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Abstract

The global demand for electricity has surged in recent years, prompting a critical
evaluation of the energy landscape and a transition towards renewable energy sources
to mitigate environmental challenges. This shift is underscored by ambitious targets
set by countries worldwide, emphasizing a move away from traditional fossil fuel
based power generation methods. The impending expansion of the transportation
sector further emphasizes the need for sustainable alternatives, placing a burden
on the electricity sector to adopt low-emission solutions. Despite initial investments
favoring large-scale power plants, there is a growing recognition of the importance of
small-scale renewable generation for ensuring network reliability. However, the share
of local generation remains low since the revenue gained by small-scale generators
is only the Feed-in Tariff (FIT), which is very less compared to the cost of buying
electricity from the grid. The solution to this issue leads to the emergence Local
Electricity Market (LEM). These small-scale markets allow prosumers to sell excess
energy to other prosumers within a local community to get better electricity price
than the FIT. However, there are lots of challenges in the implementation of such

markets.

Since these are small-scale markets confined to a small geographic location, the
number of participants at any point in time is usually low. This results in a lack
of liquidity for the participants to trade efficiently. The traditional price discovery

methods, such as double auction and bilateral trading, face integration challenges

v



Abstract v

in decentralized systems relying on blockchain technology. Additionally, market
settlement in LEM must ensure the reliable operation of power distribution networks,
addressing issues like network constraint violations and voltage imbalance. Further,
privacy concerns within the LEM highlight the need for innovative solutions to

safeguard prosumer data.

This thesis aims to tackle the aforementioned challenges through innovative
approaches. To address the lack of liquidity in small-scale markets, a new market
design utilizing Automated Market Maker (AMM) with liquidity pools is
introduced. In this framework, a liquidity pool is established by aggregating
energy commitments from energy storage units capable of delivering and absorbing
energy as needed. This enables prosumers to trade directly with the liquidity pool,
eliminating the need to search for individual counterparties. Moreover, the market
model incorporates an additional transaction approval stage to verify network
constraints and compensate for additional losses incurred in the distribution

network.

Another critical challenge addressed pertains to the unbalanced nature of
voltages in distribution networks. To provide voltage support in unbalanced
settings, this thesis introduces Flexible Step Voltage Regulator (FSVR), an
enhancement over traditional Step Voltage Regulator (SVR). The FSVR offers
superior performance in unbalanced settings by independently controlling both
voltage magnitude and angle, unlike traditional SVRs that only control voltage

magnitude.

Furthermore, the market model employing AMM is extended to accommodate
three-phase unbalanced networks. As unbalanced distribution networks become

increasingly loaded, transactions within LEM may lead to violations of network

© 2024, Indian Institute of Technology Delhi



Abstract vi

constraints. This issue is mitigated by integrating the FSVR into the unbalanced

distribution network managed by AMM.

Additionally, the thesis ensures the privacy of prosumer bids within the LEM by
employing techniques from the cryptography domain. Prosumer bids are encrypted
using Pallier encryption, which is homomorphic in nature, allowing computations to
be performed on encrypted data. This facilitates Secure Multi-party Computation
(SMC), enabling the market operator to conduct market clearing without decrypting
prosumer bids. Network congestion management and loss compensation mechanisms
are implemented in the market model to ensure its suitability for power system
applications. All proposed solutions are validated through numerical simulations

performed on standard distribution networks.

© 2024, Indian Institute of Technology Delhi
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IEEE Institute of Electrical and Electronics Engineers

LEM Local Electricity Market
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LV Low Voltage

LP Liquidity Pool

MCP Market Clearing Price

MCYV Market Clearing Volume

MO Market Operator

MOV Metal Oxide Varistor

MWT Multi-Winding Transformer

OLTC On-Load Tap Changers

P2P Peer to Peer

PT Prosuer Terminal

PTDF Power Transfer Distribution Factors
SCF Seller Clearing Factor

SMC Secure Multi-party Computation
SPDT Single Pole Double Throw
STATCOM Static synchronous Compensator
SVC Static VAR Compensator

SVR Step Voltage Regulator

TPVCD Three Phase Voltage Control Device

UPFC Unified Power Flow Controller
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VUF Voltage Unbalance Factor
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List of Symbols

E: . Quantity of E-tokens in the LP after i transaction

M:p Quantity of M-tokens in the LP after i*" transaction

k Constant AMM product

Eip Quantity of virtual E-tokens in the LP

M;ip Quantity of virtual M-tokens in the LP

L Liquidity constant

s Liquidity pool price after i*" transaction

E; Number of E-tokens involved in i*" transaction

M; Number of M-tokens involved in ** transaction

Di Energy price for i iteration

Plo Lower limit of LP price

Pup Upper limit of LP price

Peq Equilibrium price in the LP

Mg(n) Quantity of M-tokens with ESU located at node ‘n’ after j** transaction

() Quantity of L-tokens with ESU located at node ‘n’ after j transaction

Mpp(n) Quantity of M-tokens with prosumer located at node ‘n’ after i" transaction

B; Number of B-tokens involved in i** transaction

S; Number of S-tokens involved in i** transaction

Bbp(n) Quantity of B-tokens with prosumer located at node ‘n’ after i" transaction
L r(n) Quantity of S-tokens with prosumer located at node ‘n’ after i*" transaction

ES;(n) Additional E-tokens ESU has to deliver to fulfill " transaction
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Eséont (TL)
PG(TL)

PD(TL>

th Vw2
Qefy
Vio_efs
Vi

Rinaz
PL; ,
Vn_p

I ,
Jm_p
SDy

L/

Quantity of E-tokens ESU is contracted to deliver after i*" transaction
Power generation at node ‘n’

Power demand at node ‘n’

Voltage at node ‘n’

Minimum and maximum limits of voltage

Maximum limit of real power flow in line ‘I’

Sum of real power losses in all the distribution lines after i** iteration
Real power incurred in the network due to it transaction
Effective energy price for i iteration after compensating for losses
Energy price for ESUs after i iteration

Input voltage for phase ‘p’

Output voltage for phase ‘p’

Tap setting of SVR for phase ‘p’

Equivalent tap-setting for each of the 9 windings of FSVR

Rated voltage of two sub-windings in output side

Effective tap-setting of the FSVR

Effective voltage of output side winding

Rated voltage of input side winding of FSVR

Maximum voltage regulation

Real power loss in line 1 for phase ‘p’

Voltage at Bus ‘n’ for phase ‘p’

Current flowing through line ‘I’ for phase ‘p’

Current injections at Bus ‘m’ for phase ‘p’

Load demand at Bus ‘m’ for phase ‘p’

Set of line sections connected to bus ‘n’
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Vi Negative sequence component of voltage at bus i

748 Positive sequence component of voltage at bus i

Ny Number of buses in the network

Viom Nominal voltage

Pp 4 Real power demand by loads in phase p at bus ¢

Qb ip Reactive power demand by loads in phase p at bus ¢

A Load multiplier factor

N, G Public key components

o, 1 Secret key components

bip Quantity of energy i'® prosumer is willing to buy at price level p
Sip Quantity of energy *" prosumer is willing to sell at price level p
B; Ordered list of buy bids for i** prosumer

S; Ordered list of sell offers for i prosumer

Be Ordered list of aggregate buy bids for C** cluster

Se Ordered list of aggregate sell offers for C** cluster

Kgen Set of keys generated for a billing cycle

PK! SK! Public key and secret key selected for trading window ‘¢’

MCP, MCP for C*" cluster during trading window ‘¢’

BCFL BCF for C* cluster during trading window ‘¢’

SCF,, SCF for C'" cluster during trading window ‘¢’

BCFL{ BCF compensated for losses in C*" cluster during trading window ‘¢’
¢! Cost of buying energy for i** prosumer during trading window ‘¢’

t! Revenue for selling energy for " prosumer during trading window ‘¢’
¢t Pseudo-cost for i'" prosumer during trading window ‘¢’

R! Pseudo-revenue for i’ prosumer during trading window ‘t’
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