of Model
12
13 C=) This model is comprised pf three parts which appear subsequently below:
14 1) Inputs to the model: jh this Section, you can customise the setup of the nodal market including specifying generation

1. Click Formulas on the Ribbon 2. Go to Calculation Options and Select Automatic

www.nera.com
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You’'re ready to go!
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1 | Overview of Model



Q Purpose of the Model

The model illustrates how the mechanics of locational marginal pricing and
financial transmission rights work using a simplified model

\/ What does the model do? X What does the model not do?

= The model illustrates the calculation = The model is not representative of the
of locational marginal prices (LMPSs) National Electricity Market
for a simplified network = The dispatch engine is simplified and
= The model illustrates the influence of the results represent a simplified
congested transmission constraints dispatch pattern
on the calculation of LMPs = The model does not explain
= The model allows the user to examine differences between the current
the financial outcomes for generators market operation and the reform
within the simplified model -

The model does not explain how FTRs
= The model illustrates how financial are distributed or sold

transmission rights (FTRs) would

change the financial outcomes for

generators

www.nera.com 13



Structure of the Simplified Model

The model is comprised of three panels

QO Model Inputs

In this section, you can customise the setup of the nodal market including specifying generation
capacities and load at each node, as well as transmission capacity connecting the nodes. After
setting inputs, loading a scenario, or choosing to randomise inputs, you may then solve the model.

|ﬁ Model Results

In this section, you can review the results from the model run. In particular, you can see the outturn
LMPs, volume weighted average price (VWAP) as well as generation, load, and flows
across/between nodes. In addition, you can examine a node in detail.

@ Generator Financial Outcomes

In this section, you can examine the financial outcomes for any generator in the model. You can see
the FTR pay-outs resulting from the model run, as well as the calculation of settlement residue. You
can also choose the size of the generator, where it is located, and examine how contract market
positions and holding FTRs affects the financial outcomes for the generator.

www.nera.com
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(Y The Network Typology in the Model

S

The model is comprised of four nodes connected by four transmission lines

me @ 31

@ @
123 T34 4
@ Key Model Assumptions

= Each node may contain generation and/or load

There are three fuel types of generation allowed in the model, each with their own
marginal cost of generation

All generators are assumed to bid the marginal cost of generation which determines
how they are dispatched

Transmission is lossless, but power flows obey Kirchhoff's law
The Value of Lost Load is set at $15,000 per MW

15
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("N Power Flows

S

Power flows in the model obey Kirchhoff’s Law
1 MWh

T31

2/3 MWh 1/3 MWh

1/3 MWh
T23

@ Explaining Model Power Flows

= Suppose that 1 MWh of power is injected at Node 1 to meet 1 MWh of load at Node 2

= We assume that each transmission line in the model has equal characteristics other
than capacity (e.g. reactance is the same)

1 MWh

T34

= Power faces twice the “resistance” flowing from Node 1 to Node 2 via Node 3 than
flowing directly from Node 1 to Node 2

= Therefore, for every 1 MWh of power injected at Node 1 and taken off at Node 2:
= 2/3 MWh flows on T12 from Node 1 to Node 2; and
= 1/3 MWh flows from Node 1 to Node 2 via Node 3

www.nera.com 16



("N Model Prices

S

There are two main sets of prices calculated in the model

@ Locational Marginal Prices (LMP)

The locational marginal price or LMP is determined at each node and is set by the
system marginal cost to serve an additional 1 MW of load at the node:

= |fload at Node 1 is 100 MW, then the LMP is the additional cost that would be incurred to
serve 101 MW of load at Node 1

= |fload at Node 1 is 0 MW, then the LMP is the additional cost that would be incurred to
serve 1 MW of load at Node 1

@ Volume Weighted Average Price (VWAP)

The volume weighted average price or VWAP is set for the entire system (because our
model contains only one region) and is calculated as a load-weighted average of LMPs
across nodes.

Formally:

(Load @ Node 1 x LMP @ Node 1)+ (Load @ Node 2 x LMP @ Node 2)+ ...+ (Load @ Node 4 x LMP @ Node 4)
(Load @ Node 1 + Load @ Node 2 + ... + Load @ Node 4)

VWAP =

www.nera.com 17
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QO Model Inputs

You can customise the set-up of the model in four ways

1. You can customise the name and marginal cost of the three generation fuel types

Fuel Type Marginal Cost (§/MW) = The fuel types will be displayed in the order you enter
imalr [1)0 them, so it may be beneficial to enter them in ascending
G:: 50 order of marginal cost;

2. You can customise the generation capacity of each generation fuel type at each node
Generation Capacity (MW)

Fuel Type MNode 1 Node 2 MNode 3 MNode 4
Solar 500 500 0 200
Coal 0 0 0 0
Gas 0 0 0 0

Total (MW) 500 500 0 200

= VoLL will result in the system when there is insufficient generation capacity to meet load. Therefore,
you may wish to enter generation capacity alongside load at each node to ensure there is sufficient
capacity in the system.

WY Throughout the model, you can customise inputs or outputs in any
cell that has this formatting and when you see this icon

www.nera.com 19



QO Model Inputs

You can customise the set-up of the model in four ways

3. You can customise the load at each node

Mode 1 Mode 2 Mode 3 MNode 4
Load (MW) 200 500 200 200

= VoLL will result in the system when there is insufficient generation capacity to meet load. Therefore,
you may wish to enter load alongside generation capacity at each node to ensure there is sufficient
capacity in the system.

4. You can customise the transmission capacity of each transmission line

T12 T23 T31 T34
Capacity (MW) 300 0 300 300

= The power flow constraints of the model assume that all lines have some transmission positive
transmission capacity

WY Throughout the model, you can customise inputs or outputs in any
cell that has this formatting and when you see this icon

www.nera.com 20




c? Macros Following the Input Panel

After the input panel there are three options to run macros

Clicking “Solve the Model” will solve model with your

Solve the Model current inputs in the input panel

= Clicking “Randomise the Inputs” will replace the inputs in

AN the input panel with random numbers
‘@' Randomise the Inputs

= = The randomisation will not impact the names of
generation fuel types or their marginal costs

= Clicking “Clear Current Inputs” will clear the input panel

‘9 Clear Current Inputs

= Clearing current inputs will not impact the names of
generation fuel types or their marginal costs

The results of the model run will show automatically in the following results panels

www.nera.com 21
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\ﬁ How the Model Solves and Displays Prices

The model calculates LMPs by minimising the cost of dispatch for the
system whilst respecting generation and transmission capacity
constraints and meeting load

Locational Marginal Prices (LMPs)

Mode 1 Mode 2 Mode 3 Mode 4
LMP () 7,000 0 14,000 14,000
Load (MW 200 300 200 200
Volume Weighted Average Price (WVWAP) (5) 6,363.64

= After you have clicked “Solve the Model”, the LMPs and VWAP are displayed in the
first results panel named “System Prices”

= The LMP shows the price of serving an additional 1 MW of load at each node
= The VWAP takes a load-weighted average of LMPs across nodes
= The LMPs should all be equal unless a transmission constraint binds

= An LMP of $15,000 per MW indicates VoLL, and that there is not enough generation to
meet load at a given node

The full optimisation problem that solves the model is shown in the Appendix of
this user guide

www.nera.com
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\ﬁ The Pattern of Dispatch Panel

The pattern of dispatch panel shows generation, met and lost load, and
net injections at each node, as well as power flows around the system

= In each “Pattern of Dispatch Box”, see

. Fattern of Dizpatch at Made 1
for each node: > _
Laad (M) Generation [M]
Load Served 200 Sisr a00 B0
- Load served and lost LostLoxd o aw e
. Total ZEIEI‘ Total 500 ¢E00 '
- Generation across fuel types
Met Injection (M) 300 LMP (£ 7000 Fattern o
- Net injection to the system Load M
160 ¢ 300 Pl 16014 300 Felw Load Serve
LM P Lozt Load
P E 2 = 3 > Total
et Injecti
00l
[ ] For eaCh transm|SS|on ||ne, see the Pattern of Dizpatch at blode 2 Q Pattern of Dizpatch at b
Laad (MW Generation (M Laad (MW
- Total power flow e T A ot
ferty 1} o
. : Total 0] Total /O {600 Total 200
- Direction of power flow e $ e t e !
Meat Injection [Mw]: -150 LMP [#] ] Meat Injection [Mw]:
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\ﬁ The “Outcome at Each Node” Panel

You can review the outcome at each node in more detail using this panel

1. Select the node you would like to
examine using the drop down list

QOutcome at Each M::n:izﬂ:l

X

Chaose the node pou wouwld ke fo examine

Locational Marginal Price (3) 20

Generation (MW) MC(3) Gen. Capacity Load (MW)
Solar 0 0 1] {oad Served
Coal 10 0 0 lLost load
Gas 20 0 0

Taotal 0 0 Load

1

2. View information about the outcome of the node here

www.nera.com

Met Injection (MW):

25



4 | Scenarios



You Can Save or Load Scenarios Using the
Scenario Editor Panel

You can store up to 50 custom scenarios

B To Save Scenarios ¥, To Load Scenarios

= Enter a scenario description = Choose a scenario to load using the
= Click the save scenario button: drop down. You can view the

scenarios description underneath:
E Save Scenario
Choose Scenario to Load: 4 k

= The current inputs to the model will be
saved in My Scenarios alongside a
scenario number

= Click Load scenario to automatically
populate the inputs to the model with

_ those in the scenario:
= |f you already have 50 scenarios

stored, new scenarios will overwrite l'
L

) Load Scenario
scenario 50

You can view and clear your custom scenarios in the “My Scenarios” sheet
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We have Included Six Pre-Loaded Scenarios

To load the scenarios, click the relevant scenario in the pre-loaded
scenarios panel to automatically load the model inputs

Pre-loaded Scenarios
See the User Guide for an Explanation of the Results

‘ Scenario 1 ‘ Scenario 2 ‘ Scenario 3
L—1  One Node Dispatch L=  Two Node Dispatch L=  No Congestion

" Scenario 4 ‘ Scenario 5 ‘ Scenario 6: Congestion on
L= Congestion on Branch L=  Congestion on Loop L= Loop and Branch

After loading custom or pre-loaded scenarios, you will need to solve the model!

www.nera.com
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Scenario 1: One Node Dispatch [ Ao

Scenario 1 examines the pattern of dispatch with generation and load
only at Node 4

Scenario 1 considers load and generation .

only at one node: Node 4 Pattern of Dispatch at Node 4 Q

Node 4 has both 100 MW of solar and coal Load (MW) Generation (MW)

generation with marginal costs of $0 and $10 Load Served 130 Solar 100 /100
(G35 0 S0

Node 4 has 130 MW of load Total 130 Total 130 /200

The LMP at Node 4 is set by the cost of Net Iniection (MW D MP (3) 10

meeting an additional 1 MW of load (or the
131st MW of load)

An additional 1 MW of load is most cheaply
met by coal generation

Therefore, the LMP at Node 4 is $10

29
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Scenario 2: Two Node Dispatch

Scenario 2 examines the pattern of dispatch across generation and load
at Node 3 and Node 4

Scenario 2 considers load and generation at Pattern of Dispatch at Node 4 @
two nodes: Node 3 and Node 4

. Load (MW Generation (MW)
Both Nodes have 50 MW of generation Load Served 110 Solar 100 /100
capacity of coal and gas, but Node 4 also Lost Load 0 Coal 45 /50
has 100 MW of generation capacity of solar =t o § Gor o T
Node 4 has 65 MW of load and Node 4 has Net Injection (MW): i LMP (5) 0

130 MW of load
An additional 1 MW of load at both Nodes is

most cheaply met by coal generation at 15 /100 MW
Node 4 N
Therefore, the LMP at both Nodes is $10
Instead _of using more expensive gas Pattern of Dispatch at Node 3 @
generation to meet load at Node 3, power
flows from Node 4 where it is more cheaply Load (MW) Generation (MW)
. . Load Served b5 Solar 0 S0
generated using coal generation Lost Load 0 Cosl s0 /50
Gas 0 f 50
Total 65§  Tota 50 /100 4

Met Injection (MW): -153 LMP () 10
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Scenario 3: No Congestion

Scenario 3 examines the pattern of dispatch across the entire system,

= An additional MW of load is
most cheaply met by one MW

Load (MW)
of power generated by coal Load Served a0 gl
which has MC of $10 = - |
= Therefore, the LMP is $10 Net Injection (MW): )
across the system
= Node 1 injects 200 MW of i @
coal generated power to most coF

cheaply serve load at Node 2

= Power flows obey Kirchhoff’s
Law:

- Two thirds (133 MW) of the
net injection flows on T12

Load (MW)
- One third (67 MW) flows on | 5 “
T13 and then T23 Total w @
MNet Injection (MW): -200

www.nera.com

where there is no congestion

Pattern of Dispatch at Node 1

Generation (MW)

Gas
Total

LMP (§)

¥,

3

/100
/600

67 /100 MW

Pattern of Dispatch at Node 2

« € €«

Generation (MW)
Solar 0

Coal 200
Gas 0
Total 200

LMP (5)

/200
/100

/300 4

Scenario 3

/0
/700 t
10 Pattern of Dispatch at Node 4
Load (MW)
67 / 300 MW Load Served 100
. Lost Load 0
> 2 Total LON |
Net Injection (MW): 0

No Congestion

Generation (MW)

Solar 0 /0
Coal 100 /100
Gas 0 /100
Total 100 /200

LMP (5) 10

Pattern of Dispatch at Node 3

Load (MW)
Load Served
Lost Load
Total

Met Injection (MW):

Generation (MW)
Solar 400

Coal 0
Gas 0
Total 400

LMP (5)

0 /200 MW
) Node
4

CN

/400
/0

/0
/a0 4

10
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Scenario 4: Congestion on V) (o oo e
Branch

Scenario 4 examines the pattern of dispatch across the system but where
there is congestion on the branch

= |n this example, the line T34 has Patterr of Dispstch at Mods 1
become CongeSted Load (M) Generation (M)
Load Served 1] Avlar 100 100
.. . Lost Load 1} faratyy 400 400
= An additional MW of load at Node 4 is Gas CIRE
. Tokal 550’; Total 5§70 {700 '
most cheaply met by an additional MW _

. Tt Injection [Mis]: 20 LMP (# 20 Patterrn of Dizpatch at Mode 4 a
of coal generation at Node 4 and Lot enersion
therefore the LMP is $10 at Node 4 40 1150 M 20130041 Losd Serued oo S b0

ety 1] ]
= An additional MW of load at Nodes 1, € s € s T oy Teal a0 v f
2’ or 3’ Would aISO be mOStIy Cheaply Met Injection [(Miw]: 100 LMF [#] 0
met by an additional MW of coal m
B B0 £ 100 P 00 100 fTw
generation at Node 4 c <« < =/
= However, because T34 is congested, @ &
. Fattern of Dizpatch at Mode 2 Fatterr of Dizpatch at Mode 3
coal generation at Node 4 cannot be g | g |
Load (M) Gerneration (M Load (M) Gerneration (M
used to serve load at Nodes 1,2 or 3 [exseres 40 f’; 2135 ,!21*35 Losdsened 620 f’; WE HSDE
- Instead. an additional MW of load at Total I 8 Total 00 300 4 Tatal sz Total so0 400
' et Injection (MW -100 LMP [#] 20 Met Injection (W] -20 LMP [#] 20

Nodes 1, 2 or 3 must be met by an
additional unit of gas generation at
Node 1

= Therefore, the LMP at Nodes 1, 2 and
3is $20
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Scenario 5: Congestion on Loop

Scenario 5 examines the pattern of dispatch across the system but where
there is congestion on the loop

Node 2 does not have
enough generation to serve
load

The excess load is most
cheaply served by coal
generation at Node 1

However, Node 1 cannot
serve all the excess load,
because the transmission
line T12 becomes
congested

Instead, some excess load
Is served by gas generation
at Node 3

The LMPs differ across
Nodes 1, 2, and 3

www.nera.com

Pattern of Dispatch at Node 1

Y

Load (MW) Generation (MW)
Load Served 200 Solar 100 /100
Lost Load 0 Coal 170 /600
Gas 0 /0
Total 200 l Total 270 /700 t
Net Injection (MW): 70 LMP (8) 10 Pattern of Dispatch at Node 4
Load (MW)
50 /50 MW 20 /300 MW Load Served 200
Lost Load 0
c ¢ <« > 3 > Total wy
MNet Injection (MW): 0
30 /100 MW 0 /200 MW

Pattern of Dispatch at Node 2

Load (MW)

Load Served 380

Lost Load 0

Total 0

MNet Injection (MW): -0

« €« €

Generation (MW)

Solar ] /0

Caal 00 /200

Gas 100 /100

Total 300 /300 f
LMP (5) 30

Generation (MW)

Solar 0
Coal 140
Gas 60
Total 200

LMP (5)

Pattern of Dispatch at Node 3

Load (MW) Generation (MW)
Load Served 440 Solar 400
Lost Load 0 Coal 0

Gas 50
Total w Total 450
MNet Injection (MW): 10 LMP (5)

/400

/0
/200
/o0 4

20

/140
/100
IR §

Q

0

20
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Scenario 5: Congestion on Loop

The Spring Washer Effect is caused by a congested line in a flow loop

An additional MW of load at Node 1 would be served by
coal generation at Node 1 and therefore the LMP =10

An additional MW of load at Node 3 would be served by
gas generation at Node 3 and therefore the LMP = 20

The additional MW of load at Node 2 cannot be served by LMP =10
the excess coal generation at Node 1 because one third of
the net injection of power at Node 1 must flow on line T12
which is congested

An additional MW of load at Node 2 can only be met by
reducing the generation of coal by 1 MW at Node 1, and
increasing the generation of gas by 2 MW at Node 3.
Therefore the LMP = (2x$20) — (1x$10) = $30.

In other words, coal generation at Node 1 must be backed | MP = 30 LMP =20
off to reduce congestion on T12, so that one third of the net
inject of power at Node 3 can flow on T12

The pattern of rising LMPs is similar to the shape of a spring washer

The spring washer effect demonstrates that binding constraints in other parts of a meshed grid may influence an
LMP at a node on the same grid, but not directly impacted by the congested line
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Scenario 6: Congestion on

Scenario 6 demonstrates a combination of Scenarios 4 and 5 with congestion
on both the loop and branch resulting in differing LMPs across Nodes

www.nera.com

Branch and Loop

Pattern of Dispatch at Node 1

Load (MW Generation (MW)
Load Served 200 Solar 100
Lost Load 0 Coal 170

Gas 0
Total 200 l Total 270
Net Injection (MW): 70 LMP (%)

30 /50 MW 20 /300 MW

Q

/100
/600

/0
/700 t

10

<« « <« >

=

.

30 /100 MW

« ¢ €«
Pattern of Dispatch at Node 2 ®\
Load (MW) Generation (MW)
Load Served 380 Solar 0 /0
Lost Load 0 Coal 200 /200

(a5 100 /100

Total 20 § Total 30 /300 4
MNet Injection (MW): -80 LMP (S) 30

Pattern of Dispatch at Node 4

Load (MW} Generation (MW

Load Served 60 Solar 0

Lost Load 0 Coaf a0
G35 0

Total i | Total 20

Net Injection (MW): 20 LMP (%)

L= |oop and Branch

Scenario 6: Congestion on

20 /20 MW

Pattern of Dispatch at Node 3

Load (MW)
Load Served
Lost Load
Total

Net Injection (MW):

440
0

wl

-10

N S

Generation (MW)

Solar 400
Coal 0
Gas 30
Total 430

LMP (%)

/400

/0

J 200

J600 4

20

S
/140
/100

1240 4
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[fﬂ Financial Market Outcomes Panel

The financial outcomes panel allows you to examine the financial
implications of each model run for generators across the system

» The settlement residue panel allows
you to see total revenue from load

Settlement Residue

Mode 1 Mode 2 Mode 3 Mode 4 Total

paying VWAP and total cost from Load (MW) 200 380 440 60 1.080
. B VIWAP (5) 21.1 21.1 21.1 21.1 21.1

paying generation at LMP —_— Total Revenue (3) 4222 8,022 9,289 1,267 22,800

= The difference between system Ganerstion (M) e e Ve e 080
H LMP (3) 10 30 20 10

revenue and SyStem COSt IS the Total Cost (S) 2,700 9,000 8,600 800 21,100

settlement residue in the dispatch etioment Residve (6 760

interval

= The FTR pay-outs panel displays the pay-

outs of one-way FTRs implied by the FTR Pay-Outs and Fair Value ($)

model run
. . From: To: VWAP Jo: From: VWAP
= The pay-out of an FTR is determined by Node 1 1 Node 1 0
. . . . — Node 2 0 Node 2 9
the maximum of the difference in price Node 3 1 Node 3 0
between where the FTR is purchased to Node 4 " Node 4 0

and from and zero, multiplied by the
volume of power under the FTR

= The pay-out corresponds to the fair value
of FTRs in the model run

Scenario 6: Congestion on

We are illustrating the financial market outcomes panel using [ Asissn
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[fﬂ Generator Financial Outcomes

The generator financial outcome panel allows you to more closely examine
the financial implications of a model run for one generator in the system

= To select the generator you would like to examine, Node: Node 3
choose the node, fuel type, and size/capacity of the >
generator Fuel Gas
= Note that the size of the generator is limited by the total Capacity (MW): 200

capacity of the fuel type at the node you select

= Then choose if the generator owns a baseload swap iN ey Does the Generator Own a Swap? Yes
the forward market Strike Price of Swap : 20
= Choose the strike price of the swap and the volume
contracted Wolume of Power Under Swap 80
= The pay-out of the swap is determined by the difference
between the strike price of the swap and the VWAP,
multiplied by the volume of power under the swap
Type Volume
= Lastly, choose if the generator owns one or two FTRs, » FIR1 EEEEER 801/ 600
FTR 2 Mone 0/ MNA

and the volume contracted under each FTR
= FTRs are continuous, one-way FTRs
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[fﬂ Simulated Financial OQutcomes

You can then simulate the financial outcomes for your chosen generator,
with chosen FTRs and swaps over five dispatch intervals with varying loads

1. Choose how load varies across the 2. Simulate the model
hours using the drop down buttons 1
\ Run 1 Run 2 Run 3 Run 4 Run 5
Load -5% 10% 5% -10% -5% » Simulate the Model
Base Run Run 1 Run 2 Run 3 Run 4 Run 5
Generation Capaaty (M) 200 200 200 200 200 200
Percentage Dispatched 15% 0% 75% 45% 0% 0%
Generation (MW) 30 0 150 a0 0 0
LMP (3) 20 15 20 20 15 15
(Generation Ravenue (5) &00 0 3,000 1,800 0 0
Generation Cost (§) 600 0 3,000 1,800 0 0
Profit (%) 0 0 0 0 0 0
Pay-Out on Swap -89 356 -89 -89 356 356
Pay-Out on FTR 7 (8} 89 44 89 89 44 44
Pay-Out on FTR 2 (§) A MA A A MA MA
Profit Without FTR (&) -89 356 -89 -89 356 356
Profit With FTR (%) 0 400 0 0 400 400

1

3. Examine the financial outcomes in the table and in the two charts below

www.nera.com 39



NERA

ECONOMIC CONSULTING

Appendix | Technical Appendix Outlining the
Optimisation Problem




@ The Optimisation Problem

The model dispatches the system by minimising the costs of generation subject
to a number of constraints

Objective function: min Y, Y, MCKGf
k
G Xij
Where i is the node, k is the type of generation fuel, MC¥ is the marginal cost of generation fuel type k, and Gi" IS generation
of fuel type k at node i. X;; is an “export” of power from node i to node j where i # j. The available fuel types of generation

include VoLL. We add a small penalty in the objective function for total transmission flows to prevent unnecessary flows
arising because transmission is lossless — this penalty is not shown here for brevity.

Minimised subject to the following constraints:

= Power delivered (incl. VoLL) meets load at every node » V i: Load; = Poweri(Gik,Xij) Vikj,1#]

= Generation across the system (incl. VoLL) must meet [0ad =—— z Loadi = z z Gl.k
[ [

i k
= An “export” of power from one node to another cannot be negative — V' i,j; [ # j: X;;=0

= Total flows on each line (as dictated by Kirchhoff's Law) —— V- T > f(Z 'Z'Xi ) Vi, i#]j
must not exceed the capacity of the line. J =LY

= Generation of each fuel type at each node cannot exceed capacity — Vk,i : GikS Gl.k

Where T, is the transmission capacity of line m and G_l" Is the generation capacity of fuel type k at node i. f(.) is a function that
maps exports to power flows using Kirchhoff’s law. Poweri(Gi",Xi j) described total power at node i as a function of generation and
net injections.
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