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ABSTRACT Peer-to-peer electricity markets allow small producers and consumers of energy to trade
directly. Energy imbalances, the difference between predicted and actual supply or demand for energy, may
be higher in peer-to-peer markets than in traditional markets. High energy imbalances could increase the
total cost of the electricity system, both inside and outside the peer-to-peer market, because the system
operator must take expensive corrective actions at short notice. This paper examines the effect of imbalance
charges on peer-to-peer electricity markets. A new symmetric imbalance charge mechanism is proposed
which penalises market participants irrespective of the direction of their energy imbalance. The symmetric
imbalance charge mechanism provides a financial incentive for peer-to-peer market participants to reduce
their energy imbalances. For illustrative purposes, this paper uses a simulation to show that the current
imbalance charge mechanism in Great Britain does not provide a financial incentive for peer-to-peer market
participants to reduce their energy imbalances. The imbalance charge is close to zero under the current British
imbalance charge mechanism when averaged over hundreds of settlement periods or more. When subject to
the symmetric imbalance charge mechanism, the simulation shows that peer-to-peer market participants are
given a strong financial incentive to reduce their energy imbalances. Finally, this paper discussed how the
symmetric imbalance charge mechanism could be implemented only within the bounds of a peer-to-peer
market, or within the whole electricity system.

INDEX TERMS Electricity market, energy imbalance, energy market, imbalance charge, imbalance price,
peer-to-peer.

I. INTRODUCTION
Distributed generation is becoming a ubiquitous part of elec-
tricity systems. For example, the total installed capacity of
distributed solar photovoltaic (PV) generation with an indi-
vidual installed capacity of 5 MW or less per installation
in Great Britain increased from 16 MW in January 2010 to
7,362 MW in January 2021 [1]. Feed-in tariff schemes are
often the only way distributed generators can be compen-
sated for exporting energy. For example, in Great Britain
the Smart Export Guarantee scheme is the only revenue
stream for distributed generators with a capacity less than
5 MW [2]. Peer-to-peer (P2P) electricity markets offer an
alternative by allowing distributed generators to sell directly
to consumers, without the need for an intermediary such as an
energy supplier. Direct sale of electricity between distributed
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generators and consumers represents a significant change
in how electricity markets function. The current codes and
standards which govern electricity markets will not neces-
sarily be appropriate for P2P markets. This paper proposes
a symmetric imbalance charge mechanism which provides
P2P electricity market participants with a financial incentive
to minimise their energy imbalances. To demonstrate the
effectiveness of the symmetric imbalance charge mechanism,
it is contrasted with the current British imbalance charge
mechanism.

A. ENERGY IMBALANCES AND IMBALANCE CHARGES
In liberalised electricity markets, such as those found in
Britain and much of Europe, competitive wholesale market
trading is followed by a monopolistic balancing mechanism
run by a system operator to ensure energy supply and demand
are matched [3]–[5]. Trading in the wholesale market is
based on market participants’ predictions of their supply
and demand for energy. Errors in these forecasts, known as
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energy imbalances, are corrected by the system operator in
the balancing mechanism.

Imbalance charges compensate the system operator for
their costs in the balancing mechanism [3]. Imbalance
charges are paid bymarket participants to the system operator
in proportion to their energy imbalance.

Different regulatory regimes place balancing responsibility
on different parties. In Britain and much of Europe, balancing
responsibility is placed on individual market participants,
by requiring them to balance their position in wholesale mar-
kets as far as possible [3]–[5]. In other regulatory regimes the
system operator manages the cumulative energy imbalances
of all market participants, which will be lower than the sum of
the magnitude of individual imbalances, e.g. the PJM region
of the USA [6]. It is debatable which balancing mechanism
design is most efficient. In this paper we assume that we are
in a regulatory regime that places balancing responsibility
on market participants. That is the case for Great Britain,
used in our comparative case study. Section II provides a full
description of imbalance charges in Great Britain.

B. ENERGY IMBALANCES IN PEER-TO-PEER
ELECTRICITY MARKETS
Peer-to-peer electricity markets are likely to exist, at least
initially, as sub-elements of traditional electricity markets.
The most developed P2P market models are relatively small
markets that only contain small energy producers and con-
sumers [7]. Peer-to-peer markets in this form cannot supplant
traditional markets. Therefore, it is likely that P2P markets
will be subject to the codes that govern traditional electricity
markets, including those concerning balancing responsibility.

Existing P2P market literature focuses on optimising the
internal working of P2P markets [8]. While this work is
valuable, if P2P markets are to exist the internal design
of the markets must account for the regulations to which
they are subject. The regulations must also account for P2P
markets [9]. Literature which compares the profitability of
traditional and P2P electricity markets finds that participants
are more profitable in P2P markets [10]–[12]. However, most
of the literature examining P2P electricity market design
assumes participants can accurately predict their supply and
demand for energy [12]–[17]. In reality this is unlikely to be
the case [18], [19]. Therefore, P2Pmarket participants will be
subject to imbalance charges. When taking the retail market
price and feed-in tariff, market participants are not subject to
imbalance charges. The additional cost of imbalance charges
is neglected by the cost models in the current literature. This
means that profitability in real-world P2P markets is likely to
be lower than modelled in the current literature.

Pilot projects of P2P markets tend to be run in regulatory
sandboxes [20]. These sandboxes exempt the pilot projects
from much of the regulation of electricity markets, including
imbalance charges [21]. Therefore, pilot projects have not
provided evidence of the energy imbalance which could be
expected from P2P markets, or of how imbalance charges
would affect P2P markets.

A recent set of P2P market literature has examined how
energy imbalances in P2Pmarket could beminimised through
optimal scheduling of flexible resources [11], [22]–[29],
or the use of real-time markets [30]–[34]. However, these
markets do not completely eliminate energy imbalances and
therefore an imbalance charge mechanism would still be
required. The symmetric imbalance charge proposed in this
paper would complement P2P market designs which min-
imise energy imbalances by providing an external financial
incentive to market participants who reduce their energy
imbalances.

C. OUR CONTRIBUTION
Many current imbalance charge mechanisms, including the
one in Britain, are audit and fines based [35]. These imbal-
ance charge mechanisms do not provide a direct financial
incentive for market participants to minimise their energy
imbalances, but fine participants who do not [36]. While
this audit and fines system is workable for the relatively
small number of market participants which exist in current
wholesale energy markets, even relatively small P2P markets
could dramatically increase the number of balance respon-
sible parties [37]. This dramatic increase in the number of
balance responsible parties which could accompany the intro-
duction of P2P energy markets necessitates a rethink of how
market participants are incentivised to minimise their energy
imbalances.

In this paper we propose a symmetric imbalance charge
mechanism which provides a financial incentive for mar-
ket participants to minimise their energy imbalances. This
financial incentive removes the need for an audit and fines
based enforcement system and is therefore more appropriate
for the large numbers of balance responsible parties which
can be expected with the advent of P2P energy markets.
The symmetric imbalance charge mechanism proposed in
this paper differs from the current British imbalance charge
mechanism [3], and others discussed in recent academic
literature [38] in that market participants are charged the
imbalance charge irrespective of the direction of their energy
imbalance. This provides a strong financial incentive for mar-
ket participants to minimise their energy imbalances. A full
description of the symmetric imbalance charge mechanism is
provided in Section III.
We present a Monte Carlo simulation of households with

PV acting in a P2P energy market to demonstrate the con-
trast in financial incentives between our proposed symmet-
ric imbalance charge mechanism, and the current British
imbalance charge mechanism. This simulation shows that
the imbalance charge is a significant proportion of profit
in P2P markets when energy imbalances are high, but falls
significantly when energy imbalances are reduced. This sig-
nificant change in imbalance charges proportionate to energy
imbalances shows that P2P market models must consider
energy imbalances in their market costs.

Previous literature has shown that if P2P market partici-
pants were subject to imbalance charge mechanisms such as
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the one which exists in Britain today, they could game the sys-
tem to financially benefit from the imbalance price [39]–[42],
described as malicious behaviour throughout the remainder
of this paper. We model two types of malicious behaviour
in our Monte Carlo simulation and demonstrate that market
participants cannot benefit by gaming our proposed symmet-
ric imbalance charge mechanism. This inability to game the
system is important as it further removes the need for an audit
based enforcement system of balancing responsibility.

The rest of the paper is structured as follows. Section II
provides a mathematical derivation of imbalance charges as
they currently exist in Great Britain. Section III provides a
mathematical derivation of the symmetric imbalance charge
mechanism. Section IV provides detail of the methodology
and data used. SectionV provides the results of ourmodel and
analysis of the results. Finally, Section VI provides conclud-
ing remarks. Additional supporting results data are provided
in Appendix A.

II. IMBALANCE CHARGES IN GREAT BRITAIN
In Great Britain, imbalance charges are governed by the
Balancing and Settlement Code (BSC) [3]. BSC parties
are responsible for predicting their supply and demand for
energy, and putting contracts in place to buy or sell excess
energy. After gate closure, the system operator takes over
responsibility for balancing supply and demand for energy.

The system operator, National Grid ESO in Britain, uses
the balancing mechanism to keep the supply and demand
for energy in balance during the settlement period. Genera-
tors and demand response operators acting in the balancing
market submit bids and offers to increase or reduce their
supply or demand for energy during a settlement period. Bids
to increase supply or reduce demand have a positive price,
i.e. the system operator must pay. Offers to reduce supply
or increase demand have a negative price, i.e. the system
operator will be paid. Bids and offers are selected by the sys-
tem operator through merit ordering. The system operator’s
energy balancing costs are covered by an imbalance price
paid by BSC parties proportionate to their energy imbalance.

The imbalance price, λkimb, for a settlement period, k , is set
at the marginal cost of the balancing mechanism [35]. The
imbalance price is therefore the price of the most expensive
balancing action, bm, from the set of balancing actions during
that settlement period, BM . This incentivises BSC parties to
take all actions to reduce energy imbalances which cost less
than it would cost the system operator. This idea, that the party
who can take the balancing action for the lowest cost should
take it, minimises the total system cost.

λkimb = max
bm∈BM

{
λkbm

}
(1)

The imbalance price is normally positive, although it can
be negative [43]. If all balancing mechanism actions the
system operator has ordered during a settlement periods are
reductions in supply or increases in demand then the cost of
the marginal balancing mechanism action might be negative.

Market participants responsible for energy imbalances
(BSC parties) must submit the amount of energy they have
bought or sold for a settlement period to the system operator
before the beginning of that settlement period, a point called
gate closure [35]. This submission by a market participant, i,
is the final notification volume, E i,kfnv . The energy imbalance,

E i,kimb, is the difference between the final notification volume,

E i,kfnv , and net exported energy, E i,kexp. The final notification

volume, E i,kfnv , and net exported energy, E i,kexp are both positive
for export and negative for import. The energy imbalance,
E i,kimb, is positive when the market participant exports too little
or imports too much energy, and negative if they export too
much or import too little energy.

E i,kimb = E i,kfnv − E
i,k
exp (2)

The imbalance charge incurred by a BSC party during a
settlement period, C i,k

imb, is the energy imbalance of that BSC
party during the settlement period, E i,kimb, multiplied by the
imbalance price, λkimb. Figure 1 shows a timeline of energy
trading in Great Britain.

C i,k
imb = E i,kimbλ

k
imb (3)

The imbalance charge,C i,k
imb, is positivewhen aBSC party’s

energy imbalance, E i,kimb, is in the same direction as the imbal-
ance of the whole grid. If the whole grid has a deficit of
energy the system operator must pay generators to increase
their supply of energy, or pay loads to reduce their demand.
Therefore the imbalance price, λkimb, will be positive. BSC
parties who have a deficit of energy during a settlement period
have a positive energy imbalance, E i,kimb. These BSC parties
will receive a positive imbalance charge. Conversely, if a BSC
party has an imbalance in the opposite direction to the whole
grid, they will have a negative imbalance charge, paid by the
system operator to the BSC party.

The system operator’s revenue, RkSO, is based on the net
energy imbalance. There is a single imbalance price for each
settlement period. Any BSC parties who have an energy
imbalance in the opposite direction to the whole grid will
be paid the imbalance charge. Therefore, the system operator
will only receive the imbalance charge proportionate to the
net imbalance in the system. So, from equations 1 and 3 the
system operator’s revenue is the sum of the imbalance charges
over the set of market participants, I .

RkSO =
∑
i∈I

C i,k
imb (4)

=

∑
i∈I

E i,kimb · max
bm∈BM

{
λkbm

}
(5)

The principle of paying BSC parties who have an imbal-
ance in the opposite direction to the whole grid is based on
the idea that their imbalance is beneficial and therefore they
should be compensated. Although these BSC parties have
provided a service to the grid, they did not do so intentionally.
Balancing market participants who adjust their supply and
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FIGURE 1. Timeline of energy trading in Great Britain.

demand at the request of the system operator to balance the
grid are compensated separately.

III. SYMMETRIC IMBALANCE CHARGE MECHANISM
To encourage P2P electricity trading, we propose a new
method for calculating imbalance charges. This symmetric
imbalance charge penalises all energy imbalances, irrespec-
tive of whether they are in the same direction as the imbalance
of the whole grid. Where the purpose of many current imbal-
ance charge mechanisms is to recuperate energy balancing
costs, the symmetric imbalance charge also aims to provide
an incentive for parties to reduce their level of imbalance.
This financial incentive is provided through the imbalance
price, without the need for a separate levy. We specify three
criteria which any new imbalance charge mechanism must
meet to be compatible with P2P electricity markets:

1) The total imbalance charge must equal or exceed the
energy balancing costs of the system operator: The
imbalance charge is the only mechanism by which
the system operator is compensated for their energy
balancing service. Therefore it is important that any
change to the imbalance charge maintains the system
operator’s revenue.

2) The imbalance charge must provide an incentive for
P2P market participants to reduce their energy imbal-
ance: Implementing measures to reduce energy imbal-
ance is expensive. For example P2Pmarket participants
could install energy storage or flexible loads. Therefore
a financial incentive must be provided.

3) The imbalance charge must be low enough that a P2P
market is beneficial over a traditional electricity mar-
ket: If imbalance charges are high enough to eliminate
profits in P2P electricity markets, then participants will
revert to traditional energy markets.

The P2P market price is effectively bounded by the retail
market price, charged by energy suppliers, and the feed-in
tariff. If the P2P market price is above the retail market price
for a sustained period, market participants will switch to
purchasing energy from the retail market. If the P2P market

price falls below the feed-in tariff, market participants will
switch to selling energy through the feed-in tariff. Market
participants must be able to agree to a price within this range
that is beneficial to both the buyer and seller.

If the imbalance charge is larger than the difference
between the retail market price and the feed-in tariff, it will
prevent P2P markets from being possible. For simple P2P
markets which only trade energy, the P2P market may still
function with a single price. However, P2P markets which
use dynamic pricing to balance supply and demand of energy
form the bulk of the current literature [13]–[16], [44].Markets
with dynamic pricing may require a wider band of allowable
market prices. The size of imbalance charge which would
prevent P2P markets from functioning therefore depends on
the aim and design of the market.

Under the symmetric imbalance charge mechanism, mar-
ket participants would be charged the imbalance price, λkimb,
irrespective of whether their energy imbalance is in the same
direction as the whole grid. The imbalance price has a lower
bound of the highest market price for that settlement period.
This combination of always charging the imbalance charge,
and the imbalance price always being equal to or above the
highest market price prevents market participants gaming
the imbalance system for their benefit, as discussed further
in Section III-B.

C i,k
imb =


∣∣∣E i,kimb∣∣∣ · λkimb, if λkimb ≥ max

{
λ
i,k
P2P

}
∣∣∣E i,kimb∣∣∣ ·max

{
λkP2P

}
, if λkimb < max

{
λ
i,k
P2P

} (6)

Under current imbalance charge mechanisms, the sys-
tem operator’s revenue is based on the net energy imbal-
ance. Under the symmetric imbalance charge mechanism
the system operator’s revenue is based on gross imbalance.
Therefore the imbalance price, λimb, can be reduced while
maintaining the system operator’s revenue. Section II pro-
vides a derivation of the system operator’s revenue under the
current British imbalance charge mechanism. The revenue of
the system operator under the symmetric imbalance charge
mechanism is the sum of the imbalance charges. Note for
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equations 7 through 12 only we use subscript ‘sym’ when
refer to the symmetric imbalance charge mechanism and
‘cur’ when referring to the current British imbalance charge
mechanism.

RkSO,sym =
∑
i∈I

(
∣∣∣E i,kimb∣∣∣ · λkimb,sym) (7)

The aim is to calculate the imbalance price at which the
system operator’s revenue is maintained. Therefore equating
the system operator’s revenue under the current imbalance
chargemechanism from equation 5with the system operator’s
revenue under the symmetric imbalance charge mechanism
from equation 7. . .∑

i∈I

E i,kimb · max
bm∈BM

{
λkbm

}
=

∑
i∈I

(
∣∣∣E i,kimb∣∣∣ · λkimb,sym) (8)

Substituting in equation 1. . .∑
i∈I

E i,kimb · λ
k
imb,cur =

∑
i∈I

∣∣∣E i,kimb∣∣∣ · λkimb,sym (9)

Defining the ratio of imbalance price under the symmetric
mechanism to the imbalance price under the current British
imbalance charge mechanism as α. . .

λkimb,sym = α · λ
k
imb,cur (10)

Therefore, substituting equation 10 into 9. . .∑
i∈I

E i,kimb · λ
k
imb,cur =

∑
i∈I

∣∣∣E i,kimb∣∣∣ · α · λkimb,cur (11)

α =

∑
i∈I E

i,k
imb∑

i∈I

∣∣∣E i,kimb∣∣∣ (12)

Since
∑

i∈I

∣∣∣E i,kimb∣∣∣ ≥∑i∈I E
i,k
imb, the imbalance price, λkimb,

under the symmetric mechanism will always be less than
or equal to the price under the current British imbalance
charge mechanism. These calculations assume that the bids
and offers in the balancingmarket remain the same under both
mechanisms.

A. NET BENEFIT OF A PEER-TO-PEER MARKET
To determine if market participants are better off in a P2P
market or a traditional energy market, the profit of a market
participant is derived. The profit of a P2P market participant,
π iP2P, is the net energy exported during a settlement period,
E i,kexp, multiplied by the price the energy is sold for in that
period, λkP2P, minus any imbalance charges incurred during
that period, C i,k

imb, summed for the set of settlement period in
question, K .

π iP2P =
∑
k∈K

(E i,kexpλ
k
P2P − C

i,k
imb) (13)

The profit of a participant in a traditional electricitymarket,
π itrad , is the net exported energy, E

i,k
exp, multiplied by the feed-

in tariff, λFIT , if the net exported energy is positive. The
profit is the net exported energy, E i,kexp, multiplied by the retail

market price, λtrad , if the net exported energy is negative
(i.e. a net import of energy). The net exported energy, E i,kexp,
is the energy generation minus demand during that settlement
period.

π itrad =

{
E i,kexpλFIT , if E i,kexp > 0
E i,kexpλtrad , if E i,kexp < 0

(14)

B. MALICIOUS BEHAVIOUR
The method of calculating imbalance charges in the British
BSC (see Section II) allows market participants to inten-
tionally adjust their energy market position to benefit from
imbalance charges. These actions are not beneficial to the
market participant under the proposed symmetric imbalance
chargemechanism. This section introduces two types of mali-
cious behaviour and shows that they are beneficial to the
market participant under the current British imbalance charge
mechanism, but not under the symmetric imbalance charge
mechanism.

1) PURCHASING MORE ENERGY THAN REQUIRED
The imbalance price is normally above the P2P market price,
λkimb > λkP2P, based on historic data [43]. When under the
current British imbalance charge mechanism participants are
paid the imbalance price for excess energy. Therefore, if the
market participant intentionally creates a long position in the
market by purchasing more energy than they predict they will
need, or not selling energy they predict they will generate
they will be paid the imbalance price for this energy during
settlement. Since the imbalance price is normally above the
market price they will, on average, financially benefit from
this action.

Acting maliciously in this manner is low effort for the
market participants. They do not need tomake any predictions
of the market prices in order to benefit from this strategy.
However, if the market participants are able to predict the
market price and imbalance price, then they can gain greater
financial benefit by using this information.

The symmetric imbalance charge mechanism prevents
market participants from acting maliciously in this manner.
Under the symmetric imbalance charge mechanism partic-
ipants are penalised irrespective of the direction of their
imbalance. Therefore, participants will be penalised for a
long market position.

2) ADJUSTING POSITION BASED ON IMBALANCE
PRICE PREDICTION
If the imbalance price is below the market price during a
settlement period, λkimb < λkP2P, market participants can ben-
efit under the current British imbalance charge mechanism
by creating a short position. Market participants could sell
more energy than they anticipate generating, or buy less than
they anticipate demanding in the P2P market. The market
participant will be forced to purchase this deficit in energy
at the imbalance price during settlement. However, if the
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imbalance price is below the market price, then they will be
better off.

Acting maliciously in this manner is higher effort than the
manner described in Section III-B1. The imbalance price is
normally above the market price. Market participants must be
able to predict the settlement periods in which the imbalance
price will fall below the market price in order to profitably act
on this strategy. If they can accurately predict the imbalance
price, they could combine both strategies depending on the
relative level of imbalance and market prices.

The symmetric imbalance charge prevents this behaviour
by putting a lower bound on the imbalance price at the P2P
market price. If the imbalance price never falls below the
market price then acting maliciously in this manner is never
financially beneficial.

IV. METHODS AND DATA
To demonstrate the symmetric imbalance charge mechanism
we present a Monte Carlo simulation of households with PV
acting in a P2P electricity market. We subject the house-
holds to the symmetric imbalance charge mechanism and
for comparison also to the current British imbalance charge
mechanism. In this section we present the datasets we have
used, followed by the method of analysis and finally the key
assumptions.

A. INPUT DATA
We have used three datasets in our modelling, covering
household demand, rooftop PV generation and imbalance
prices.

1) HOUSEHOLD DEMAND
The UK Power Networks’ SmartMeter Energy Consumption
Data in London Households dataset [45] contains demand
data from 5,567 households in London, UK. The data
was collected between November 2011 and February 2014.
The length of data collection varies for each household.
We extracted 1,192 year long datasets which do not contain
any missing data points. The datasets contain the energy
consumed during each half-hour settlement period for one
year. The maximum demand of the households varied from
0.022 kW to 18.282 kW across the different datasets. During
each model run one of the 1,192 demand datasets was ran-
domly selected.

2) ROOFTOP PV GENERATION
The UK Power Networks’ Photovoltaic (PV) Solar Panel
EnergyGeneration dataset [46] contains data from six rooftop
PV installation in South East England. The data was collected
between July 2013 and November 2014. The data from June
to November 2014 is provided in 10 minute intervals. The
data prior to June 2014 is provided as hourly minima and
maxima. We have created six year-long datasets with a half-
hour temporal resolution. The datasets contain energy gener-
ated by the PV installation during each half-hour settlement
period for one year. Where available we have summed the

10 minute resolution data into 30 minute periods. For the
periods where 10 minute resolution data was not available
we have used the hourly data. We have taken a random value
from a uniform distribution bounded by the minimum and
maximum recorded value for that hour. The installed capacity
of the PV installations ranged from 0.444 kW to 3.965 kW.

We used the European Commission’s PV-GIS system [47]
to calculate the theoretical difference in generation between
a PV installation in the most Northerly and Southerly loca-
tion. The difference is less than 4%, much smaller than the
difference due to the variation in installed capacity between
the installations. The largest PV installation in the dataset is
almost nine times the size of the smallest. Therefore, it is
reasonable to use data from the different PV installation in
the same P2P market in the model. During each model run
one of the 6 generation datasets was randomly selected.

3) IMBALANCE PRICES
We have used imbalance prices from 2019 and 2020 in Great
Britain. The data was collected from the Elexon Data Por-
tal [43]. The two datasets contain the British imbalance price
for each half hour settlement period in the year. During each
model run one of the 2 imbalance price datasets was randomly
selected. Imbalance prices from before 2019 were not used
because the way the imbalance price was calculated in Great
Britain changed at the end of 2018 [48].

4) PEER-TO-PEER MARKET PRICE
The P2P market price is bounded by the retail market price
and the feed-in tariff. The mean standard variable tariff in
Great Britain, 14.4 p/kWh [49], is the upper bound of the
P2P market price. The highest feed-in tariff (Smart Export
Guarantee) price, 5.6 p/kWh [50], is the lower bound of the
P2P market price. These values have been chosen because
they were the values published. During each model run either
14.4 p/kWh or 5.6 p/kWh is randomly selected as the P2P
market price. Hence, the prices tested in this model are the
maximum and minimum possible P2P market prices.

B. MODEL
We use a Monte Carlo simulation [51], [52] to examine the
effect of imbalance charge design on the profitability of a
household in a P2P electricitymarket. Themodel is of a single
household with load and a rooftop PV installation trading in
a P2P electricity market. The load and generation profiles are
randomly allocated at the beginning of the model run. See
Sections IV-A1 and IV-A2 for more details about the datasets.
We assume that the household is responsible for their energy
imbalances. Therefore, the household will be penalised for
any energy imbalances they incur.

The aim of this model is to identify the range of imbalance
charges and profits which are feasible under both the sym-
metric imbalance charge mechanism and the current British
imbalance charge mechanism for comparison. The purpose
of this model is to test the effectiveness of the symmet-
ric imbalance charge mechanism in providing a financial
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incentive to minimise energy imbalances. This model does
not optimise the behaviour of the market participants subject
to the imbalance charges. Optimal scheduling of resources
to minimise energy imbalances is the subject of other
works [11], [22]–[34].

The household acts in a P2P market which is sufficiently
large that it can accommodate all their supply and demand for
energy during every settlement period. It is assumed that all
excess supply from the household is sold at the market price
and that all excess demand is purchased at the market price.
The rest of the P2P market is not explicitly modelled. This
assumption is discussed further in Section IV-C.

The model has a settlement period of 30 minutes and gate
closure is one hour before the start of the settlement period.
The length of settlement period and gate closure are those
currently used in Great Britain. At gate closure the household
estimates their supply or demand of energy for the settlement
period. The P2P market is an hour ahead futures market to
conform with the gate closure requirement. The household’s
estimated supply or demand of energy is bought or sold in the
P2P market. Any difference between the estimated supply or
demand and the actual supply or demand for energy during
the settlement period is an energy imbalance. The household
is penalised for energy imbalances according to the imbalance
charge mechanism.

The household estimates their supply and demand for
energy using a simple moving average with a backward win-
dow of one. A simple moving average is a computationally
simple estimation method that would be easy to implement.
It is likely that more sophisticated and accurate estimation
methods would be used in a real P2P market. The aim of
using a simple moving average in this model is that it is the
worst estimate of supply and demand that a household could
credibly make.

Simple moving average backward windows of one, 2, 3, 4,
5, 7 and 10 were tested. The backward window determines
how many previous periods the simple moving average aver-
ages over. A backward window of one gives the best estimate
of energy supply and demand using a simple moving average.

The µpred parameter replicates improvements in the pre-
diction of energy supply and demand. We test a uniform
distribution of µpred between zero and 1 in steps of 0.1.
A µpred value of one is equivalent to the simple moving
average estimate. Smaller values of µpred reduce energy
imbalances, mimicking installation of storage or flexible load
which can dynamically adjust its demand or supply to meet
the prediction, or trading within the P2P market to net-off
imbalances.

The household is subject to one of two imbalance charge
mechanisms: either the symmetric imbalance charge mecha-
nism (Equation 6), or the current British imbalance charge
mechanism (Equation 3). When subject to the symmetric
imbalance charge mechanism, the imbalance price coeffi-
cient, µimb, is selected from a uniform distribution between
zero and 1 in steps of 0.1. The imbalance price coefficient
reduces the imbalance price from today’s level, mimicking

a reduction to maintain the system operators revenue (see
Equation 12). The imbalance charge mechanism and imbal-
ance price coefficient are constant during each model run.

The household can either act honestly or maliciously in the
model (see Section III-B). If the household acts honestly, they
buy or sell their estimated supply or demand for energy in the
futures market. If the household acts maliciously, they adjust
their futures market position in an attempt to financially
benefit from the imbalance charge. Two types of malicious
behaviour are modelled.

Under the first type of malicious behaviour
(Section III-B1), a household reduces their estimated export
of energy by 50% if it is positive, and increase it by 50% if
it is negative. These changes to the final notification volume
make households acting maliciously more likely to have a
negative energy imbalance.

Under the second type of malicious behaviour
(Section III-B2), the household predicts the relative levels of
market price and imbalance price. If the imbalance price is
above the market price the household reduces their estimated
export of energy by 50% if it is positive, and increases it
by 50% if it is negative. If the imbalance price is below the
market price the household increases their estimated export
of energy by 50% if it is positive, and reduces it by 50% if it
is negative. In the model there is a 60% chance a household
will decide to act honestly, and a 20% chance they will choose
each of the malicious behaviours.

The choice to change final notification volumes by 50%
in these models of malicious behaviour has been selected by
the authors for illustrative purposes and does not constitute a
threshold value. The same effect can be observed to a greater
or lesser extent at any percentage change. When designing
this model a variety of percentage changes were tried and
the value of 50% has been presented in this paper because
the effect is visible on small graphs. The actual percentage
changes used by market participants acting maliciously in
reality would be a trade-off between maximising their gain
while trying to avoid detection.

For this Monte Carlo simulation, 10,000 model runs were
performed. Each run was 10,000 settlement periods long,
equivalent to 208.3 days. Algorithm 1 shows pseudo-code of
the model.

C. ASSUMPTIONS
In the course of building the model, four important assump-
tions have been made.

1) EACH HOUSEHOLD IS LIABLE FOR THEIR
ENERGY IMBALANCES
This means that each household must notify the system oper-
ator of their supply or demand for energy an hour before the
settlement period. They must accept any imbalance charges
due to deviation from that final notification volume. In tra-
ditional energy markets, energy suppliers are responsible for
energy imbalances on behalf of households.
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There are two ways individual households might become
liable for their energy imbalances in P2P markets. Firstly,
every household in a P2P market could become a BSC party.
This would be a significant change from the current system,
but has been suggested in some literature [38], [53]. Secondly,
a market operator could act as the BSC party for the whole
P2P market, but directly pass the imbalance charges onto
the market participants. This arrangement may be possible
under the Virtual Power Plant provision in the BSC [3]. The
results of this model are not affected by the method in which
imbalance charges are passed to households.

Algorithm 1 Imbalance Charge Model Pseudo Code

Initialise model
select randomly
Demand profile ∈ set of 1192
Generation profile ∈ set of 6
Imbalance price profile ∈ set of 2
λP2P ∈ {5.6, 14.4} p/kWh
µpred ∈ 0 ≤ µpred ≤ 1, step 0.1
µimb ∈ 0 ≤ µimb ≤ 1.1, step 0.1
µmal ∈ {1, 1, 1, 2, 3}

Run model
for k = 1 to 10000

Calculate exported energy.
Ekexp = Ekgen − E

k
dem

Calculate futures market position. The predicted
energy export is the energy exported in the settle-
ment period immediately prior to gate closure with
the error reduced depending on µpred .
Ekpred = Ekexp + µpred (E

k−3
exp − E

k
exp)

if µmal = 1
If the household is acting honestly then they
will trade their predicted export in the P2P
market.
EkP2P = Ekpred

else if µmal = 2
If the household is acting maliciously by just
increasing their predicted export then:
if Ekpred > 0

EkP2P = Ekpred · 1.5
else

EkP2P = Ekpred · 0.5
else

If the household is acting maliciously by
adjusting the market position based on a pre-
diction of the relative levels of the market and
imbalance prices then:
if λkimb > λkP2P & Ekpred > 0

EkP2P = Ekpred · 1.5
else if λkimb > λkP2P & Ekpred < 0

EkP2P = Ekpred · 0.5

else if λkimb < λkP2P & Ekpred > 0
EkP2P = Ekpred · 0.5

else if λkimb < λkP2P & Ekpred < 0
EkP2P = Ekpred · 1.5

else
EkP2P = Ekpred

Calculate the profit from the traditional market.
if Ekexp > 0

πktrad = Ekexp λFIT
else

πktrad = Ekexp λtrad
Calculate the energy imbalance.
Ekimb = EkP2P − E

k
exp

If µimb = 1.1 the current British imbalance charge
mechanism is used. If 0 6 µimb 6 1 the symmetric
imbalance charge mechanism is used.
if µimb = 1.1

Ck
imb = Ekimb λ

k
imb

else
if λkimb < λP2P

If the imbalance price is lower than the P2P
market price the imbalance price will be set
at the market price.
λkimb = λP2P

Ck
imb = |E

k
imb| λ

k
imb µimb

Calculate the additional profit from the P2P mar-
ket.
RkP2P = EkP2P λP2P
πkP2P = RkP2P − C

k
imb

P2P market additional profit = πkP2P − π
k
trad

2) THE HOUSEHOLD CAN BUY OR SELL ALL THEIR EXCESS
ENERGY IN THE P2P MARKET
The model assumes that there is sufficient demand in the P2P
market to purchase all excess energy the household has, and
there is sufficient supply tomeet all the demand the household
has. This means that the household can always sell all their
excess energy and they can always buy all the energy they
need to meet a deficit. In a real P2P market it is unlikely that
supply and demand for energywould perfectly balance during
every settlement period as assumed in this model.

In the current literature, some P2P market models aim
to perfectly balance energy supply and demand within the
market [11], [54], [55], as assumed in this paper, but many
assume that the traditional energy market acts as a supplier of
last resort [13]–[16]. In the case that the household purchases
energy from the retail market, they are likely to pay the retail
market price, which is higher than the P2Pmarket price. In the
case that the household cannot sell their energy in the P2P
market, they may be able to sell it at the feed-in tariff which
is lower than the P2P market price, or they may not be able
to sell it at all. It is therefore possible that the revenue of
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a household in a real P2P market will be lower than in the
model in this paper.

3) THE ENERGY IMBALANCE OF THE P2P MARKET DOES
NOT AFFECT THE IMBALANCE PRICE
Themodel assumes there is no correlation between the house-
hold’s energy imbalance and the imbalance price. If P2P
markets form only a small proportion of the total supply and
demand in the electricity system, there will be little or no
correlation between the energy imbalance of the household
in the P2P market and the imbalance price. If the network
energy imbalance is correlated with the P2P market energy
imbalance, the imbalance charge will become correlated with
the energy imbalance of the household.

Errors in widely used forecasts could also lead to energy
imbalances correlating with the imbalance price. If a large
proportion of a country’s energy market participants are
relying on the same weather forecast, which is inaccurate,
then they are likely to have energy imbalances in the same
direction. This error could lead to a correlation between a
national imbalance price and energy imbalance in a small P2P
market. We do not consider this correlation in this paper.

4) THE P2P MARKET PRICE IS NOT ADJUSTED FOR
NON-ENERGY COSTS
The P2P market price in the model is based on the cur-
rent electricity market prices in Great Britain. These prices
include system operator and network operator fees, including
the imbalance charge. In Britain network charges account for
22% of an average customer bill, and operating costs account
for 17% [56]. Operating costs include imbalance charges and
non-energy balancing costs such as the cost of reserve and
geographical balancing. In reality the lower bound of the P2P
market price may be slightly higher and the upper bound may
be slightly lower. This is because the imbalance charges are
calculated separately in the P2P market.

V. RESULTS AND ANALYSIS
The results show that household revenue is mostly higher in
the P2P market than the traditional market. Only 0.3% of
households not acting maliciously (18 of 5,928) had a higher
revenue in the traditional market. However, the imbalance
charges experienced by households can dramatically affect
the profits households make in the P2P market. Even though
99.7% of households not acting maliciously (5,910 of 5,928)
had a higher revenue in the P2P market, only 51.6% of
households (3,059 of 5,928) had a higher profit.

In this section the results from the Monte Carlo simulation
are analysed to explain why imbalance charges have such a
significant effect on the profits in P2P markets. Section V-A
analyses the revenues of households. Section V-B analy-
ses the energy imbalances of the households. Section V-C
analyses the imbalance charges of households subject to the
symmetric imbalance charge mechanism and Section V-D
analyses the profits. Sections V-E and V-F analyse the imbal-
ances charges and profits of households subject to the current

British imbalance charge mechanism. Sections V-B - V-F
discuss the results of households which act honestly in the
market. Section V-G analyses whether households can adjust
their supply and demand predictions to improve their profits.
Section V-H discusses the economic efficiency of the sym-
metric imbalance charge mechanism. Section V-I discusses
how the symmetric imbalance charge mechanism might be
implemented. Finally, Section V-J discusses methods by
which P2P market participants might reduce their energy
imbalances in response to the imbalance charge.

A. HOUSEHOLD REVENUES
The total revenue of households in the P2P market at the
end of the model run forms a bi-modal distribution with a
large negative skew. The highest peak of the distributions is
at a revenue of 118.37 GBP/year and the secondary peak is
at −57.87 GBP/year. The maximum and minimum revenues
at the end of the model runs were 717.96 GBP/year and
−5,028.32 GBP/year respectively. The shape of the revenue
distribution is determined by the generation and demand of
the household.

The bi-modal nature of the distribution is caused by the
generation datasets. Of the six PV generation datasets used in
the model, four have a mean generation between 0.211 kWh
and 0.287 kWh per settlement period, while the other two
have mean generations of 0.025 kWh and 0.050 kWh per
settlement period. Households which used one of the higher
generation profiles are more likely to have higher net energy
exports, and therefore high revenues. These households with
higher generations profiles form the peak at a revenue of
118.37 GBP/year. The households using one of the lower
two generation profiles had lower net energy exports and so
formed the lower peak at a revenue of−57.87 GBP/year. The
bi-modal nature of the distribution would not exist in reality
but is caused by the small number of PV generation profiles
used in the model.

The large negative skew of the revenue distribution is
caused by the demand datasets. The mean of the distribu-
tion of mean energy demand was 0.224 kWh per settle-
ment period. However, the distribution has a large positive
skew. The minimum mean energy demand is 0.001 kWh per
settlement period. The maximum mean energy demand is
2.043 kWh per settlement period. This large positive skew
is caused by a small number of demand datasets which have
very large energy demands compared to the rest. Only two
of the 1,192 demand datasets have a mean energy demand
of over 1.5 kWh per settlement period, only 7 have a mean
energy demand of over 1 kWh per settlement period. House-
holds with the large demand datasets have low net exports and
therefore low revenues compared to other households.

However, the absolute revenue of the households in the
P2Pmarket matters less than relative revenue compared to the
traditional market. Of the households not acting maliciously
by intentionally adjusting their energy prediction, only 18 of
5,928 households had a lower revenue in the P2P market
than the traditional market. The reason most households have
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a higher revenue in the P2P market is that there is no spread
between buy and sell prices in the market. Households in
the P2P market are either paid more for exporting electricity,
or pay less to import electricity than in the traditional market.
The reason a small number households were better off in
the traditional market is that their actual energy export was
significantly greater than their predicted energy export.

The revenue of households in the P2P market does not
take account of imbalance charges caused by their energy
imbalances. The energy imbalances have a significant effect
on the relative benefit of participating in P2P markets.
Section V-B discusses the energy imbalances which house-
holds experience.

B. HOUSEHOLD ENERGY IMBALANCES
During individual settlement periods households can experi-
ence very high energy imbalances. The energy imbalance in
a settlement period can be a significant proportion of, or even
higher than the demand and generation. The largest energy
imbalance in a settlement period, 6.713 kWh, is slightly less
than the highest demand, 8.204 kWh, and much greater than
the highest generation, 1.942 kWh.

However, these high energy imbalances are the extremities
of a distribution with a very low mean. These large outlying
values are reflected in the high kurtosis of the distributions,
a measure of the size of the distribution’s tails. The high-
est absolute mean energy imbalance of any household was
only 0.0011 kWh.

Households have fairly equal energy imbalances in both
the positive and negative direction. The energy imbalance
distributions have a low skewness, a measure of the asym-
metry of a distribution. Figure 2 shows the energy imbalance
distribution of a typical household. This low skewness com-
bined with the low mean causes the energy imbalances in
the positive and negative direction to cancel out. Therefore,
households have a low cumulative energy imbalance at the
end of the run. The highest cumulative energy imbalance at
the end of 10,000 settlement periods was 10.557 kWh, only
157% of the highest energy imbalance in a single settlement
period.

Households which are making more accurate predic-
tions of their energy supply and demand, experience lower
energy imbalances. As the prediction accuracy of households
improves (µpred decreases), themean, highest and cumulative
energy imbalances all decrease. This means that investing in
technologies like energy storage which can reduce prediction
errors will reduce energy imbalances of households. How-
ever, the shape of the energy imbalance distribution does not
significantly change. The skewness and kurtosis of the energy
imbalance distribution is not correlated with the prediction
accuracy coefficient (µpred ). Table 1 shows a summary of
the energy imbalance distributions for different values of the
prediction accuracy coefficient (µpred ).
The closest mathematical approximation of the distribution

observed in the results is Johnson’s SU distribution [57], [58].
Previous papers which have considered energy imbalances in

FIGURE 2. Probability density function of energy imbalance for a
representative household acting under the current British imbalance
charge mechanism (µmal = 1, µpred = 1).

P2P markets have assumed the imbalances follow a Gaussian
distribution [38]. However, a Gaussian distribution is a rela-
tively poor approximation of energy imbalances in the model
presented in this paper. Table 2 in Appendix A gives the
parameters for Johnson’s SU distributionwhich best represent
the energy imbalances in the model for different values of
prediction accuracy (µpred ).

C. IMBALANCE CHARGES UNDER THE SYMMETRIC
IMBALANCE CHARGE MECHANISM
Households subject to the symmetric imbalance chargemech-
anism incur positive imbalance charges which grow over
time. Households are charged the imbalance price irrespec-
tive of the direction of their imbalance. Households subject
to the symmetric imbalance mechanism at today’s imbalance
prices (µimb = 1) and who do not take action to reduce their
energy imbalance (µpred = 1) have a distribution of imbal-
ance charges with a large positive skew. The mean imbalance
charge of these households was 0.08 GBP, with a minimum
of −1.76 GBP and a maximum of 15.34 GBP. The reason it
is possible for households to experience negative imbalance
charges under the symmetric imbalance charge mechanism is
that the imbalance price is occasionally negative.

The ratio of net to gross energy imbalance in the model
is α = 0.4 (see Equation 6). This means that reducing
imbalance prices to 40% of today’s level will keep the system
operator’s revenue constant. The value of α = 0.4 is specific
to the data used in this model. The system operator’s revenue
must be maintained to allow them to pay for the required
balancing actions. Reducing the imbalance prices to 40% of
today’s level (µimb = 0.4) reduces the imbalance charges
households experience. The shape of the distribution does not
change but the mean imbalance charge reduces to 0.03 GBP,
and the maximum and minimum imbalance charges reduce to
16.80 GBP and −0.99 GBP respectively.
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TABLE 1. Energy imbalance distribution summary data for all households.

FIGURE 3. Cumulative imbalance charge over duration of the simulation
for different values of imbalance price.

Under the symmetric imbalance charge mechanism,
increasing the prediction accuracy (lowering energy imbal-
ances) reduces the cumulative imbalance charges experi-
ences by households over the duration of the simulation.
Figure 3 shows how the cumulative imbalance charge devel-
ops over the duration of the simulation for the symmetric
imbalance charge mechanism and an imbalance price mul-
tiplier µpred = 0.4. The imbalance charge linearly increases
over the duration of the model for the symmetric imbalance
charge mechanism. As the prediction accuracy increases, the
cumulative imbalance charge increases at a slower rate. This
means that households have a financial incentive to invest in
technologies such as storage which can reduce their energy
imbalances.

D. HOUSEHOLD PROFITS UNDER THE SYMMETRIC
IMBALANCE CHARGE MECHANISM
At today’s imbalance price level (µimb = 1), household
energy imbalances must significantly decrease to allow P2P

markets to function. When households are subject to the
symmetric imbalance charge mechanism, current imbalance
prices (µimb = 1), and do not take action to reduce their
energy imbalances (µpred = 1), all households are worse
off in the P2P market than the traditional market. This would
cause households to switch out of the P2P market back to
the traditional market. Reducing energy imbalances to 10%
of their level when no action is taken (µimb = 0.1) still
means that 27.66% are worse off in the P2P market compared
to the traditional market. Therefore, most households would
have to significantly reduce their energy imbalance before
being more profitable in a P2P market than a traditional
market.

For a P2P market to function using the symmetric imbal-
ance charge mechanism, the imbalance prices must be lower
than they currently are in Great Britain. For this market,
reducing imbalance prices to 40% of their current level
(α = 0.4) maintains the system operator’s revenue at its
current level. At µimb = 0.4, 7.7% of households are better
off in the P2P market when they do not take action to reduce
their energy imbalances (µpred = 1). If energy imbalances
are reduced to 10% of their level when no action is taken
(µpred = 0.1), 90.2% of households are better off in the P2P
market.

Figures 4 and 5 show box plots of the difference in profit
between acting in a P2P and traditional market for imbalance
price multipliers of µimb = 1 and µimb = 0.4 respectively.
The plot for imbalance pricemultiplier ofµimb = 1 (Figure 4)
shows that the prediction accuracy must be reduced to around
20% of its level when no action is taken before over 50%
of households are better off in the P2P market. With an
imbalance price multiplier ofµimb = 0.4, Figure 5 shows that
a household only needs to reduce their prediction accuracy
to 40% of the level when no action is taken before over
50% of households are better off in a P2P market. Table 3
in Appendix A shows the proportion of households which
have a higher profit in the P2P market for different values
of prediction accuracy and imbalance multiplier. Table 4 in
Appendix A shows the mean additional profit when acting in
the P2P market.
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FIGURE 4. Box plot showing the difference in profit between the P2P
market and the traditional market at the end of the simulation for
imbalance price coefficient µimb = 1.0.

FIGURE 5. Box plot showing the difference in profit between the P2P
market and the traditional market at the end of the simulation for
imbalance price coefficient µimb = 0.4.

The imbalance price in Great Britain is currently the
marginal cost of the balancing actions taken by the system
operator. The reason the imbalance price is based on the
marginal cost is that it incentivises BSC parties to continue
to take action to balance their own supply and demand of
energy until those actions become more costly than the same
action taken by the system operator. This idea that the parties
who can take balancing actions at the lowest cost should
take those actions is based on minimising the overall system
cost and therefore consumers bills. Reducing the imbalance
price to 40% of its current level will leave a significant gap
between the price of balancing actions which P2P market
participants will take, and the cost of the system operator

taking those same actions. This will raise the overall system
cost. Therefore, there is a trade off when setting the imbalance
price between minimising imbalance charges for the P2P
market participants and creating the correct incentives to
reduce energy imbalances. Section V-H discusses the eco-
nomic efficiency of the symmetric imbalance charge further.

Sections V-E and V-F will show that under the current
British imbalance charge mechanism, P2P market partici-
pants are not incentivised to take any balancing actions. Since
the imbalance prices in the positive and negative direction
cancel out over time, imbalance charges are simply a cash
flow issue for P2P market participants. The households may
have to pay relatively large imbalance charges during a partic-
ular settlement period, however over time these large charges
will be cancelled out by charges paid to the households by
the system operator. Therefore, the current imbalance charge
mechanism does not incentivise market participants to take
balancing actions. Although the symmetric imbalance charge
mechanism leaves a gap between the imbalance price and the
system operator’s marginal balancing action cost, it provides
a greater incentive for P2P market participants to balance
their supply and demand for energy than the current British
imbalance charge mechanism does.

For any combination of µimb and µpred there is a range
of results for household profit. This range affects whether
or not households are better off in the P2P or traditional
market. Some of this variability is explained by the ratio of
installed demand capacity to installed generation capacity of
the household, and by the market price. Households with a
relatively high proportion of generation have higher profits
at higher P2P market prices. Households with relatively high
proportions of demand have higher profits at lower P2P mar-
ket prices.

The proportion of generation to demand and the market
price does not explain all the variance in profit. There is an
element of randomness to the outcome of a household in
the model because imbalance prices are not correlated to the
energy imbalance in the model. Therefore two households
with identical energy imbalances could end up with signifi-
cantly different levels of profit under the symmetric imbal-
ance charge mechanism. One household might happen to
have high energy imbalances during settlement periods with
low imbalance prices, leading to a lower imbalance charge.
Another household might have high energy imbalance during
settlement periods with high imbalances prices, leading to
higher imbalance charges.

E. IMBALANCE CHARGES UNDER THE CURRENT BRITISH
IMBALANCE CHARGE MECHANISM
The imbalance charges households experience when subject
to the current British imbalance charge mechanism follow
the same pattern as their energy imbalances. In individual
settlement periods households can experience high imbalance
charges. The highest imbalance charge during a settlement
period for a household which did not take any action to
reduce their energy imbalance (µpred = 1) was 10.18 GBP.
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By comparison the highest revenue during a settlement period
in the same group of households was 0.27 GBP. However, the
distribution of imbalance charges has a low mean and skew-
ness. The highest mean imbalance charge of any household
under the current British imbalance charge mechanism was
0.006 GBP. Figure 6 shows the probability density function
for the imbalance charges of a representative household act-
ing under the current British imbalance charge mechanism.

FIGURE 6. Probability density function of imbalance charges for a
representative household acting under the current British imbalance
charge mechanism (µmal = 1, µpred = 1).

Over the course of themodel run, the cumulative imbalance
charge is low. Figure 7 shows the cumulative imbalance
charge of the same representative household as Figure 6,
developing over the course of the model run. These graphs
show that the highest imbalance charge for this household
during a single settlement period was 0.79 GBP. However, the
cumulative imbalance charge at the end of 10,000 settlement
period was −3.50 GBP (paid by the system operator to the
household). The reason for this low cumulative imbalance
charge is that the imbalance charges during individual set-
tlement periods cancel out.

The reason the imbalance charges follow the same pattern
as energy imbalances is that there is little correlation between
energy imbalances and imbalance prices (Pearson coefficient
ρ = .01). The reason for the poor correlation between energy
imbalance and imbalance price is that there are currently no
BSC parties who act like the households modelled in this
paper. If the types of P2Pmarkets modelled in this paper form
a small part of the British electricity market, and therefore
cause only a small proportion of the energy imbalances, this
disconnect between energy imbalances in P2P markets and
imbalance price is likely to remain. However, if P2P markets
formed a substantial part of the electricity market, the system
energy imbalance is likely to become correlated with the P2P
market energy imbalance.

FIGURE 7. Graph of cumulative imbalance charges for a representative
household acting under the current British imbalance charge mechanism
(µmal = 1, µpred = 1).

A higher correlation between energy imbalance and imbal-
ance price could lead to higher cumulative imbalance charges.
It would become more likely that the energy imbalance of
the household would be in the same direction as the system
imbalance. When a household’s energy imbalance is in the
same direction as the system imbalance they are penalised.
Therefore, the mean energy imbalance of a household would
increase, leading to a higher cumulative imbalance charge
over time. The extent to which higher correlations between
energy imbalance and imbalance price would affect the
imbalance charge is not considered in this paper.

F. HOUSEHOLD PROFIT UNDER THE CURRENT BRITISH
IMBALANCE CHARGE MECHANISM
Under the current British imbalance charge mechanism,
98.6% of households (491 of 498) which do not act mali-
ciously have a higher profit in the P2P market than the tradi-
tional market. This level of profitability is caused by the fact
that households have higher revenues in the P2P market and
experience low imbalance charges, see Sections V-A and V-E
respectively. Although this level of profitability in P2P mar-
kets is beneficial to the households, it is indicative of the fact
that the current British imbalance charge mechanism does not
provide an incentive for households to reduce their energy
imbalances.

The level of energy imbalance does not affect the prof-
itability of households. Changing the prediction accuracy,
µpred , has little effect on the profitability of households. For
high values ofµpred households experience higher imbalance
charges in any given settlement period. At µpred = 1 the
average absolute imbalance charge is 0.08 GBP, compared
to 0.01 GBP when µpred = 0.1. However, the imbalance
charges are equal in opposite directions. Over enough settle-
ment periods the imbalance charges average out to low values

VOLUME 10, 2022 55247



T. Capper et al.: Impact of Energy Imbalance on Financial Rewards in Peer-to-Peer Electricity Markets

irrespective of the value of µpred . For example at µpred = 1,
the average total imbalance charge at the end of the model run
was −14.33 GBP, compared to −2.19 GBP for µpred = 0.1.

Figure 8 shows a box plot of the difference in profit
between the P2P market and the traditional market at the
end of the simulation. Almost all households have a higher
average profit in the P2P market. The prediction accuracy
coefficient does not affect the household profit.

FIGURE 8. Box plot showing the difference in profit between the
peer-to-peer market and the traditional market at the end of the
simulation.

Not addressing the high potential energy imbalances in P2P
electricity markets could create a problem for the whole elec-
tricity network, and for P2P markets internally. The system
operator must remedy any energy imbalances to ensure there
is sufficient energy to meet the network demand. The imbal-
ance price is calculated using the marginal cost of balanc-
ing actions during each settlement period. Therefore, higher
total system energy imbalances will lead to higher imbalance
prices, which in turn will be passed onto the consumers, both
inside and outside the P2P market, as higher energy prices.
The mean ratio of energy imbalance to demand in the model
is 1.007. In the current British electricity network, the mean
energy imbalance to demand ratio in 2020was 0.010 [43]. It is
not possible to directly compare these two figures because the
imbalances at a national level will net-off. However, they do
show that imbalances in P2P market are likely to be very high
relative to the market demand.

High imbalances within P2P markets might cause a prob-
lem for the internal functioning of those markets. Many P2P
market designs consist of an optimisation problem in a futures
market. Deviation from the futures market position, an energy
imbalance, will reduce the efficiency of these markets.
Sections V-C and V-D present the results of the symmetric
imbalance charge mechanism and shows how it can alleviate
this problem.

G. MALICIOUS BEHAVIOUR
A secondary advantage of the symmetric imbalance charge
mechanism is it prevents households from manipulating their
final notification volume, Efnv, to increase their profit. Two
types of malicious behaviour have been modelled. They
are described in Section III-B. The results presented in this
section demonstrate that under the current British imbalance
charge mechanism, households can manipulate their final
notification volume to increase their own profit to the detri-
ment of the electricity system. The results also show that
under the symmetric imbalance charge mechanism house-
holds cannot increase their profit by manipulating their final
notification volume.

1) PURCHASING MORE ENERGY THAN REQUIRED
In the model, 2,004 of the 10,000 households acted mali-
ciously by decreasing their final notification volume, Efnv,
by 50%. Of the households acting maliciously in that man-
ner, 165 were subjected to the current British imbalance
charge mechanism. The mean profit of these 165 household
was 189.58 GBP/year. By contrast, the mean profit was
−44.59 GBP/year for households which did not manipulate
their final notification volume. This additional profit gives
households a significant incentive to act dishonestly in the
market.

The reason the household’s profit is increased by reducing
the final notification volume is that it increases the likelihood
the household will export more energy than the final notifica-
tion volume. This increases the likelihood the household will
be paid the imbalance charge. The mean imbalance charge
for households not acting maliciously was−12.98 GBP/year.
However, for households acting maliciously the mean imbal-
ance charge was−518.61 GBP/year, where a negative charge
is paid to the household by the system operator. This signif-
icant increase in the imbalance charge paid to the household
dramatically increases their profit.

Acting maliciously actually reduces the revenue of the
household in the P2P market. The mean revenue of
households not acting maliciously was −57.57 GBP/year,
compared to −329.02 GBP/year for households acting mali-
ciously. However, the reduction in revenue wasmore than off-
set by the additional imbalance charge paid to the household,
leading to a higher profit.

The reason it is undesirable for households to adjust their
final notification volume is that it dramatically increases the
energy imbalance in the market. The mean energy imbal-
ance of households not acting maliciously was 0.00002 kWh.
By contrast, households acting maliciously by decreasing
their final notification volume had a mean energy imbalance
of 0.07 kWh. The high energy imbalances of one market
participant are detrimental to all other energy market partici-
pants, as discussed in Section V-C. The symmetric imbalance
charge mechanism removes this incentive for households to
artificially increase their energy imbalance.
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The symmetric imbalance charge eliminates the bene-
fit of manipulating the final notification volume. Under
the symmetric imbalance charge mechanism, the mean
profit of households (µimb = 1) acting maliciously was
−1,220.40 GBP/year, compared to −766.41 GBP/year for
households acting honestly. Acting maliciously leaves house-
holds considerably worse off than acting honestly. Acting
maliciously does not have the same impact on the imbalance
charges households incur under the symmetric imbalance
charge mechanism. The mean imbalance charge for house-
holds acting honestly under the symmetric imbalance charge
regime (µimb = 1) was 682.42 GBP/year, compared to
911.11 GBP/year for households acting maliciously. There-
fore, the symmetric imbalance charge mechanism incen-
tivises households to accurately report their final notification
volumes, decreasing the total system energy imbalance.

This section has shown that the symmetric imbalance
charge mechanism eliminates the possibility of households
increasing their profit by decreasing their final notification
volume. The next section will show that the symmetric imbal-
ance charge mechanism also removes the benefit of the more
sophisticated form of malicious behaviour based on predict-
ing imbalance prices.

2) ADJUSTING POSITION BASED ON IMBALANCE
PRICE PREDICTION
If a household is able to predict whether the market price
or imbalance price will be higher, they can increase their
profits under the current British imbalance charge mecha-
nism by adjusting their final notification volume, Efnv. A full
description of the method of malicious behaviour is presented
in Section III-B2. In the model 2,068 of 10,000 households
acted maliciously in this manner. Of those 2,068 house-
holds, 167 were subject to the current British imbalance
charge mechanism. The mean profit of those 167 households
was 244.17 GBP/year. This profit is higher than the mean
profit of households acting in the less sophisticated malicious
manner described in Section V-G1 (189.58 GBP/year), and
significantly higher than households not acting maliciously
(−44.59 GBP/year).

The imbalance charge of households acting maliciously by
predicting the market and imbalance prices is much lower
(more money paid to the household) than those which are
not under the current British imbalance charge mechanism.
Themean imbalance chargewas−12.98GBP/year for house-
holds not actingmaliciously, compared to−507.60 GBP/year
for those predicting the market and imbalance prices.
Revenues are lower for households which adjust their final
notification volumes, −263.43 GBP/year as opposed to
−57.57 GBP/year for those which do not, but that is not
sufficient to offset the gains made from imbalance charges.

As with the previous method of malicious action, the sym-
metric imbalance charge mechanism eliminates the benefit of
acting maliciously in this manner. The profit of households
acting maliciously by predicting the market and imbalance
prices under the symmetric imbalance charge (µimb = 1) was

−1106.99 GBP/year, compared to −766.41 GBP/year for
those not acting maliciously. This significantly lower profit
will disincentivise households from acting maliciously. This
decrease in profit for households acting maliciously under the
symmetric imbalance charge is caused by a higher imbalance
charge (836.01 GBP/year for households acting maliciously
compared to 682.42 GBP/year for those not), combined with
a lower revenue (−270.98 GBP/year for households acting
maliciously compared to −84.00 GBP/year for those not).

The results presented in this section have shown that the
symmetric imbalance charge produces a financial penalty if
households choose to adjust their final notification volume
from their best prediction of energy supply and demand, arti-
ficially creating an energy imbalance. This contrasts with the
current British imbalance charge mechanism, under which
households can financially gain by adjusting their final noti-
fication volume, giving them an incentive to artificially
increase their energy imbalances.

H. ECONOMIC EFFICIENCY OF THE SYMMETRIC
IMBALANCE CHARGE MECHANISM
The current British imbalance price is set at the marginal cost
of the balancing mechanism during each settlement period.
Setting the imbalance price at the marginal cost of the balanc-
ing mechanism should incentivise market participants who
can take balancing actions more cheaply than the system
operator. Under the symmetric imbalance charge we have
suggested it is possible, but not necessary for the imbalance
price to be lowered. See Sections II and III for more details on
the imbalance price in Britain now and under the symmetric
imbalance charge mechanism.

Reducing the imbalance price below the marginal cost of
the balancing mechanism creates the possibility of economic
inefficiency. The system operator might be forced to take a
balancing action which a market participant could have taken
more cheaply. However, because the price of that balancing
action was above the imbalance price, the market participant
would have been worse off by taking it. However, this eco-
nomic efficiency makes two assumptions which may not be
correct in P2P markets.

Firstly, the economic efficiency argument assumes that
market participants know what the imbalance price will be.
In Britain the imbalance price is only published after the
settlement period [43]. For market participants to act on the
imbalance price they must make a prediction of what it is
likely to be. Households are less likely to be able tomake such
predictions than sophisticated traders in traditional markets.

The second important assumption made by the economic
efficiency argument is that market participants will be able
to respond to the imbalance price. The main thing which
determines the ability of P2P market participants to respond
to the imbalance price is the level of storage and flexible load
in the market. Storage and flexible loads have low operating
costs but high capital costs. The imbalance charge in a single
settlement period, which will determine how storage and
flexible loads are operated, is therefore less important than the
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cumulative imbalance charge over time, which will determine
the investment in storage and flexible loads.

The results presented in Section V-E show that the cumula-
tive imbalance charge of a household subjected to the current
British imbalance charge mechanism will be very low. This
low cumulative imbalance charge provides no incentive for
them to invest in storage or flexible loads. Therefore, they
will be unable to respond to high imbalance prices during any
particular settlement period.

In contrast, the results presented in Section V-C show that
the cumulative imbalance charge of a household subjected
to the symmetric imbalance charge mechanism consistently
grows over time. This cumulative imbalance charge growth
provides a strong incentive for investment in storage and
flexible loads. It is therefore likely that although households
have a less economically efficient incentive to adjust their
energy imbalances during a settlement period, they will have
a more effective incentive to reduce their energy imbalances
over time.

I. IMPLEMENTATION OF THE SYMMETRIC IMBALANCE
CHARGE MECHANISM
There are two ways the symmetric imbalance charge mech-
anism could be implemented. Firstly, the codes which gov-
ern imbalance charges (the BSC in Great Britain) could be
amended so that all market participants, both inside and out-
side the P2P market, are subject to the symmetric imbalance
charge mechanism. Secondly, a P2P market operator could
impose the symmetric imbalance charge mechanism only
within a P2P market.

Subjecting the whole electricity market to the symmetric
imbalance charge mechanism could have significant con-
sequences for traditional market participants. The business
models and trading arrangements of current physical and
non-physical traders are designed around the current system.
A significant change, as proposed in this paper, would have
ramifications for them which would need to be assessed.
Further evidence of the impact of these changes on current
BSC parties would need to be gathered before a change to the
whole system could be considered. In Great Britain, Ofgem
has a significant code review process which allows them to
assess the effect of changes on BSC parties.

Only subjecting a P2P market to the symmetric imbalance
charge mechanism would require minimal to no changes to
codes, and would not have any impact on traditional market
participants. A P2P market operator could act as the conduit
to the traditional market (BSC party in Great Britain) for the
whole P2P market. The market operator would be subject to
the imbalance charges for all P2P market participants under
the current imbalance charge mechanism. The market opera-
tor can then impose the symmetric imbalance charge mech-
anism on the P2P market participants. This paper has shown
how the revenue of the two imbalance price mechanisms can
bemade equal. Therefore, themarket operator will receive the
same revenue from the P2P market participant as they must

pay in imbalance changes to the system operator. In this way
the P2P market participants are being effectively subjected
to the symmetric imbalance charge mechanism with minimal
effect to the rest of the electricity market. In Great Britain the
P2P market operator may be able to act as a BSC party under
the Virtual Power Plant provision in the current BSC [3].

In the event the symmetric imbalance charge is only imple-
mented inside a P2P market, the market operator must choose
to impose it upon the P2P market. The most likely reason the
system operator would choose to implement an imbalance
charge system that incentivises reduced imbalances is that
imbalances make the P2P market less efficient. Many P2P
market designs are based around an optimisation function in
a futures market. Energy imbalances are not accounted for
in the optimisations and therefore make the P2P market less
efficient.

J. METHODS OF REDUCING ENERGY IMBALANCES
IN PEER-TO-PEER MARKETS
The results presented in Section V-D show that the symmetric
imbalance charge mechanism gives P2P market participants
a clear financial incentive to reduce their energy imbalances.
This section briefly discussed the methods which P2P market
participants could employ to reduce their energy imbalances.
These methods fall into three broad categories: improving
energy supply and demand predictions; increasing flexibility
of energy supply and demand; and netting-off energy imbal-
ances within a P2P market.

Energy imbalances of P2P market participants who are not
acting maliciously are caused by errors in energy supply and
demand forecasting. Improving the accuracy of the forecasts
used, e.g. through improved weather forecasting, will reduce
the level of energy imbalance.

Installing sources of flexibility, such as energy storage or
flexible loads, will allow P2P market participants to adjust
their supply or demand for energy during a settlement period.
These supply and demand adjustments can be used to reduce
energy imbalances. In the circumstance where a whole P2P
market is a single BSC party, real-time trading can be used
to take advantage of all the storage and flexible load in the
market. If one market participant is experiencing an energy
imbalance during a settlement period, they can sell or pur-
chase energy from other participants using storage or flexible
load to adjust their own supply or demand. To the system
operator this will just appear to be a reduction in energy
imbalance.

If the whole P2P market is a single BSC party and two
market participants have energy imbalances in opposite direc-
tions, those participants can trade to eliminate both their
energy imbalances. This possibility of P2P trading as a
means of reducing imbalances has been discussed in other
works [28], [29]. This is possible because all imbalances
within the market are netted-off from the system opera-
tor’s point of view as the whole market acts as a single
BSC party.
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VI. CONCLUSION
This paper has proposed a symmetric imbalance charge
mechanismwhich provides a financial incentive for P2P elec-
tricity market participants to reduce their energy imbalances.
Having a financial incentive is important because the mea-
sures a market participant might take to reduce their energy
imbalances are expensive. These measures include installing
energy storage or demand response, or trading with other
market participants who have storage or demand response.
The symmetric imbalance charge would therefore comple-
ment P2Pmarket designs which use such devices with the aim
of minimising energy imbalances, by providing an external
financial incentive. The symmetric imbalance charge mech-
anism also prevents P2P market participants from adjusting
their final notification volumes to benefit from the imbalance
charge mechanism at the expense of other electricity market
participants.

To show the advantages of the symmetric imbalance charge
mechanism, this paper has shown that the current British
imbalance charge mechanism does not provide an effective
incentive for P2P market participants to reduce their energy
imbalances. The energy imbalances of households whomight
participate in P2P markets are much higher, as a proportion
of demand, than the energy imbalances currently experienced
in Great Britain. Therefore, the introduction of P2P electric-
ity markets without an incentive for participants to reduce
their energy imbalances might significantly increase the total
energy imbalance, and therefore overall electricity system
cost.

Finally, this paper has addressed some of the issues
involved with implementing the symmetric imbalance charge
mechanism. The imbalance price can be reduced while main-
taining the system operator’s revenue. The symmetric imbal-
ance charge mechanism could either be implemented as a
change to the British BSC, or it could be implemented only
within the boundaries of a P2P electricity market.

The work in this paper has shown that when P2P market
participants are subject to appropriate imbalance charges, the
charges are not negligible. Therefore, P2P market trading
strategies should consider imbalance charges. Most current
literature proposing P2P trading strategies neglects imbal-
ance charges. Future work should consider what effect these
imbalance charges have on optimal trading strategies in P2P
markets, and on P2P market design.

This work has also shown that P2P markets could have
a significant effect on the energy imbalance of the electric-
ity network. Therefore, the system operator and regulators
should ensure that codes and standards effectively incentivise
P2P markets to minimise their imbalances. The introduction
of P2P markets is likely to require an amendment to the
British BSC and other similar codes in different countries.
Future work should consider the design of this amendment,
and the effect of this amendment on traditional electricity
market participants such as energy suppliers.

In this paper we have made several key assumptions,
including that the household can buy and sell all the energy
they require in the P2P market, and that the P2P market
energy imbalances do not affect the imbalance price. These
assumptions limit how broadly the results of this paper can
be applied. Future work could usefully examine the effect
of these assumptions by applying imbalance charges to P2P
market models with a finite supply and demand for energy,
and by examining the size of P2P markets that would begin
to affect imbalance charges.

The work presented in this paper demonstrates that, for
peer-to-peer markets to function, the design of imbalance
charge must be carefully considered. The regulatory chal-
lenges associated with energy imbalances in P2P markets
are surmountable. They should not stand in the way of the
environmental benefits large scale adoption of distributed
renewable generators can bring. We have demonstrated a
simple alternative imbalance charge design which provides
peer-to-peer market participants with corrective incentives to
reduce their energy imbalances.

DATA AVAILABILITY
This study is an analysis of three existing publicly available
datasets which are openly available from the Elexon Portal
at https://www.elexonportal.co.uk, and the London Datastore
at https://data.london.gov.uk/dataset/smartmeter-energy-use-
data-in-london-households and https://data.london.gov.uk/
dataset/photovoltaic–pv–solar-panel-energy-generation-data,
reference numbers [43], [45], [46]. The code for the model
developed in this study is openly available in Figshare at
https://doi.org/10.48420/14681502, reference number [59].

APPENDIX A
SUPPORTING DATA
This appendix contains supporting numerical results. In addi-
tion to the supporting data in this section, the location
of the datasets and code used in this paper can be found
in Section VI.

TABLE 2. Johnson’s SU distribution parameters for energy imbalances.

Table 2 shows the Johnson’s SU distribution parameters for
different values of the prediction accuracy coefficient (µpred ).
These parameters have been calculated to give the best fit for
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TABLE 3. Decimal proportion of households with higher profits in the P2P market.

TABLE 4. Additional profit of households in the P2P market (GBP per year, positive is additional profit in P2P market).

the total distribution of energy imbalances for all households
with each value of µpred who are not acting maliciously.

Table 3 shows the decimal proportion of households who
have a higher profit in a P2P market compared to a tra-
ditional market for different values of prediction accuracy
coefficient (µpred ) and imbalance charge coefficient (µimb).
The prediction accuracy coefficient (µpred ) is multiplied by
the energy imbalance, meaning low values of µpred are asso-
ciated with lower energy imbalances and higher values with
higher energy imbalances. Likewise, the imbalance charge
coefficient (µimb) is multiplied by the imbalance price, so low
values ofµimb are associated with lower imbalance prices and
higher values with higher imbalance prices.

Table 4 shows the average difference in profit between
the P2P and traditional markets (values in pence). A posi-
tive value means the profit was higher in the P2P market,
a negative value means the profit was higher in the traditional
market.
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