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ABSTRACT

An electricity supply smart contract was developed and
demongtrated to perform  pre-time-of-use price
negotiation between demand and generation and post-
time-of-use settlement and payment. The smart contract
was demonstrated with 1000 loads/generators with
usages simulated using lognormal  probability
distributions. It combines payment of deposit, negotiation
of price based on estimates, settlement based on actual
usage and enactment of payments using crypto-currency.
The settlement procedure rewards customers that
adjusted to balance the system. The smart contract was
written in the Solidity programming language and
implemented with a simulated Ethereum blockchain using
testrpc and go-ethereum. In the example test case, a price
was agreed, settled and payment enacted.

INTRODUCTION

Automation of the energy supply role in the GB powe
system will become possible due to the increasing
feasibility of smart contracts and the increasdaigjital
metering across the power system. On the GB system,
energy suppliers act as the interface between comisu
and generators. They are free to negotiate pricés w
generators and compete for customers with other
suppliers. The bulk of the demand-supply balance is
achieved through these negotiations, with the reimgi
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have a common mechanism for definition and enadtmen
They were described by Szabo in 1994 [2], who later
envisaged a mutually trusted virtual computer upon
which smart contracts could run [3]. Implemermtas of
such virtual computers using modern cryptography ar
commonly associated with the label “blockchain
technology”.

Blockchains are data structures (blocks) with
cryptographic links from the present state to the
preceding state. When changes are made to a block
accordance with a set of rules, a new block isterka
Each new block must also contain a cryptographshha
of the previous block. This creates a continuously
growing chain of blocks. In many public blockchaitise
latest block is agreed upon using Proof of WorlPowof

of Stake consensus algorithms.

The growth of blockchain technology for cryptocuncg

is well documented [4]. Recent advances go further
allowing transactions to define smart contracts.eOn
example, Ethereum, includes a blockchain basedbi56-
virtual computer [5] — this allows flexibility indw smart
contracts are defined.

There is worldwide research and implementationvegti
including many start-up companies [6]-[13], in turea

of blockchain based smart contracts for energyesyst
Aitzhan and Svetinovic describe a token based peer
peer system for anonymous negotiation of energy
prices[14] and Horta et al describe work underwaya

short term imbalance managed by the System Operator blockchain based distributed energy market testeays

through the Balancing  Mechanism.  Through
demonstration of automated negotiation, settlenaemt
payment, with reward for system balancing, this kvor
shows the potential for blockchain based smartraotg

to undertake the supplier role.

The intent of the Supplier role, established durthg
market liberalisation of the 1980s and 90s, is thate
Suppliers offering the most competitive offers {@mms

of price and/or generation mix) will tend to sumiv
However, an investigation found that a relativebw|
proportion of consumers change suppliers or nefgotia
(~70% of domestic customers stay on default tar[ffs
There is, therefore, desire to improve the systéhe
advent of implementable Smart Contracts may give
governments and regulators opportunity to redueail
system costs and ensure competitiveness.

Smart contracts are rules for information exchatigs
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[15]. LO3Energy’s Brooklyn microgrid project [16]ak
demonstrated the interaction of electricity metgnimith

a blockchain based smart contract and Ponton cthttree
first blockchain based energy trade in Europe [8].
SolarCoin, a token for reward of solar electricity
generation, has a market capitalisation of ~$6B USD
[17].

METHOD
Example Supplier Smart Contract

A simple supplier smart contract was implementedhen
Ethereum blockchain platform, using a private test It
shows how a set of rules for a price negotiatiod an
settlement, in which all connected users (demardl an
generation) have half hourly metering, are defiaad
enacted. The contract process is shown in Figurasdl
2.
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Figure 1. Process for negotiation phase of supplier smart Figure 2. Process for settlement phase of supplier smart
contract contract
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Users (load/generator connections) are classifisd a
critical or non-critical. Critical users are thosto must
not be disconnected and play no role in price riatjoh.
Non-critical users submit offers (either generation
demand) in Wh with minimum price threshold for the
next hour's usage and only operate if their offer i
accepted. Two mappings of demand offers and geaerat
offers are created, both referenced by offer price.

All critical users submit a predicted usage in Vgh the
hour ahead to the contract. Losses are estimatettheby
network operator (simplified to a single entity).sfstem
wide demand/generation imbalance figure is caledlat
by the contract. If there is excess demand, gedperat
offers are accepted (in order of lowest offer price
highest) until there is excess generation. Conlgerse
there is excess generation, demand offers are &@ctep
order of lowest to highest) until there is excesmdnd.
The contract sends the revised imbalance estiratieet
network operator. The accepted non-critical usees a
paid at their offered price and the accepted ofieesused
to determine the energy price for the critical asersee
final box in Figure 1.

After usage, there is a settlement stage. All usatsnit
their actual metered usage in Wh to the contratic@l
users pay the market price for their usage. Wheezsu
meet their estimate they are rewarded. Where tifésr d
from their estimated use in a way that helps system
imbalance (e.g. where the system operator woul@ hav
call upon emergency generation reserve and thehagker
reduced demand) they are rewarded. Where they

exacerbate system imbalance they are penalised. The

reward payment is calculated according to:

- Auserl X ngers Euser

U U
Zusers Euser + Zusers Auser

H'U.SET X |E‘U.S€T

Ruser -

Equation 1.

where R, is the calculated reward for a given user,
H, ., is a historical performance factor between 0 and 1,
E,c.r IS @ users’ estimated usagk,., is a users’ actual
usage andl is the set of all users.

After all of the rewards have been calculated,sihen of
all rewards is used to attribute penalties to tlevant
accounts:

_ |Euser - Auserl X ngers Ruser

P =
user |ngers Euser - ngers Auserl

Equation 2.
whereP,,., is the calculated penalty for a given user.

This formulation means users that adjust to balance
demand-generation on the system are paid by thse t
unbalance it. The historical performance factdy,, ,
reduces the potential for gaming of the formulatigh
submission of inaccurate estimates.

The smart contract code was written in the Solidity
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programming language [18]. The contract uses the
default value token of the Ethereum platform, ttieele —
ETH. To participate, users must maintain a defosih
which their usage payment is taken (or into whiclyt
are paid).

Supplier Smart Contract Test Case - Negotiation

To test the example smart contract 1000 user atsoun
were generated with a private blockchain simulation
created with testrpc. The first 900 of the usergewe
partitioned into 800 Low Voltage (LV) users, 90 Med
Voltage (MV) and 10 High Voltage (HV). They were
designated as critical and their estimated demamtl a
generation usages where created using Numpy’s [19],
lognormal function with parameters shown in Table 1
The resulting distributions are shown in Figure 3.
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Figure 3. Distributions of 400 LV load and 400 LV (top),
45 MV load and 45 MV generator (middle), 5 HV load
and 5 HV generator estimates (bottom).
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Table 1. Characteristics of smart contract critical user
load and generation estimates.

Description Number | Probability Distribution
Function Parameters
(mean, sigma,
multiplier)

LV Loads 40C 1,1,

LV Generators 40C 1,1,-0.€

MV L oad: 45 1, 1,100000t

MV Generator 45 1, 1,-90000(

HV Load:s 5 1, 1,10000000

HV Generator 5 1, 1,-10000000

For the remaining 100 users, designated as nanatrit
generation offers were made with lognormal function
parameters shown in Table 2. The ETH values dapicte
are not tied to existing GBP to ETH exchange ratés

50 LV generator offers and prices are shown in &gl

-
- - Volume

Offer Price [ETH]
Offered Usage Volume [kWh]

. . . .
0 10 20 30 40
LV Non-Critical Generator

Figure 4. Distribution of LV generation offers volume
and price offers

Table 2. Characteristics of smart contract participant load
and generation - offers from non-critical users.

Description | No. | Offered Price | Offered Volume
Distribution Distribution
Function Function
Parameters Parameters
(mean, sigma, | (mean, sigma,
multiplier) multiplier)

LV Gen. 5C 1,1, U 1,1,-1

MV Gen. 4C 1,1, 1( 1, 1 -100000!

HV Gen. 1C 1,1,10 1, 1,-10000000

The estimates for the 900 critical users and tHer®f
from the 100 non-critical users were submitted He t
smart contract on the testrpc Ethereum blockchath a
the price setting function was called using go-ethm.
Estimated losses of 200 GWh were submitted by a
designated network operator account.

Supplier Smart Contract Test Case - Settlement

Actual usage readings were simulated by multiplytimg
arrays of original estimates by normal distribusion
created by NumPy’s normal function, with parametess
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shown in Table 3. The HV generation and demandegalu
were left unchanged as were all of the accepted non
critical users. Adjusted nominal losses of 190 GWére
submitted by a designated network operator accbhet.
user accounts each submitted an actual usage getdin
the smart contract. Those generators with accegteds
also submitted their usage values. Notional Use of
System (UoS) charges were set at 1ETH per user.

Table 3. Adaptations of critical user LV and MV
estimates to give simulated actual uses

Description Number | Multiplier Function
Parameters
(loc, scale)

LV Loads 40C 1,0.1

LV Generator: 40C 1,0.]

MV Loads 45 1.01

MV Generator 45 1.01

RESULTS

Negotiation

Once all estimates and offers were received bysthart
contract, the market price setting function ran as
described in Figure 1. This resulted in the acoegseof

71 offers from the non-critical generators and akeia
price of 9 ETH per kWh for critical users.

Settlement

The settlement procedure ran as described in Figure
The price paid per kWh for each user is shown gufé

5 (note the UoS charge is not included). In th& tase

as demand exceeded generation in the negotiatiaseph
generation is paid (positive) and demand is chargad
variability in prices paid by the LV users is duethe
increased spread of estimation error (Table 3) ted
reward/penalty being attributed per Wh of error
(Equations 1 and 2). The mean price received by LV
generators is 7.1 ETH/kWh with a range from 10.2.th
ETH/kWh. The mean price paid by LV loads is 10.7
ETH/kWh with a range from 19.3 to 7.0 ETH/kWh. The
mismatch between the load and generation pricés is
part due to the losses (the notional UoS charge was
excluded from these fiqures).
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Figure5. Price per unit energy for each load/generator
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(2]
DISCUSSION

At present, owing to the Proof of Work consensus 3]
algorithm used by the Ethereum blockchain (andrsjhe
any computation performed by the blockchain based
smart contract is expensive compared to the same
computation performed by a single computer. Whilst
proposals to improve efficiency exist, and are péah
careful consideration must be given to what contpria

is done by a contract and what is done outside H#stvh
perhaps retaining a cryptographic root in the @uitr

[4]

[5]

The next stage of this work is to create a setievkd
smart contracts, tied to the topology of the power
network, such that there is clear competition fdr a
services provided to customers including provisfon
system running costs (e.g. losses, stability, ptime),
provision of import/export capacity as well as aenty of
future availability (e.g. planning, maintenance)ilathnot
requiring active consumer engagement. The aim is to
demonstrate a system that provides clear priciggass

to potential innovators and investors at all levels

[6]
[7]

[8]

[9]

[10]
CONCLUSIONS

An energy supplier smart contract for automated [11]
negotiation, settlement and payment, with reward fo
system balancing support was demonstrated. This [12]
indicates potential for blockchain based smart remts

to perform a supply role on the GB power systeme Th
demonstrated smart contract includes reward for [13]
adjusting demand towards system balance with patgmen
taken from those who adjusted away from system
balance. In the example test case, a price wasagre
settled and payment enacted. [14]
Energy supply companies can be viewed as competing
sets of demand-generation negotiation rules. There
opportunity for suppliers to encode these rulesraart
contracts. Consequently, there is a challenge #tesy
regulators to arrange system information flows from
metering (at all voltage levels) to smart contrantsuch

a way that efficacy of competition is maximised.

[15]

ACKNOWLEDGEMENTS

This research was conducted with the support of the [16]
EPSRC HubNet FlexiFund Project - Blockchain based
smart contracts for peer to peer energy tradingguiie

GB smart metering system (EP/N030028/1) and the EU [17]
Horizon 2020 P2P smarTest project. The authors avoul

like to acknowledge and thank the funders. 8]
REFERENCES

(1]

[19]
D. Hough, “Competition and Markets Authority:
Energy Market Investigation,” House of Commons
Library, CBP7543, May 2016.

CIRED 2017

N. Szabo, “Smart Contracts.” [Online]. Availabl
http://virtualschool.edu/mon/Economics/SmartCont
racts.html. [Accessed: 14-Jan-2017].
N. Szabo, “The God Protocols.”
Available:
https://web.archive.org/web/20160306022606/http:
/[szabo.best.vwh.net/msc.html. [Accessed: 14-Jan-
2017].

G. W. Peters, E. Panayi, and A. Chapelle, “Heen

in crypto-currencies and blockchain technologies:
A monetary theory and regulation perspective,”
SSRN 2646618, 2015.

G. Wood, “Ethereum: A secure decentralised
generalised transaction ledgerEthereum Proj.
Yellow Pap., 2014.

“Grid Singularity,” http://gridsingularity.com/#/. .
“Power Ledger.” [Online]. Available:
https://powerledger.io/. [Accessed: 14-Jan-2017].
“Ponton Enerchain Project.” [Online]. Available
http://enerchain.ponton.de/. [Accessed: 14-Jan-
2017].

“Open Energy Exchange.” [Online]. Available:
http://www.oeex.org/en. [Accessed: 14-Jan-2017].
“VoltMarkets.” [Online]. Available:
https://voltmarkets.com. [Accessed: 14-Jan-2017].
“SunExchange,” 14-Jan-2017. [Online]. Availabl
https://thesunexchange.com/.

[Online].

“Co-Tricity.” [Online]. Available: https://co-

tricity.com/en/about-co-tricity/. [Accessed: 14-Jan
2017].

“Electron.” [Online]. Available:

http://www.electron.org.uk/. [Accessed: 14-Jan-
2017].

N. Zhumabekuly Aitzhan and D. Svetinovic,
“Security and Privacy in Decentralized Energy
Trading through Multi-signatures, Blockchain and
Anonymous Messaging Streamsl|EEE Trans.
Dependable Secure Comput., pp. 1-1, 2016.

J. Horta, D. Kofman, and D. Menga, “Novel
paradigms for advanced distribution grid energy
management,” 2016. [Online].  Available:
http://www.the-
blockchain.com/docs/Novel%20paradigms%20for
%20advanced%20distribution%20grid%20energy
%20management.pdf. [Accessed: 14-Jan-2017].

“Brooklyn  MicroGrid.” [Online]. Available:
http://brooklynmicrogrid.com/.  [Accessed: 14-
May-2017].
“SolarCoin.” [Online]. Available:
https://solarcoin.org/en/front-page/. [Accessed: 17
Jan-2017].

“Lee Thomas Github Profile.” [Online]. Availé
https://github.com/4c656554.

S. Van Der Walt, S. C. Colbert, and G. Varagua
“The NumPy array: a structure for efficient
numerical computation,Comput. <ci. Eng., vol.
13, no. 2, pp. 22-30, 2011.

5/5



