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Abstract: The electricity market has increasingly played a significant role in ensuring the smooth
operation of the power grid. The latest incarnation of the electricity market follows a bottom-up
paradigm, rather than a top-down one, and aims to provide flexibility services to the power grid. The
blockchain-based local energy market (LEM) is one such bottom-up market paradigm. It essentially
enables consumers and prosumers (those who can generate power locally) within a defined power
network topology to trade renewable energy amongst each other in a peer-to-peer (P2P) fashion
using blockchain technology. This paper presents the development of such a P2P trading-facilitated
LEM and the analysis of the proposed blockchain-based LEM by means of a case study using actual
German residential customer data. The performance of the proposed LEM is also compared with that
of BAU, in which power is traded via time-of-use (ToU) and feed-in-tariff (FiT) rates. The comparative
results demonstrate: (1) the participants’ bill savings; (2) mitigation of the power grid’s export and
import; (3) no/minimal variations in the margins of energy suppliers and system operators; and
(4) cost comparison of Ethereum versus Polygon blockchain, thus emphasising the domineering
performance of the developed P2P trading-based LEM mechanism.

Keywords: local energy market; peer-to-peer; blockchain; power grid; energy supplier; system
operator; electricity cost reduction

1. Introduction

In recent years, the notion of a local energy market (LEM) has gained substantial
momentum at the residential level. A LEM is basically a sub-energy market that operates
to provide residential customers with competent local energy trading and management
services [1]. The nature of LEM operations makes it highly feasible to comply with both
economic and technical requirements while incorporating clean energy into a physical
energy network [2]. Characteristically, a LEM is dissimilar to other available techniques,
such as distributed resource management systems (DERMS) and advanced distribution
management systems (ADMS). This is because LEM operation is exclusively determined
by the participating residential customers, who could be consumers with or without
distributed energy resources (DERs), which commonly include solar photovoltaic (PV)
systems and battery energy storage systems (BESSs). Consumers with DERs are also often
designated as prosumers [3].

Peer-to-peer (P2P) is one of the most underlined aspects of a LEM that enables par-
ticipants (both prosumers and consumers) to function as independent energy traders and
attain remarkable monetary rewards following a decentralised market structure [4]. The
operative negotiations between LEM participants and protected financial settlements can
be organised on an automated distributed service platform called blockchain [5]. Typically,
a LEM not only secures the financial gains of participants and other stakeholders, including
energy suppliers, distribution system operators (DSOs), and transmission system operators
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(TSOs), but also abides by the physical constraints that the accommodated energy network
has to be compatible with [6]. In other words, while financial decisions are arranged in the
LEM, the actual energy dispatch is also systematised, respecting the technical constraints
of the energy network [7]. In general, P2P trading could fall into three categories in a LEM:
decentralised, community-driven, and hybrid [8]. The engagement of any centralised entity
is not permitted in a decentralised P2P market, but a community-driven P2P market is
maintained by a community manager. In contrast, while the compatibility of the technical
constraints is taken care of by an authorised entity, the financial settlements are conducted
independently in a hybrid P2P market [9].

Nevertheless, while several benefits are envisaged for LEMs as they possess the P2P
trading feature, a number of potential challenges are also associated with the framework.
These include guaranteed financial benefits for the participants compared with business-
as-usual (BAU), whereby energy is bought and sold at the time-of-use (ToU) and feed-
in-tariff (FiT) rates, respectively [10], conspicuously managing power grid export and
import to relieve the energy network from congestion during peak operational periods [11],
confirmed margins for stakeholders to fend off financial losses [12], and physical network
integrity-ensured performance [13]. To deal with these challenges, numerous studies
have been conducted over the past few years. For instance, the authors in [14] analysed
the attitudes, behaviours, and subjective norms of the LEM participants and designed a
P2P trading-empowered LEM that prioritised the preferences of LEM participants. They
were also directed to decide on their trading partners, periods, and trading contracts by
themselves in a competitive environment in [15]. Furthermore, options were granted to
trade either as a member of a group or separately in [16]. The importance of efficacious P2P
decision-making was emphasised in [17]. Moreover, few factors were reported in [18] that
predominantly influenced the P2P decision-making, e.g., mutual trusts, climate change,
political orientation, and place attachment.

The minimisation of energy usage costs was labelled as the principal key driver
in [19] when it came to motivating participants to join the LEM and take P2P strategic
decisions. This was further accentuated by the authors in [20] and demonstrated clearly
how their formulated P2P decisions impacted the energy costs of the LEM participants. In
fact, in [21], LEM participants were guided to exchange energy at a price higher than the
FiT price, but lower than the ToU price. The purpose was to incentivise both LEM sellers
(participants who possessed more DER energy than demand) and LEM buyers (participants
who possessed more demand than DER energy). The scope of BESS in reducing the energy
bills of LEM participants to a greater extent was also analysed in [22]. The idea of lessening
the energy expenses of LEM participants by rescheduling their behaviours was brought up
by the authors in [23]. The performance of the LEM was also examined in [24] from a social
point of view to raise the value of the LEM in society. A comparative study was carried out
in [25] to articulate the economic viability of a networked LEM.

Some recent studies also focused on the possibility of incorporating energy stakehold-
ers’ interests into the LEM mechanism while P2P transactions are frequently executed. For
example, to curtail the peak demand of the LEM participants, the authors in [26] proposed
a power grid-engaged P2P trading scheme that could function as a prospective alternative
to the conventional energy demand response. The exercise of P2P trading among LEM
participants was further reported on in [27] to match the local supply with the local demand.
These participants were also rewarded in [28] for assisting the DSO or TSO in balancing
energy in a local community. The uncertainty associated with local energy supply was
considered in [29] while P2P transactions were performed. Distributed P2P trading schemes
considering physical network constraints and power losses were modelled in [30] and [31],
respectively. Additionally, an integrated participant-DSO/TSO framework was proposed
in [32] that fruitfully achieved safe LEM operation. The charge for using the energy network
was added to the financial settlement of P2P trading in [33] to derive the portion of the DSO
or TSO. The necessity of involving energy suppliers in a practical LEM was acknowledged
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in [34]. Their role was further justified in [3]. Additionally, how aggregated prosumers
could be transformed into potential energy suppliers in the future was introduced in [35].

Although several market clearing approaches, such as rule-based mechanism [36],
game theory [37], double auction [38], iterative auction [39], and alternating direction
method of multipliers [40], have been tested in the existing literature, the uses of linear
programming (LP)- and mixed integer linear programming (MILP)-assisted constraint
optimisation are immensely noticeable without a loss of generality in formulating a LEM
by satisfying both market and technical constraints. The LP technique was adopted by
the authors in [41,42] to facilitate LEM flexibilities and organise effective LEM scheduling,
respectively. It was utilised further in [43] to design the P2P contracts between LEM par-
ticipants. On the other hand, the application of the MILP method was evident in [44-48]
for analysing electricity price components, optimising locally produced energy, maintain-
ing the uncertainty of local demand and supply, designing virtual bidding mechanisms,
and cutting back the total energy supply expenditures, respectively. Additionally, this
mechanism has been applied to handle the community-oriented P2P trading model [49],
conduct home-to-home trading via P2P methodology [50], operate a hierarchical P2P energy
management system [51], and finalise energy transactions with the energy supplier [52].

Certainly, the available literature lays the foundation to portray the beneficial facets of
P2P trading in LEMs. What is missing is a combination of all the features of P2P trading
that include the use of blockchain technology, financial gains for the LEM participants,
power grid benefits, and margins for the energy suppliers and the DSO/TSO. To this end,
this paper focuses on developing a blockchain-enabled LEM strategy that comprises all
these features and also validates the LEM framework via a German case study. The case
study model is based on Berlin, Germany, as shown in Figure 1, and open-access German
residential data from [41,53] are used. The average (taken from 200 LEM participants)
generation, consumption, and solar P2P output over the course of 24 h are also provided in
Figure 2. Nonetheless, the core contributions of this paper are epitomised below:

e Anoverview is provided to help the reader understand the LEM network architecture
and how blockchain can be included in the studied LEM system;

e A P2P trading framework is proposed to organise bilateral transactions in the LEM,
considering financial, physical, and BESS constraints;

e A case study is carried out, based on German data, involving participants and stake-
holders to assess the developed LEM’s performance;

e  Extensive simulation results are provided to demonstrate the benefits for all LEM
participants and stakeholders. Further, cost comparison is performed to select the
most suitable blockchain to accommodate the modelled LEM.

Berlin

MARZAHN -
HELLERSDORF

TEMPELHOF - SCHONEBERG

Figure 1. Map of Berlin, Germany.
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Figure 2. Average load profiles and solar PV output.

The remainder of this paper is organised as follows. Section 2 provides a brief overview
of the LEM model and blockchain integration. Section 3 formulates the methodology to
solve the proposed LEM design, respecting both market and technical constraints. A case
study with a comparative analysis of the results is provided in Section 4. Finally, concluding
remarks are presented in Section 5.

2. LEM Network Architecture

Figure 3 displays the LEM network architecture, which comprises 200 participants in
total. Among them, 120 are consumers, 40 are prosumers with solar PV systems, and 40
are prosumers with solar PV systems and BESSs. Prosumers are assumed to be equipped
with 6 kW of solar PV system capacity on average, while 50% of them (20% of the total
LEM participants) have a 3.3 kW/12.5 kWh BESS size, on average. In this study, two
energy suppliers [54,55] are considered from Berlin, Germany. Energy Supplier-1 has 100
participants as customers in total, including 50 consumers, 25 prosumers with solar PV
systems, and 25 prosumers with solar PV systems and BESSs. In contrast, Energy Supplier-2
has 100 participants as customers in total, consisting of 70 consumers, 15 prosumers with
solar PV systems, and 15 prosumers with solar PV systems and BESSs.

I 1
Energy Supplier-1 Energly Supplier-2 .

——— P2P energy trading @ Prosumer with solar PV

D Consumer iﬁﬂ Prosumer with solar PV and BESS

Figure 3. LEM network architecture.
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Figure 4a,b illustrate the energy flow, internet-of-things (IoT) signal flow, and cash
flow among all participants and stakeholders in the blockchain-based LEM platform. All
LEM participants are connected to the LEM platform and send and receive IoT signals, as
shown in Figure 4a. The LEM platform also facilitates participants placing their trading
bids for P2P energy trading in the LEM. The physical energy flows in the LEM network
are caused by the export of prosumers and the import of consumers and are considered
to be operated by the DSO/TSO [56]. The cash flow among energy suppliers and other
stakeholders is shown in Figure 4b.

Admin Energy Supplier Ll%)NSI f};{;}ﬁm EEG
ﬁ 3.72 c/kWh
"
7 @
[O: \ 4
< \ ’
- \ ’ =‘P/\r B T E
> ¥ nergy nergy
<=T1> <q=>L_ = Supplier-2 Supplier-1
LEM (0.25 ¢/kWh) (1.5 c/kWh)
:@: Platform
- -+ (- - -)/ P/\
12.48 38.30
<> > c/kWh c/kWh
Prosumers Consumer
DSO/TSO ProSGIIEE DSO/TSO Others  Consumer
~—— Energy Flow = = = IoT Flow Cash Flow

(@) (b)

Figure 4. (a) P2P energy flow and IoT signals in the LEM, and (b) cash flow in the LEM.

Table 1 presents the comparative rates of the daily supply, network, energy suppliers,
Erneuerbare-Energien-Gesetz (EEG), LEM transaction fee, energy price, and other taxes
and levies in the case of both BAU and P2P energy trading for both energy suppliers.
While the rates of the daily supply, EEG, DSO/TSO fees, and other taxes and levies were
unvarying for both trading scenarios, the LEM transaction fee was only applied when
P2P transactions occurred within the LEM. The energy price and P2P price, on the other
hand, were different, as the LEM aimed to benefit the participants (both sellers and buyers)
in comparison with the BAU. Further, the margins of energy suppliers increased slightly
owing to the fact that they earnt their portions every time P2P transactions were executed
in the LEM. In Sections 2.1 and 2.2, how blockchain technology is used in the LEM and
how the fees of P2P transactions are measured, respectively, are explained.

Table 1. An example of the comparative rates between BAU and P2P.
Energy Supplier-1 [57] Energy Supplier-2 [58]
Scenarios BAU (A) LEM (B) BAU (A) LEM (B)

Daily supply (c/day) 34.67 34.67 2248 22.48

FiT (c/kWh) [59] 6.43 6.43 6.43 6.43

DSO/TSO (c/kWh) [60] 6.52 6.52 6.52 6.52

EEG (c/kWh) [61] 3.72 3.72 3.72 3.72

Other taxes and levies (c/kWh) [60] 12.48 12.48 12.48 12.48

Energy supplier—5% (c/kWh) 15 1.75 15 1.75

LEM transaction fee (c/kWh) 0 0.5 0 0.5

Energy/P2P (c/kWh) 9.03 6.56 to 7.61 13.17 6.56 to 11.64
Tariff 33.25 31.53 to 32.59 39.08 33.22 to 38.30
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2.1. Blockchain Integration in the LEM

Blockchain is essentially a distributed database that is immutable, protected, and
encrypted. Records of data and transactions are preserved chronologically in blocks and
authenticated by common consensus procedures. Smart contracts, which represent the
terms and conditions of contracts through computer codes, are used to electronically and
automatically document such consensus mechanisms. These smart contracts are also stored
in the blockchain database to secure immutability. With smart contracts, a variety of
decentralised applications (dApps) can be created. Ethereum is one of the first blockchains
that actually supports both smart contracts and dApps.

The LEM platform, based on blockchain, is also a d App. Figure 5 depicts the Ethereum
blockchain’s integration into the LEM. All LEM prosumers and consumers are connected
to the smart contract and blockchain through the LEM dApp, which encompasses the
user interface (UI) and the web3 interface. While LEM prosumers” and consumers’ bids
are arranged with the help of the Ul, the web3 interface connects that UI to the smart
contract-driven blockchain database.

| T
. ' Userl User2- - - - User’n’ } Receives users data
e Generate public and : oo \ J Perform energy
private key fo.r eacl.l user | | Y } trading
e Store transaction history : LEM Smart | Perform settlement
e Store smart contracts I [ Blockehain — |3l Tz | Store and retrieves
e Store data record : : data from blockchain
1 A 1
L}
|
|
User 1 User 2 User 3 User 'n’ Y

|
: Web3 interface

: (connect UI with blockchain)
...... |
e |
|
—
|

—_—— e = = = = = ] - = =] User Interface
| | (Users submit their energy bids)
Energy flow = = = = = = = IoT flow

Figure 5. Blockchain technology integration in the considered LEM.

Smart contracts are self-executing computer programs that have the ability to auto-
matically verify, enforce, and execute the terms of a contract. In the context of blockchain
technology, smart contracts are used to automate and enforce the terms of transactions on
the blockchain without the need for intermediaries. They can be programmed to trigger
automatically when certain conditions are met, such as receiving payment or completing a
specific task. Smart contracts increase transparency, efficiency, and security in transactions
as they eliminate intermediaries and are decentralised, making them resistant to tampering
and fraud. They are a vital element of blockchain technology that enable secure and auto-
mated transactions. A LEM smart contract, with regard to data processing of prosumers
and consumers, P2P energy trading strategy and market clearing, billing settlement, and
blockchain storage, is written and stored in the blockchain database. The blockchain plat-
form generates a private key for each LEM participant and records all P2P transactions’
data and history.

2.2. P2P Transactions Fee Using Blockchain

P2P data and transactions are validated on the blockchain-integrated LEM platform.
All computers of the LEM participants, which are connected to the blockchain-integrated
LEM network, provide their computational resources for the purpose of managing data
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integrity and immutability in the LEM network. LEM transaction fees are paid by the
participants as incentives to the peers involved in verifying their transaction requests using
an advanced algorithm. Nevertheless, gas units are utilised to measure the computation
efforts exercised to validate LEM transactions. Each blockchain network has its own native
cryptocurrency, and transaction fees are paid in that native cryptocurrency. ETH and
MATIC are the native cryptocurrencies of the Ethereum and Polygon networks, and their
prices in Euro are 1 ETH = 1139.86 Euro and 1 MATIC = 0.73 Euro [62]. The total transaction
fee [63], symbolised by W, can be calculated in (1), where the blockchain native crypto price
(Euro), gas amount, and gas price (WEI, where WEI is the smallest denomination of Ether
(ETH), and 1 ETH = 1018 WEI) are denoted by c, g, and z, respectively.

W=cxgxzx10718,

3. Formulated LEM Trading Methodology

This section explains the formulation of the proposed P2P trading in the LEM comply-
ing with respective market and technical constraints. The assumptions made to conduct
P2P trading in the LEM are provided in Section 3.1. The main objective of the proposed
LEM is provided in Section 3.2. Sections 3.3 and 3.4 demonstrate the derivation of the
objective function and associable constraints, respectively.

3.1. Assumptions
The following assumptions are made to develop the P2P trading-facilitated LEM:

e Prosumers and consumers are located at the same distribution substation, but the
trading partners can have different energy suppliers;

e  Prosumers can participate in the LEM either as a seller or as a buyer, depending on

their energy status. However, consumers can only purchase energy from the LEM and
serve as buyers;
Around 20% of prosumers are outfitted with the BESS to bring flexibility in the LEM;
Excess solar PV energy is prioritised to sell first in the LEM via P2P, followed by the
BESS-stored energy. Likewise, power demand is met in the first place, and then the
BESS is charged;

e  P2P trading takes place if the LEM selling price is higher than the FiT rate while the
grid buy price is higher than the LEM buying price.

3.2. Objectives

e The foremost goals of the LEM model is to diminish the energy expenditure of all
participants (both sellers and buyers) compared with BAU by enabling them to trade
amongst each other via P2P. This can ensure the agile involvement of participants in
the LEM;

e  Other indispensable purposes are to cut down on grid export and import and esca-
late/retain the margins of other stakeholders, including energy suppliers and the
DSO/TSO. This can encourage operators and stakeholders to join in the LEM trials
and evaluate their overall economic gains.

3.3. Derivation of Objective Function

Let T be the set of LEM participants, in which the index of each participant is denoted
by t € T. As mentioned before, LEM allows each participant t € T to trade as either a seller
Il € L C Torabuyeru € U C T based on their energy availability at a given time instant
e € E, where L and U represent the sets of sellers and buyers, respectively. The proposed
LEM maximises the profit and saving of each participating seller and buyer ateach e € E. If
DLEM(],¢) and DBAY (], ¢) indicate earnings through P2P and BAU, respectively, DFEM (1, ¢)
and DBAU (y, e) refer to expenses through P2P and BAU; the objective function N can be
formulated as follows:
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N= max{ (DLEM(l,e) - DBAU(l,e)) + (DBAu(u,e) - DLEM(u,e)) }; VieLCT,VuelUCT, YeeE (1)

where (DYEM(1,e) — DBAU(1,¢)) and (DBAY (u,e) — DXEM(u, ¢)) imply the profit and sav-
ings of each LEM participant by acting as either a seller or a buyer at any time instant e € E.
Subject to: Financial, physical and BESS constraints as presented in (14)—-(39).

3.3.1. Profit and Saving Evaluation

Let the solar PV power and load power of each LEM participant ¢ € T at a given time
instant e € E be PSOL(t,¢) and PLO4P (1, ¢), respectively. Assume that around 20% of LEM
participants possess BESSs. The BESSs can be charged in two ways: (1) from their own solar
PV (self-charging) or (2) from the LEM (P2P charging). Similarly, it can be discouraged to
either meet up its load power or to sell on the P2P market. The net power PNET (¢, ¢) of
each LEM participant ¢t € T at a given time instant e € E can be determined as:

PNET(t,e) _ (PLOAD(t,g) _ PSOL(t,e)) + (PS*CHAR(t,e) _ PstIS(t/ e)) 4 (pP7CHAR(t,e)_ (2)
PP=DIS(te)); Vt € T, Ve € E

where PS~CHAR(t ¢) and PS~PI5(t,¢) symbolise the self-charged BESS power and self-
discharged BESS power, respectively. P2P-charged BESS power and P2P-discharged BESS
power are denoted by PP~CHAR (¢ ¢) and PP~PI5(t,¢), respectively. Note that BESSs cannot
be charged and discharged at the same time. Additionally, for prosumers without BESSs and
consumers, PS_CHAR(t,e) =0, PS_DIS(t,e) =0, PP_CHAR(t,e) =0,and PP_DIS(t, e) =0.

Excess power and unmet power for the LEM seller I € L and LEM buyer u € U, where
L and U are subsets of T, signified by PLEM=EX(] ¢) and PEEM=UN (3 ¢), respectively, at a
given time instant e € E are calculated as:

PLEM—EX(] o) = (—pLOAD(z,e) + pSOL(z,e)) + (—pS*CHAR(z,e)) + (pP*DIS(z,e)); VieL VeeE 3)

PLEM_UN(u,e) = (PLOAD(u,e) — PSOL(u, e)) + (—PS_DIS(u, e)) + (PP_CHAR(u, e)); Yuel, Ve e E 4)

Let PLEM=P2P(] ¢} and PLEM=P2P(y ¢) be the P2P traded amount of the seller | € L
and the buyer u € U at time instant e € E, where PLEM’PZP(Z, e) < PLEM’EX(Z,E), VlieL
and PLEM=P2P(y o) < PLEM=UN(] y) 'y € U. As a seller can trade with multiple buyers
via P2P and vice versa is true for the buyer, PLEM=P2P(] ¢) and PLEM=P2P (3 ¢) can be
expressed as:

PHEM=P2P( oy = N PePMTPP(Le); Ve LC T, Vue UCT, Ve € E (5)

PHEM=P2P () = Y PP (), Vu e UC T, VIELC T, Ve € E 6)

Eachseller ! € L sells PYEM=P2P(] ¢) to each buyer at a P2P selling price n,EM=P2P (] ¢).
Meanwhile each buyer u € U buys PZLEM_P 2P(u,e) from each seller at a P2P buying
price nlLEM*PZP(u,e) at a given time instant e € E. PLEM=GRD(] ¢) = (PLEM=EX(] ¢)
PLEM=P2P(] ¢) and PLEM~-CRD(] 3) = (PLEM-UN(] y) — pLEM=P2P(y ¢)) are traded via
the FiT rate nf7(1, ) and ToU price n7OU (u, e), respectively. The earnings and expenses
of each seller I € L and each buyer u € U in the LEM at a given time instant ¢ € E are
evaluated as follows:

DLMEM(],e) = (¥, ey PEEM7P2P(1,¢) x Ae x nkEM=P2P(] ¢)) 4+ (PEEM=CRD (3 ¢) x Ae x nf1T(1,e)); VI€ L C
@)
T,YvuelUCT,VeeE
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DLEM(y,¢) = ():leL PLEM=P2P (3 ¢)) x Ae x nfEM~P2P(y, e)) + (PLEM=CRD (3, ) x Ae x nTOU (u, e)); Vu €

®)
UCT,VIELCT, VeeE

where ¢ indicates the instant length.
As for the BAU, there exists no trading with the BESSs of peers; hence PP~PI5(1,¢) = 0
and PP~CHAR (3 ¢) = 0. Thus, (3) and (4) can be rewritten as:

PBAUEX (] ¢) = (—PLOAP(,e) + PSOL(le) ) + (—PS~CHAR(Le)); I € LC T, Ve € E )

pBAU=UN (4 ) = (PLOAD(u,e) — P5OL(y, e)) + (—PS_DIS(u, e)); VuelUCT,VeeE (10)

For BAU, each seller I € L sells the entire PPAU=EX(1.¢) at nf!T(1,¢). Likewise, each
buyer u € U buys the entire PPAU~NU (3 ¢) at n”TOU(u,¢). Therefore, the earning and
expense of each seller | € L and each buyer u € U as per BAU at a given time instante € E
are computed as:

DBAU(1,e) = PBAUEX(] ) s Ae x nf1T(l,e); VI € L C T,Ve € E (11)

DBAU (1, e) = PPAU=UN(y ¢} x Ae x n”TOU(u,e); Yu e U C T,Ve € E (12)

By subtracting (11) from (7), (DLEM(1,e) — DBAY(1,¢)) can be calculated. Similarly,
(DBAU(y,e) — DYEM (1, ¢)) can be calculated from the difference between (8) and (12).

3.4. Derivation of Constraints
3.4.1. Financial Constraints

The ToU price nTOU(u,¢) consists of several components, such as the energy price
nEP(u,e), EEG, tax and levy nRT (u,e) (where applicable), the energy supplier’s margin
nESM(u, e), and the DSO/TSO’s margin nSOM (u,e). In other words,

nTOU(u,e) = nFP (u,e) + nRT (u,e) + nFM(u,e) + n°°M(u,e); Yu € U C T,Ye € E (13)

Let EEG, tax and levy, energy supplier’s margin, and DSO/TSO’s margin in the LEM
be nLEM‘RT(u, e), nLEM‘ESM(u, e), and nLEM—SOM(u, e), respectively. In this study, while
nLEM_RT(u, e) is equal to EEG, tax, and levy, nRT(u, e) nLEM—ESM(u, e) and nLEM—SOM(u, e)
are not considered to be lower than nF5M(u,¢) and n°°M(u,e), respectively, to avoid
financial loss to energy suppliers and the DSO/TSO. These constraints are described in
(14)—(16) as follows:

nEEMRT (o) = nRT(y,e); VI€ L C T, Ve € E (14)
nLEM=ESM(yy o) > nESM(y o). Vi € L C T, Ve € E (15)
nLEM=SOM o) > nSOM(y ¢), V1 € L € T,Ve € E (16)

Further, nlLEM*P 2P s required to be lower than nks (u, e) to reduce the energy buying

price, where n'EM (1, ¢) refers to the LEM transaction fee (platform cost). Additionally, the

total buying price in the LEM, ie, ( nlEMTP2P(ye) 4 nlEM(y, e)4
nLEM=RT (3 o) 4 pLEM=ESM (3 oy 4 yLEM=SOM(y ¢))  needs to be lower than nTOU (u,e)
to benefit the buyers. As for the sellers’ benefit, n,EM~=F2P (] ¢) is required to be higher than

nf1T(1, ). These three constraints are illustrated in (17)~(19) as follows:

ntEM=P2P (4 o) < nEP(u,e); Vue UC T, Ve € E (17)
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(nlLEprzp(u,e) + nEM(y, ) 4 nLEM=RT (3 o) - pLEM=ESM(y o) 4 nLEM*SOM(u,e)) <nTUue); YucUcCT,YecE (18)

nLEM=P2P (1 oy > nFIT(1,e); VI€ L C T,Ve € E (19)

Moreover, (DLEM(1,¢) — DBAU(],¢)) and (DBAU (u,e) — DYEM(u, €)) should always
be positive to guarantee benefit maximisation through the P2P trading-enabled LEM,
such that:

(DHEM(1,e) ~ DPAU(l,e)) > 0; VI € LC T, Ve € E (20)

(DP9 () = D"M(u,e)) > 0; Yu € U C T, Ve € E 1)

3.4.2. System Power Balance

The P2P traded amounts need to abide by the local export and import limits prescribed
by the DSO/TSO to ensure network integrity while LEM transactions are settled between
sellers and buyers, such that:

0 < PLEM=P2P(] oy < PEXP(]¢), VI€ L C T,Ve € E (22)

0< PLEM*PZP(u,e) < PIMP(u,e); YVuelUcCT,VecE (23)

where PEXP(1,¢) and P'MP (1, ¢) denote export and import limits, respectively, at a given
time instant e € E.

The power sold by each seller | € L in the LEM PEEM~=EX(] ¢) is the summation of
PLEM=P2P(] ¢} and PLEM=CGRD (] ¢). In contrast, the total bought by each buyer u € U in
PLEM=UN (3 ¢) is also the summation of PLEM=P2P(y ¢) and PLEM=GRD(y ¢). These are
shown in (24) and (25), respectively.

PLEM=EX(] o) — pLEM=P2P(] oy 4 PLEM=GRD (] o).yl ¢ . C T,Ve € E (24)

PLEM=UN (y o) — pLEM=P2P(y, oy 4 PLEM=GRD(y o). \yy c U C T,Ye € E  (25)

In addition, the total sold P2P power Y ;c; PLEM=P2P(] ¢) and the total P2P bought
power Y,y PLEM=P2P(3¢) in the LEM should be equal, as captured
in (26). In this case, (¥;c; PLEM7EX(1,e) — Y cp PLEM=CRD(] ¢)) = (¥, oy PLEMUN (3, ¢)
— Yucu PFEM=CRD (i1, ¢))  as per (24) and (25). If ¥y PEEM=EX (1,¢) = ¥,y PHEM=UN (1 )
at any time instant Ve € E, then Yjc; PFEM=CGRD(] ¢) =y~ ., PLEM=GRD (3, ¢).

Yo PHEMEPP (L ey =Y PEEMEPRP (1 e); e € E; (26)

Furthermore, the overall upstream grid export and import through the LEM should
also be lower than the BAU to help the DSO/TSO be relieved from the network congestion,
as expressed in (27) and (28).

Yo PHEMECRD (1 e) < Y PPAUZEX(1 ¢); Ve € E 27)

Yoy PHEMTORP (u,e) < Y PPAUTUN (3 0); Ve € E (28)

3.4.3. BESS Constraints

There are two types of BESS constraints: (1) self constraints and (2) peer constraints.
Self constraints are satisfied to use BESSs for charging from one’s own solar PV and
discharging to meet one’s own power demand. On the other hand, peer constraints are
complied with to charge/discharge BESSs from/to the LEM. Equations (29)-(32) display
the self constraints, where SOC(t, ¢), CEHAR, and c? IS refer to the state-of-charge (SOC),
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SOC(t,¢) = SOC(t — 1,¢) + (ctCHAR x PSTCHAR (1 0y Ae) - <(

charging efficiency, and discharging efficiency of LEM participant (either seller or buyer)
t € T ata given time instant e € E. SOC(t, e) is bounded by the minimum and maximum
SOCs symbolised by SOCMIN (¢, ¢) and SOCMAX (¢, ¢), respectively. At any time e € E, the
BESS charging energy (PS —CHAR(} ¢) x Ae) is limited by the minimum charging capacity
XMIN(} ¢) and maximum charging capacity XMA4X(t,¢), respectively. Similarly, the BESS
discharging energy (PS~PI5(t,¢) x Ae) is also restricted by the minimum and maximum
capacities, YMIN(t,¢) and YMAX(t,¢), respectively.

PS—CHAR (1, ¢) x Ae)

>;Vte T,Veec E (29)

CtDIS
SOCMIN(t,¢) < SOC(t,e) < SOCMAX(t,e); Vt € T, Ve € E (30)
XMIN (1 ) < (PS—CHAR(t,e) x Ae) < XMAX(4 o), WVt €T, Ve € E (31)
YMIN (¢ ¢) < (PS_DIS(t, e) x Ae) < YMAX(te), YVt € T, Ve € E (32)

The BESS charging constraints through the P2P trading of each LEM participant
t € T at a given time instant e € E are given in (33)—(35). The peer charging order
(PP=CHAR(t ) x Ae) is bounded by the rate of peer charging X~ CHAR=RI(} ¢) and
available capacity to charge the BESS (PP~CHAR=AV (¢ ¢) x Ae), where (PSOL=PK(1) x Ae)
refers to the peak solar PV of each LEM participant ¢t € T. Similarly, (36)-(38) demonstrate
the BESS discharging constraints through the P2P trading of each LEM participant t € T at
a given time instant e € E, which reveal that the peer discharging order (P*~PI5(t,¢) x Ae)
is restricted by the rate of peer discharging YP~P/5~RT (¢ ¢) and the stored energy in the
BESS to discharge (PP ~PIS=AV(t,¢) x Ae), where (PLOAD=PK(1) x Ae) represents the peak
load power of each LEM participantt € T.

(PP—CHAR(t,e) x Ae) - min{XP_CHAR_RT(t, e), PP=CHAR=AV (1 4y Ae};Vt €T,VecE (33)

XP-CHAR=RT (; oy (XMAX(t,e) x cEHAR) - (PS’CHAR(t, e) Ae) ;VEET, Ve e E (34)

PP=CHAR=AV (1 o) 5 Ae = SOCMAX (1) — SOC(t —1,¢) — (PSOL—PK(Z) x Ae) — (PSCHAR(1 0) x Ae; VI €T, Ve € E (35)

PP=PIS=AV (4 ) x Ae = SOC(t —1,¢) — SOCMIN(t,¢) — (PLOAD=PK(]) 5 Ae) — (PS=PIS(t,e) x Ae; Vt € T, Ve

PP=DIS(t,¢) x Ae = min{YP_DIS_RT(t,e), PP=DIS=AV (4 ¢} x Ae}; Vte T, Yec E (36)
YP-DIS=RT(} ) = (YMAX(t,e) X ctDIS) - (PS*DIS(t,e) X Ae);Vt €T, VecE (37)

cE (38)

4. Case Study and Results

In this section, the formulated P2P trading-driven LEM mechanism is applied in the
context of Berlin, Germany, by means of a case study that contains existing consumers,
prosumers, energy suppliers, and the network operator. The P2P trading time instant is set
to an interval of 15 min (i.e., Ae = 15). REMIX IDE was adopted to write smart contracts
and it was tested on the Ethereum blockchain development tool Ganache CLI v6.12.2. The
web3.py library was also used to connect Ul to the smart contract and the blockchain
database. This section also presents the comparison between the BAU (Case A) and the
proposed LEM (Case B) to highlight the superior performance of the P2P trading.
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4.1. Participants Bidding

Figure 6 illustrates the bidding rate for 10 randomly selected prosumers and 10 con-
sumers (i.e., |L| = 10, |U| = 10), who are customers of two different energy suppliers at a
given P2P trading instant e € E. Prosumers place bids to sell at a price greater than the
FiT rate nfT (I, ¢), but lower than the energy portion of grid ToU buy price nf” (1, ¢). The
prices for prosumers in Euro/kWh are shown in Figure 6a. On the other hand, consumers
pay extra fees (as demonstrated in Table 1) on top of the energy fee while engaging in P2P
trading in LEM, but it is lower than the respective grid ToU buy price 7% (u, ¢). Figure 6b
presents the prices for consumers in Euro/kWh.

0.16 0.4
K
0.14 y < 0.38 % iy
= ' Mabus Z : A 5
= 0.12 A A : 3 . o Xk MK X
< 0. S £0.36 LT S B S '
=] A XK X i"A A ek F-a X % R
8 0.1 R e S 0.34 '
- ".“% A 5 i ¥
= ik 3 LA
8 0.08 ' Koy R ‘= 0.32 WYY
.8 ; & 0.
*0.06
' 0.3
SV OWVMO VM OWVNMODWVHOWVmLWOoOWm
0.04 eTedeeTORLIODST
SV OV O VMO WVO WO W!m oW S — NN 0O ANV — A
STQRANTS W DTS W R Ao
e =~ —~ N —ZEnergy Supplier-1: Grid buy price
—FiT

a Sellers with Energy Supplier-1
¢ Sellers with Energy Supplier-2

—FEnergy Supplier-2: Grid buy price
A Buyers with Energy Supplier-1
< Buyers with Energy Supplier-2

(a) (b)

Figure 6. Energy bid rates for 10 randomly chosen prosumers and 10 consumers at a given time
instant (a) sellers bid rates, and (b) buyers bid rates.

4.2. Reduction in Grid Import/Export and Comparision with [44]

Figure 7 presents the selling and buying profiles of the considered network in BAU
(Case A) and LEM (Case B). The peak power sold/bought to the power grid in the after-
noon/evening was decreased in LEM by 61.52%/26.93%, which was a remarkable figure,
due to P2P contracts in the LEM. Through P2P contracts, BESSs were charged to store en-
ergy at lower prices and discharged in lieu of higher prices for substantial monetary gains.
This resulted in a 61.52%/26.93% reduction in export/import to/from the power grid.

80

60 26.93 % |

]
b
a
N

10:00
11:00
12:00
13:00€
0:00

61.52 %

-80
Case A-BAU | Case B -LEM

Figure 7. Trading with the power grid (selling and buying amounts in kW are represented by negative
and positive signs, respectively).
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Figure 8 compares the grid import/export results of the proposed model and [44], and
shows that the proposed model reduced grid imports by 13.02% more than [44] during the
afternoon period, which significantly mitigated the impact of high solar PV penetration on
the grid. Moreover, while the proposed model’s export reduction was lower than [44], it
still supported the grid by reducing its export by 26.93%, thus controlling grid expenditures
and flexibility requirements.

S. Schreck+2020

70
60

= 40
30
20
10

0

% Reduction

B Import = Export

Figure 8. Comparison between import and export of proposed LEM and the study of S.
Screck+2020 [44].

4.3. Participants’ Daily Electricity Cost Reduction and Comparison with [44]

Figure 9 reveals the average daily electricity cost to consumers, prosumers with solar
PV systems, and prosumers with solar PV systems and BESSs for BAU and the LEM. As
can be observed from Figure 8, on average, consumers, prosumers with solar PV systems,
and prosumers with solar PV systems and BESSs would pay 5.8 Euro, 2.1 Euro, and 1 Euro,
respectively, if P2P trading was performed in the LEM. Strikingly, these costs are 0.2 Euro,
0.3 Euro, and 0.4 Euro lower than those of BAU, confirming the electricity cost reduction of
all types of LEM participants.

B LEMBill @ BAU Bill reduction through LEM trading

Consumer

Prosumer (PV)

Prosumer (PV +
BESS)

0.0 2.0 4.0 6.0

Figure 9. Daily electricity bill comparison (BAU vs. LEM).

The percentage daily cost reduction of the LEM participants is shown in Table 2, in
which consumers, prosumers with solar PV systems, and prosumers with solar PV systems
and BESSs can minimise their energy costs by 4.9%, 15.7%, and 29.8%, respectively, on
average over the course of 24 h. Thus, the more customers invest in renewables, the more
financial returns they attain, although no investment still benefits them, to some extent.
Furthermore, compared with [44], the proposed model resulted in an average reduction of
16.5% in electricity costs, and all types of participants would stand to gain additional profits.

Table 2. An example of the comparative rates between BAU and P2P.

Prosumer Prosumer
PV) (PV + BESS)

BAU vs. LEM 4.9% 15.7% 29.8%

Consumer
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4.4. Energy Suppliers” Improved Daily Margins

The formulated P2P trading-based LEM structure kept the margins of the energy
suppliers above the BAU levels; the comparisons are depicted in Figure 10. This was
because energy suppliers would retain their portions every time P2P transactions were
conducted in the LEM. BESS charging and discharging through peers actually enhanced
energy trading volumes, resulting in increased margins for both energy suppliers. In this
case study, the margins of Energy Supplier-1 and Energy Supplier-2 were improved by
7.4% and 4.5%, respectively. Energy Supplier-1 was the winner, as it had 66.67% more BESS
customers compared with Energy Supplier-2. Hence, the inclusion of BESS in the LEM

improved energy suppliers” margins.
U LEM

w
(9]

(0%}
(e]

N
(9]

N
o

—_
(V)]

—
(=)

Daily margin income (Euro)

S W

BAU LE

Energy Supplier-1 Energy Supplier-2
® Daily fee ® Grid trading LEM P2P trading

M BA

Figure 10. Daily income margin of energy suppliers.

4.5. DSO/TSO’s Increased Daily Income

The DSO/TSO’s daily incomes as per BAU and LEM are presented in Figure 11, which
indicates that the DSO/TSO would receive an additional income of 11 Euro (5.4% more
than usual BAU) through the P2P trading in the LEM. This was caused by an increase in the
energy trading volumes by the peer-facilitated BESS charging and discharging. Although
the daily income of DSO/TSO apparently did not grow much with the introduction of the
LEM, the DSO/TSO could veritably reduce its budget allocated to power grid operation
and maintenance due to the lower export/import to/from the power grid and attain
long-term benefits.

54%

LEM

0 50 100 150 200 250
Daily income (Euro)

ODaily fee @DSO/TSO Income
Figure 11. Daily income margin of DSO/TSO.

4.6. Cost Comparison of Ethereum vs. Polygon Blockchain

The costs associated with the execution of different functions of the smart contracts
in Ethereum and polygon blockchains are demonstrated in Table 3. The cost of operating
a P2P trading-driven LEM on the Ethereum blockchain platform was found to be signif-
icantly higher (around 100% higher) than that of the Polygon blockchain. This was due
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to the fact that the transaction speed of the Ethereum network was much lower (approxi-
mately 15-17 transactions per second) compared with the Polygon network (approximately
65,000 transactions per second). Owing to Ethereum’s low transaction speed, the network
congestion was also high, resulting in higher gas fees. Therefore, Polygon blockchain is
identified as the most suitable platform to accommodate the proposed LEM trading.

Table 3. Transaction cost for executing the smart contract in the LEM.

Cost of Using Blockchain (Euro)

SI# Action Paid by Gas

Ethereum Polygon
1 Smart Contract Admin 3928062 89.55 0.72
Deployment
2 User Register Users 43967 1.00 0.01
3 Bidding Participants 113234 2.58 0.02
4 Calculation Admin 362957 8.27 0.07
5 Billing Admin 101403 2.31 0.02
6 Settlement Admin 59259 1.35 0.01

5. Conclusions

In this paper, a P2P trading-driven LEM mechanism was proposed, and the financial
viability of such a LEM was also analysed. To do so, a blockchain-based platform was
designed for the LEM, in which various end-users, including consumers, prosumers with
solar PVs, and prosumers with solar PVs and BESSs, were facilitated to carry out frequent
P2P energy trading among one another following several technical and operational con-
straints of the LEM that included the system power balance, price constraints, and BESS
functional constraints, guaranteeing the financial interests of the participants and other
stakeholders, such as energy suppliers and the DSO/TSO. The formulated LEM smart
contract was tested on both Ethereum and Polygon blockchains to determine the most
affordable one. Moreover, the overall blockchain-empowered LEM strategy was validated
by performing a German case study where real-world data profiles of several participants,
two energy suppliers, and the DSO/TSO were used. The extensive simulation results were
also compared with the BAU, and the comparative results emphasised the domineering
performance of the proposed LEM trading model.

However, the complexity of current legal and regulatory frameworks, the complexity
of the choice of the correct blockchain, and the understanding of and buying by the
common public present obstacles to the swift adoption of these systems. To pave the
way for decentralised solutions, there is a need to reassess the relevance and necessity of
these regulations and identify and compare the available chains. A potential future study
will be to implement the LEM framework in the Solana blockchain, which is adopted by
companies, such as Powerledger. Decentralised energy systems and the use of tokenisation
in these systems using blockchain have the potential to create more efficient and resilient
energy markets. Additional future work will also include the elaboration of legal and
regulatory frameworks around the decentralisation and tokenisation of energy.
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