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1. Overview
(C Concerns all social scientists share:

T How do realworld social systems work?

T How could reaivorld social systems work better?

C ldeally, sociakciencamodeling should permit:

T Careful tailoring of models to purposes at hand
T Openended modeling of dynamic processes

T Matching of modeled agents to empirical referents,
SPIPT aKdzYlIyé | ASyida ack:
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2. completely Agent-BasedModeling (cc:ABM)

A Rough CharacterizatiotModeling of realworld processes
as operended dynamic systems of interacting agents

Key Features:

O 9yl ofSa daKA&aU2NAOIf ¢ -woddzR &
systems as unfolding sequences of events.

0 Events are fully driven by agent interactions, starting from
Initially-specified agent state®ulture-dish modeling

0 Agents can be broadly specified to represent physical,
biological, social, and/or institutional entities.

0 Role of the modeler is restricted to the specificationnifial
agent states, and to theon-perturbationalobservation,
recording, and analysis of model outcomes.



c-ABM Modeling Principles (MPX) (MP7)

https://www?2.econ.iastate.edu/tesfatsi/ace.htm

(MP1) Agent Definition:Anagentis a software entity
within a computationally constructed world that can affect
world outcomes through expressed actions.

(MP2) Agent ScopeAgents can represent a broad range
of entities, e.qg., individual liforms, social groupings,
Institutions, and/or physical phenomena.

(MP3) Agent Local Constructivityan intended action
2F Ly 3ASyd G F IAGSY Ayaidl
state (data, attributes, and/or methodsat this instant.



http://www2.econ.iastate.edu/tesfatsi/ace.htm
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(MP4) Agent Autonomy:Allagent interactions(expressed
agent actionyat a given instant are determined by the ensemble
of agent states at this instant.

(MP5) System Constructivityf:he state of the world at a
given instant is determined by the ensemble of agent states at
this instant.

(MP6) System HistoricityGiven an initial ensemble of agent

states, any subsequemtorld event(change in agent statgss
iInduced by prior and/or concurrent agent interactions.

(MP7) Modeler as Culturd®ish ExperimenterThe role of
the modeler is limited to the configuration and settingiitial
agent states, and to theon-perturbationalobservation, analysis,
and reporting of world outcomes.
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C Models adhering to the severABM modeling principle
(MP1)- (MP7) arecomputational laboratories.

T Modelers configure and set initial agent states, but
subsequent world events are driven entirely by agent
Interactions.

T Thus,modelers can be genuinely surprisey these
subsequent events.

T c-ABM is thusaanalogous to biological experimentation
with cultures in Petri dishes




3. Facilitating study of critical societal issues that cross
traditional disciplinary boundariesTwo cABM lllustrations

A Many critical issues facing societies today are exceedingly
complex, with intertwined social and physical aspects.

A c-ABM permits researchers to model these societal issues witt
regard for artificial disciplinary boundaries.

|:[> Broader range of possible causal factors and linkages
can be givemoint systematic consideration

A For illustration, two such-ABM studies will briefly be reviewed.



Two SociePhysical éABM lllustrations

Study 1: WelfareEnhancing Management of a Watershed

»[1] L. Tesfatsion, C.R. Rehmann, D.S. Cardoso, Y. Jie, and W.J. GutowskA(2B8hentBased

t fFOGF2NY F2NJ 0KS {(dzRé 2F 2| S NAK SPRpintlpdi1.2Mp
(code/data repository, Environmental Modelling & Softwa&9, 4G660.

TEAM: Economist; Civil Engineer; Ag Economist; Computer Scientist; Hydrologist/Climato

NOTE 1.1Thec-ABM watershed platform (Java)eveloped in [1] is an extended modified version of the
OpenDanubiglatform (Java)developed by Barthel et alE(iv. Modelling & Softwar23, 2008, 1098.121)
for the study of climate change impacts on the Upper Danube watershed in Germany.

NOTE 1.2Theparticular watershed test case reported in [1], and summarized belowas undertaken as the
first step in anterative ParticipatoryModeling (PM) process conducted with watershed stakeholders.

Study 2: CustomerCentric Design of an Electric Power System

»[2] S. Battula, L. Tesfatsion, Z. Wang (2020 CustomerCentric Approach to BidBased Transactive
Energy System Desigii®wP Version,pdf,1.7MBIEEE Transactions on Smart Grid 11(6), 429

TEAM: Electrical & Computer Engineer; Economist; Electrical & Computer Engineer


https://www2.econ.iastate.edu/tesfatsi/WACCShedPlatform.RevisedWP15022.pdf
https://bitbucket.org/waccproject/waccshedsoftwareplatform
https://bitbucket.org/waccproject/waccshedsoftwareplatform/src/master/
https://bitbucket.org/waccproject/waccshedsoftwareplatform
https://lib.dr.iastate.edu/econ_workingpapers/75

lllustrative Study [1] e
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Study [1]: Overview
AApproach

Develop a @ABM watershed platform permitting study of coupled interactions
among hydrology, climate change, & strategic human behavior over time

AEmpiricaI Anchor:loway Creek Watershed (Central lowa)

0 Single basirtonsisting oupstream farmlandand adownstream city(Ames.

o) Randomly fluctuating precipitation & market pricesffect cropland planting & yields
O Farmland water ruroff contributes todownstream city flood damage

O Farmerscanreducerunffo @ aSGGAY 3 FAARS LIANBIYSHAIIAL
with natural coveragehut this reduces potential farmer profitérom crop sales.

0 City Manager can budget subsidies for farmeosincrease setside of wateiretention
land; but this reduces budget monies available for city levee investment & city service

ANormative Social Design Question: Incentive Alignment

Does there exist a budgetlocation policy for the City Manager that
alignscity goals & constraints witfarmer goals & constraints?

11



Study [1]: Agent Hierarchy fahe Watershed World
Dowrntk NNRP g& RSy 20S 4 &KINNRIg&E NSYI211S2 a3

* Watershed World

Market ‘ Climate ‘ Hydrology \

N

J ,|‘ I I
Farmland City Seed & Corn

Chemical | = Market
Market

Manager

* The Watershed World is implemented by WACCShefWater and dimate ChangeWatershed) Platform,

anopensource Javalatform developed byy.Jie, D.S. Cardoso, W.J. GutowSkKRehmann andL. Tesfatsion
(20132014) at ISU.CodedData Repository https://bitbucket.org/waccproject/waccshedsoftwareplatform
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https://bitbucket.org/waccproject/waccshedsoftwareplatform

Study [1]: Agent Actions and Interactions

Rainfall

Land use &

Markets management practices

Input costs & |
corn prices Farmers

Annual budget

\Subsidies

City
Manager

N

j looding
City social services Levee investme

=
—

City

.

Decisiona | 1 Ay 3 al dzv

Corn Farmergannual allocation of
land, corn planting & harvesting,
and consumption & savings);

City Managei(annual allocation of
budget, Farmer subsidy payouts).

Physical Agentsata Driver)
Basind LJ2 LJdzf | G A2y T f
Climate(20-year hourly rainfall patterp
Hydrology(HEGHMS, Feldman et al. 2000)

Maps farmer land allocations
+ land attributege.g., curve numbe)s
+ rainfall(hourly depth in inchep
->» \Water discharge rate into city
(which affects extent of city
flood damage)

Institutional Agents Data Driver)

Markets (cost/price data)

=>» Annual input planting cost ($/acre
and retail corn price ($/bushel).
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Study [1]: Experimental Design

EmpiricallyBased Probability Distribution (S,P) for Scenarios:

A scenario set ®as constructed consisting 81 climate/market scenarios s,
each 20 years in length with an associated probability HA{ls)s construction
was based on loway Creek Watershed data (32@13) for rainfall, seed costs,
fertilizer costs, and retail corn prices.

> ()

A The 31 scenarios were numberels,- Mn S-MXZnX bBMI bHI X
their Hamming signeR A & G yOS FTNRY | ay2NXI f €

A The resulting probability distribution (S,P) is depicted below:

-20 -10 0 10 20
Scenario Number

14




Study [I; 9 ELISNA YSyYy Gl £ 5SaAaday X [ 2y
C City Manager (Stackelberg Game Leadef ebruary of each year t the City

Manager allocates the city budget among city services, levee investment, and farmer subsidies
water-retention land setaside,taking into account the effects of these subsidies on farmer land
allocations in March

T /Adé alyl3aISNQa Dz2FftyY 1ttt 20L4GS OAOE& o
City Social Welfare Hcity social servicgs - [city flood damage mitigation

C Three Types of Treatment Factors:

1. Farmer decision methodRisk Neutral or Risk Avergair allocation of farmland
among cropland, fallow land, & wateetention land in March of each year t;

2. Levee quality effectiveness LQEow or HighAffects extent of city flood damage
resulting from water discharge into city from January through October of each year t;

3. Farmer annual savings targéf, Low, Moderate, or HighEndof-year savings for
each year t are carried over as initial money holdings for year t+1.

(C For each tested treatmenfactor configuration

Thirty-one watershed runs were generated, one for each climate/market scenario
sin S. Each run consisted of 20 simulated years. The redattimgy welfare &
city social welfare outcomes areported intwo forms:

1. Expected formusing the empiricalNpased probability distribution (S,P);
2. Differentiated by environmental scenarffie=-mp Z-MmXZn%¥ MX X® 1g:>



Study [1]:lllustrative Test Case

o =

A One farmer Fwith savings target®> n 9 & dzo a4 A & (0 SY=DS ¢

A Two different landallocation methods are tested for farmer F

Method 1. Farmer F is risk neutrali.¢., Fdoesnot consider outcome variange

In March of each year t, after seed/fertilizer costs become known and City Manage
announced a wateretention land subsidy rate, F selects a land allocatiom&ximize
expectedconsumptionEGfor t, subject to savings, &' © and consumption Ox sub, /

F then buys inputs and plants corn. If realized rainfall/corn prices for t later result in
C < CUYfor t (even if F reduces realized savings for t to 0), then F must exit watersh

Method 2. Farmer F is risk aversa.q., Fdoesconsider outcome variange

In March of each year t, after seed/fertilizer costs become known and City Managet
announced a wateretention land subsidy rate, F selects a land allocatiom&ximize
expected utility-of-consumption EU( for t, subject to savings, &' ® and consumption
G X SUb /F has a strictly concave utility function U(C) = laggie°+ D), whereD > 0.

~ ~ Ve ~ ~

) Given any expected consumption fot,Qa S E LIS@b-doBsBmptiai &EU(Korita
depends on thevariation2 ¥ C Qa O 2(¢)acpgd thie se@nfbricgin S = {set of
possible scenarios foryearsx (X 3IA OSyYy A elseihg dhihe adzAethod].

16




Study [1]: Total Farmer Welfare ResultRealized across
20 simulated years for different settings’( LQE), differentiated by scenario s

Farmer iRisk Neutral Farmer iRisk Averse
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Study [1]: Total City Social Welfare Resul®ealized across
20 simulated years for different settings’( LQE), differentiated by scenario s

Farmer iRisk Neutral Farmer iRisk Averse
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Study [2]: Customefentric Design of an Electric Power System
(Battula, Tesfatsion, & Wang, 202BEE Transactions on Smart §&rid

C Motivated by three premises

1. Electric power systems are increasingly dependent on renewable power
NBEa2dz2NDS& 06AYRI &az2fl NE X0 6A0GK dz

2. To ensure system efficiency & reliabilitgower demand and power supply
must be incontinual balance

T for wholesalepower transactions, supported by thiEansmissiometwork;
T and forretail power transactions, supported by thistribution network.

3. To ensure customer welfaregustomer goals/constraints need to laéigned
with system efficiency/reliability constraintgithout violating customer privacy

One promising way forward:
Market-basedTransactivebnergySystem TE$ designdor integrated
transmission and distribution systems that:
T permitancillary balancingupport service$o be contractuallyprocured
from customers with controllable electrical devices;
T permitdecentralizedmplementations thatespect customer privacy

19




Study [2]: Empirical Anchor
U.S. regions with centralynanaged wholesale electric power systems

20



Study [2]: lllustrative ITD Household Test Case

Integrated Transmission andDistribution ( TD systemfor which:
() A 123node distribution network is populated by 927 households;
(i) Each household hasHeating,Ventilation, &Air-Conditioning HVAQ system;
(i) Each HVAC systenmsimartly controlledi.e., responsive to price signals)
(iv) The 123node distribution network is linketb an 8node transmission network

..............................
o B

Bids and offers from ;" Transmission system:
— ; H
; - . Bulk generation
T wholesale resources 5 E 5 AT L
ISO forecasts _> Wholesale power , _
el > Dispatch signals
Bids Iglsd 5%;2 from > : !
/LSEs : :
i IDSO/LSEs
IDSO/LSEs “.'.:'.'.'.:'.:::::::::::::::::::::,.‘
s Distribution system: *
: Hous'eho]d power usage & Price signals
Real-time distribution ancillary service supply
D system operations - Smartcontrolied
: HVAC systems +——| Household attributes
Real-time net load -
‘_‘—g_- Conventional loads P Envuoxlu‘nental
< 3 conditions

.h “
----------------------------

IDSC= IndependentDistribution SystemOperator (manages distribution system)
LSE= Load-Serving Entity (submits retail customer power demands into wholesale power market)q



Study [2] ITD Household Test Case: Agent Hierarchy for ITD Sy
Downt NNRP ¢ga RSyYy20S daH&INNPé&E NSyR2IIAS2 boi R

* | 17D TES Platform |
1
y — v

I 2

Regulatory Transmission _I IDSO/LSE Distribution Weather
Agency System(AMES ) System
Smart Meter(can I Distribution Utility I—— Distribution Grid
send/receive signals
|
Household I
Y * ITransformerI Regulator I Line
Structure I Thermal Dynamics I I Resident
W
Bid Welfare
Appliance I House
|
1 1 ¥ ¥ ¥
Smart Conventionall Location Size I Thermal Interior-

Integrity Exterior

ThelTD TES Platform V2i® anopensource cesimulation platformpdeveloped by S. Battula & L. Tesfatsion

(20192021) with support from Pacific Northwest National Laboratory (PNNL) and Department of Energy |
GitHub Code/Data Repositoryitps://github.com/ITDProject/ITDTESPIatform

22
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Study [2] ITD Household Test Case: Agent Hierarchy for Transmission Syst

(Downl NNZ g a G K NENP géa NBS yE 20002 yoaATa

Attributes;
¢ Location
* - Profile

x

e

RSy 20S

L

| AMES Wholesale Power Market Test Bed |

p—

lMarket F'articipant]

Dispatchable
Generator

Variable Energy Resource

[Mon-Dispatchable)

I ID50,/LSE

"

Attributes:

* Location

*  Capadty

. Minup &
down times

= Ramp rate

= UC costs

*  Dispatch cost

Methods:

* - Mgake offer

»  Update offer
[learn)

Attributes:

Location
Physical type

Methods:

Cutput curve
mapping local
weather into
power output

Attributes:
s Location

Methods:

*  Forecast fixed
{non-price
sensitive)
demand

*  Make bids &/or
offers

*  Update bids
&/ or offers
{learn)

1150

Market

Attributes;

*  Buses/zones
*  Topology

* Line limits

*  Impedance

A
[ 1
DAM RTh |
f.ttr;ut:ut::t: Attributes:
e + Market
design iy
E"‘E?:: o Methods:
sCUC »CRun SCED
& SCED

*AMES(Agent—basedModeling ofHectricity Systems)V5.0is an opersource java/python platform,
developed by S. Battula and L. Tesfatsion (2Z2021) with support from PNNL and DOE.
GitHub Code/Data Repositoryhttps:/github.com/amesmarket/AMESV5.0
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https://github.com/ames-market/AMES-V5.0

ITD TES Platform V2.&ey CeSimulatedSoftware Components
(Specialized below to implementation of ITD Household Test Case)

AMES | GenCg | LSE
Transmission : :

System ;
(Java/Python) | S€NCe ] LSk

I l—{ IDSO(Python) }

*[ FNC$++/Python)

J

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

f Python || = SmartMeter i i Python [ smar Meter
: __Resident _ X _ Resident

GridLABD
Distribution
System(C++/C)

°, > °, *
-------------------------------------------------------------------------------------------------

* FNCS Frameworkfor Network Co-Smulation, developed at PNNL (202D16)

24



Study [2] ITD Household Test Case: Transmission Network

8-Node Transmission Network Based on Data for the Texas Energy Region (ERCO

v ]

U  This 8Node transmission network was generated using a synthetic grid construction method developed by Tc
Overbye & collaborators (Texas AdMiverssaity.

U  This method is included in tHERCOT Test Systeam opensource java/python platform, implemented in part by
AMES V5.0, that was developed by S. Battula and L. Tesfatsior2m)9vith support from PNNL and DOE.

U  Code/Data Repositoryhttps://github.com/ITDProject/ERCOT TestSystem

25
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{0dzRé wHB L¢5 | 2dzaSK2fR ¢Sad /I &
Schematic Depiction of-8lode ERCOT Transmission Network

ThelDSOparticipates in
the transmission systen
at the T-D Linkage Node
( transmission node 2)

The depicted & 1ode ERCOT transmission network includes

distributed wind power (-~ ),solar power (‘&' ), andhermal generation(G). 26




Study [2] ITD Household Test Case: Distribution Network
(123-node distribution network populated by 927 households: IEEE 123)

9050
33 ; m 110 112 113 114

w

ThelDSOparticipates in the distribution system at ti&ubStation(distribution node 150,

whichis electrically connected to th&D Linkage Nodé@ransmission node 2 57



Study [2] ITD Household Test Case: Tway Communication Network

= Top LISA
* IDSO (IDSO)
= Edge LISA
(Smart Meter)

=Household

h-1 h-2 C h-927

*TheIndependentDistribution SystemOperator (DSQis the toplevelLocallntelligent
Software Agent LISAinatwog | & [ L { ! O2YYdzy AOI A2y V.
AnEdge LISK a smart meter for one of the 927 households connected to theriitiz
distribution network on depicted Slide 27. 28




Study [2] ITD Household Test Case:
FiveStep TES Design Consisting of Five Iterated Steps

HVAC HVAC ) . HVAC HVAC
Controller Controller IDSO IDSO Controller Controller
. Collect Data Form B“El Form Send Price Control
] tl-"' & Send Bid > AggBid - Signﬂls
t, > J Step 5
- ‘-3 > -
t-l Fa
Step 1 Step 2 _ ts
Step 3 Step 4
ty+ At - Step 5
t, +At >
t:+ﬁt t +_ﬂt’

3 >
Step 1 Step 2 Lrat t-+At

P ) 5

Step 3
t,+ 2At > Step 4 Step §
t, +2At e - -

ta+ 1AL ~
- f3+2.ﬁt f_|+2.ﬁf ts_i_zﬁt’

* At start ofControl Step 8he HVAC smaitontroller for each household h either
0dzNy & 02 NJ | SS LENat pdverdevel Pe=l PX(h) & & @FRF StYower
level P = Qdepending on the price signal the IDSO communicated tdSheip 4.

The FiveStep TES Design is an example dD@Gmanaged biebased TES design

29
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Study [2] ITD Household Test Case: General Stadaditioned Form
2F 91 OK |1 2dzaSK2f RQa hLIWAYL f

{dzLJLJ & Fdzy QlA2y F2NJ al yOAf t || Ddmant &ihlibh forHéwer usage
r GRBI I G OKIF 6t S LRGGSNI I 60a2NIIWUAZYVE

Power Power
W) W)
¥ ¥
P n P n
Service price Usage price
recetved by h paid by h
| Th ) u |
(¢/kWh) mxy) 0 0 X (¢/kWh)
(a) General optimal bid form for Household h (b) General optimal bid form for Household h
when h is in arancillary service state when household h is in@ower usage state
(negative priccmm  h receives payment (positive pricemm  h pays
for ancillary service) for power usage)

In Step 2of the FiveStep TES design, the HVAC sratroller for each household h:
FdzG2YF GAOFfte O2yaidNHzZOGa KQa 2LIAYEFE 0AR Fdzy Ol A 2
fully communicates this bid function to IDSO in the form of two real numipersP*), where: [ * =: cut-off price
AATYSR SAGKSNI acwé OGLINIIKNG SoedDN I TB @SRIINdzaH | IS 2 F KQa B0



Study [2] ITD Household Test Case:
lllustrative IDSO Loa#latching Experiments for the Fiv8tep TES Design

The IDSO Target Load Profile for Day D+L 5 { h Q&headRore&ast*for
household hourly net power withdrawal at-D Linkage Node 2 during Day D+

The IDSO submits this dajiead forecast as @ower demand bidnto day-ahead
wholesale power markaetonducted on Day D to try to ensure sufficient power
available at 9D Linkage Node 2 during Day D+1 to cover household hourly n
power withdrawals at this node during Day D+1.

IDSO Matching Goal for the Fa#tep TES design on Day D+1.:
*Realized*household hourly net power withdrawal atlJ Linkage Bus 2 during
dayD+B K2dzf R Yl GOK GKS L5{hQa L3 gSNJ

The IDSO selects this goal in order to hedge against price risk on Day D+1.:
If total household net power withdrawal atD Linkage Node r2alizedon

Day D+1 idifferentd K I y (i KD&y-Difobe¢aktfordhis withdrawalc as
AYRAOF 4G4SR 0 & paowerllemand{bid Beén the IDBO must either
pay (for extra power withdrawal) or be paid (for reduced power withdrawal),
where payments are calculated using whatever #t@ak market prices happen

to be realized on Day D+1. a1



Study [2] ITD Household Test Case: IDSO iMatthing Example 1

5000 T T T T T T

4000

T

3000

2000

Distribution Load
(KW)

L

1000

===Target Load
=+« Price Controlled Load

0
0 200 400 600 800 1000 1200 1400
Time (min)

Example 1:IDSO Loadvatching Results for Operating Day D+1 = 1440 nsburce: [2, Fig. 5

T In each Sstep iteration, the IDSO uses the bid functions received from households
in Step 2o determine retail pricesn Steps 84.

T The IDSO then signals these retail prices to houselablthge beginning of Control Step -

Theprice-controlled actuatotal household power withdrawal at-ID Linkage
Node 2 during Day D+1 closely matchesIiD80O targekoad profile for Day D+1.
32




Study [2] ITD Household Test Case:

40

N\

IDSOl0ddil OKA Y 3 9 EI Y LI

35

b ] L]
— un ]
I | T T
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[y
]
I

n
T

1

0
0
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400

600

800

Time (min)

1000

1200

1400

Example 1:Retail Prices Set by IDSO for Operating Day D+1 = 1440 Builtce: [2, Fig. 6]

T

The figure reports th@ositive retail priceeommunicated by the IDSO at the beginning
each Control Step 5 during Day Dehll households in a power usage statéhe IDSO
uses the household bid functions received in Step 2 to determine these retail prices.

Households in ancillary service state receive no price signals from IDSO during Pay

indicating IDSO does not need to buy ancillary service during Day D+1 to achieve its

33



Study [2] ITD Household Test Case: IDSO iMatthing Example 2

Example 2: IDSO Load/iatching Results for Operating Day D+1 = 1440 min.
Source: [L. Tesfatsion et al. (2021), PSERC Final Report, Projet #0221, Fig. 1.32]

T In each Sstep iteration, the IDSO uses the bid functions received from households
In Step 2o determine retail price signala Steps 84.

T The IDSO then signals these retail prices to households &etiiening of Control Step. 5

As in Example 1, tharice-controlled actuatotal household power withdrawal at

T-D Linkage Node 2 during Day D+1 closely matcheloi®® targeload profile for Day D+1.
34




