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Balancing mechanism

The increasing integration of renewable energy sources in the UK electricity sector has posed challenges to the
stability of the system, leading to a sharp rise in the costs of balancing services. This study analyses half-hourly
data from January 2017 to December 2023 to examine the factors determining the imbalance price in the UK’s
balancing mechanism, with particular focus on the sharp price increases in 2021-2022. Employing a Generalised
Additive Model (GAM) to account for non-linear relationships, the analysis finds that the imbalance price is
positively affected by the net imbal d-side factor) and negatively impacted by the de-rated
margin (supply-side factor). The wholesale electricity price, however, is identified as the dominant factor driving
both the mean and volatility of the imbalance price during 2021-2022. These findings suggest that the balancing
mechanism is functioning effectively and that a reduction in the wholesale price would lead to a lower imbalance
price and thus lower costs of balancing services.

e volume (d

Imbalance price

Net imbalance volume
De-rated margin
Wholesale electricity price

1. Introduction

The past few decades have witnessed a dramatic increase in the
adoption of renewable energy. According to the IEA (2023), renewable
electricity capacity additions amounted to an estimated 507 GW in
2023, representing an increase of almost 50% compared to 2022. Global
cumulative electricity capacity from renewable sources increased from
1224.7 GW in 2010 to 3864.5 GW in 2023. Of this, variable renewable
sources, including solar, increased from 41.5 GW to 1418.0 GW, and
wind capacity rose from 181.1 GW to 1017.4 GW (IRENA, 2024).
Nevertheless, the ongoing expansion of renewable electricity genera-
tion, particularly from unpredictable and intermittent sources, poses
challenges to the stability of the electricity system, as higher shares of
variable renewable energy increase the need for balancing supply and
demand (IRENA, 2019; IEA, 2020).

Stimulated by support schemes such as the Renewables Obligation

* Corresponding authaor.
E-mail address: jinke.li@swansea.ac.uk (J. Li).

(Li et al., 2020; Shao et al., 2021; Pashakolaie et al., 2024; Wang et al.,
2024b) and the Contracts for Difference (Bunn and Yusupov, 2015;
Nelson and Dodd, 2023; Schlecht et al., 2024), the UK has experienced a
transition away from carbon-intensive fuels, aligning with its commit-
ment to achieving net zero emissions by 2050. Between 2012 and 2023,
the share of coal in the electricity generation mix fell from its recent
peak at 39.24% to 1.29%, a decline that was largely offset by renewable
energy, which grew from 12.15% to 47.03% (DESNZ, 2024b).

Despite this progress, the growing share of renewable electricity
generation, particularly from unpredictable and intermittent sources
like wind and solar (which accounted for 32.86% in 2023), continues to
present challenges to the stability of the electricity system (DESNZ,
2024Db). The primary role of the National Grid Electricity System
Operator (ESO) is to maintain a real-time balance between supply and
demand within the UK electricity system through its balancing services.'
The costs associated with balancing services have increased

! The National Energy System Operator (NESO) was launched on 1st October 2024, after the UK government acquired the Electricity System Operator (ESO) from
National Grid and transferring it into public ownership. As this study focuses on the period before 2024, it continues to refer to the term National Grid ESO for

convenience.
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significantly, rising from an average of £1.5 billion annually between
2017 and 2020 to £3.9 billion between 2021 and 2022 (National Grid
ESO, 2023a).

As a major component of balancing services, the balancing mecha-
nism addresses system imbalances using a market-based approach and
operates from gate closure (1 h before delivery) to real-time within each
half-hour settlement period.” Parties (generators and suppliers) volun-
tarily submit offers and bids to either increase generation or reduce
demand. Specifically, an offer represents a proposal to increase energy
in the system (by increasing generation or reducing demand), while a
bid is a proposal to decrease energy in the system (by reducing gener-
ation or increasing demand). In the event of a discrepancy between
supply and demand, the ESO accepts the most cost-effective bids or of-
fers to manage the system imbalance through bid-offer acceptance,
accepting offers when additional energy is required or accepting bids
‘when excess energy needs to be removed.

The imbalance price represents the price of marginal accepted offers
or bids used by the ESO to balance the electricity system and serves asa
penalty for imbalance. The imbalance price reflects the cost of balancing
services and has sharply increased in recent years, rising from an
average annual value of £44.61/MWh between 2017 and 2020 to
£156.20/MWh between 2021 and 2022 (Elexon, 2023a). This sharp rise
in the imbalance price necessitates investigation, as it may indicate
dysfunction in the balancing mechanism and the potential for increased
consumer utility bills.

Quantitative studies on balancing costs and imbalance prices remain
limited and inconclusive in the context of the UK (Swinand and Godel,
2012; Lucas et al, 2020; Bunn et al., 2021). Quantitative studies on
balancing costs and imbalance prices remain limited and inconclusive in
the context of the UK (Swinand and Godel, 2012; Lucas et al., 2020;
Bunn et al., 2021). This study is the first to analyse the factors contrib-
uting to the rising imbalance prices in the balancing mechanism in 2021
and 2022. In the model specification, the first factor is the net imbalance
volume, defined as the remaining volume after netting accepted offers
and bids, which can be considered the demand-side factor. The second
factor is the de-rated margin, defined as the surplus of generation ca-
pacity over demand, which serves as the supply-side factor. The third
factor is the wholesale electricity price from the intraday market, which
is used in the computation of the imbalance price.

Based on half-hourly data from 1 January 2017 to 31 December
2023, a Generalised Additive Model (GAM) is employed to capture the
non-linear relationships among the variables in the model specification.
This approach offers a more robust understanding of the effects of these
three factors. However, multicollinearity arises between the wholesale
price and the de-rated margin, compromising the accuracy of the esti-
mated effects of these variables on the imbalance price and potentially
leading to misleading conclusions. To resolve this multicollinearity
issue, a partialling out technique is used to isolate the impact of the
wholesale price from the influence of the de-rated margin, thereby
capturing the effects of both on the imbalance price more accurately.
This crucial step improves the statistical validity of the model and pro-
vides sounder theoretical insights into the relationships among these
factors. Additionally, this study investigates the period of 2021 and
2022, when the imbalance price exhibited higher mean and volatility,
and assesses the relative importance of these factors on the imbalance
price based on the analysis of predicted values and incremental good-
ness of fit.

The remainder of this paper is organised as follows. Section 2 pro-
vides the literature review, and Section 3 describes the background of

2 Another major component of balancing services is ancillary services, which
are essential for maintaining the technical stability (e.g., frequency and voltage)
of the electricity grid on a second-by-second basis and are typically pre-
contracted by the ESO. This is not the focus of this study but will be briefly
explained in Section 3.1.1.
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the balancing mechanism. Section 4 details the data, methodology, and
model specification. Section 5 presents the empirical results, and Section
6 examines the periods of rising imbalance prices and compares these
findings with those from earlier studies. Finally, Section 7 offers
concluding remarks.

2. Literature review

Electricity from variable renewable sources has grown significantly
worldwide, including in European countries and major polluters, but the
rising trend imposes challenges to the electricity grid as the system
needs to be balanced at all times.

2.1. Increasing variable renewable energy

The dramatic increase in the adoption of renewable energy over the
last two decades has been driven by a combination of favourable pol-
icies, falling technology costs, and global commitments to reduce carbon
emissions (Aguirre and Ibikunle, 2014; Carley et al., 2016; Bashir et al.,
2024; Energy Institute, 2024; Gupta and Guha, 2024b). Following the oil
price shocks of the 1970s, European countries began exploring alter-
natives to fossil fuels to reduce their reliance on external energy sources,
and since then renewable energy, particularly wind and solar, has un-
dergone remarkable growth. Denmark was an early pioneer in wind
energy development beginning in the 1970s and 1980s, and now hasone
of the highest shares of wind power in its electricity generation mix
globally, contributing about 57.72% of electricity in 2023, while solar
contributed about 9.28% (Johansen, 2021; Carlini et al., 2023). Ger-
many is widely regarded as a global leader in renewable energy devel-
opment through its renewable energy transition policy (Energiewende),
which aims to shift away from fossil fuels and nuclear energy toward
cleaner, sustainable sources. It held the highest installed capacity of
wind power globally until being surpassed by the United States in 2008.
As of 2023, wind power accounted for around 27.20% of the country’s
electricity consumption, with 12.2% from solar (Eising et al., 2020; Kolb
et al., 2020). The United Kingdom was relatively late in developing
renewable energy compared to some European countries due to its
historical reliance on North Sea oil and gas, which provided a level of
energy security and reduced the urgency to develop alternatives. How-
ever, once the UK committed to renewable energy, it quickly became a
global leader, particularly as the world’s largest market for offshore
wind energy, with projects such as Hornsea One and Dogger Bank
setting global benchmarks in scale and capacity. In 2023, wind
contributed 28.1% and solar contributed 4.6% of electricity generation
(Shao et al., 2022, 2023; Newbery, 2023a; Wang et al., 2024a).

Outside Europe, as the country with the highest cumulative carbon
dioxide emissions and the second-largest annual emissions, the United
States has seen significant growth in wind and solar energy, driven by
federal incentives and state-level renewable portfolio standards. In
2023, wind and solar contributed 10.01% and 5.60%, respectively, to
the total electricity generation (Joshi, 2021; Qin et al., 2022). As the
world’s largest annual emitter, China has experienced explosive growth
in both wind and solar energy, emerging as the global leader in installed
capacity for both technologies. The rapid expansion has been driven by
ambitious renewable energy targets and strong government policies,
aimed at reducing the country’s reliance on coal and addressing air
pollution. As of 2023, wind energy contributed around 9.36% of total
electricity generation, while solar contributed 6.18%. Looking ahead,
China aims to achieve 1200 GW of combined wind and solar capacity by
2030, playing a pivotal role in its broader goal of reaching carbon
neutrality by 2060 (Chen et al., 2020; Lin and Chen, 2023; Xu and Lin,
2024). Another major polluter, India, has seen substantial growth in
both wind and solar energy over the past decade, driven by government
incentives for solar and wind energy development. As of 2023, wind
contributed 4.17% and solar 5.16% to its electricity generation, and
India also plans to expand renewable energy projects to achieve 500 GW
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predicted that increasing renewable energy integration would lead to
higher balancing costsdue to intermittency. Later empirical studies have
explored the drivers of the imbalance price. Swinand and Godel (2012)
found the positive impact of wind generation on the imbalance price,
while a negative relationship between the wholesale price and the
imbalance price was found but not explained, using data from 2008 to
2011. Lucas et al. (2020) identified wholesale electricity prices as one
driver of the imbalance price in the period of 2019, but not as important
as other variables such as net imbalance volume and de-rated margin.
Bunn et al. (2021) confirmed the importance of system net imbalance
volume and de-rated margin based on data from 2016 to 2019.
Compared with previous analyses, this study confirms the role of
imbalance volume and de-rated margin; however, there are differences.
First, early studies did not account for the extreme price volatility
observed in 2021-2022. This study provides updated insights, showing
that wholesale prices were the dominant factor behind the imbalance
price surge during this period, contributing over 70% to the variation in
the imbalance price, significantly more than the net imbalance volume
and de-rated margin. These contributions are vital for informing future
research and policy aimed at stabilising the imbalance price in the
evolving energy market. Second, early studies did not explore the non-
linear relationships between key variables in balancing markets. Bunn
et al. (2021) used a non-linear Markov Switching model to capture
different states, but it was linear in each state (i.e., the short and long
states). By using a Generalised Additive Model (GAM), this analysis
captures the non-linear impacts of net imbalance volume, de-rated
margin, and wholesale prices on the imbalance price in each state,

27

particularly during extreme market conditions. The estimated results
confirm the existence of a non-linear relationship for each state. This
provides a more detailed and accurate understanding of price formation
in the balancing mechanism compared to previous linear models.

7. Conclusion

The increased electricity from renewable energy sources has posed
challenges to the stability of the electricity system, and the costs of
balancing services have increased sharply in recent years. Based on half-
hourly data from January 2017 to December 2023, this study examined
factors determining the imbalance price in the balancing mechanism,
where the Electricity System Operator (ESO) balances the system
through bid-offer acceptance. First, the demand-side factor is measured
by the net imbalance volume, which is the remaining volume after
netting accepted offers and bids in the balancing mechanism. Second,
the supply-side factor is measured by the de-rated capacity margin,
which is defined as the surplus of generation capacity over demand.
Third, the wholesale price from the intraday trading market prior to the
balancing mechanism is also considered as it is used in the computation
of the imbalance price.

The system can be categorised into two states based on the sign of the
net imbalance volume. First, the system is in a short state when it needs
more energy, i.e., the net imbalance volume is positive. Second, the
system is in a long state when it needs to remove energy, i.e., the net
imbalance volume is negative. Due to different market conditions, the
model specification was estimated for these two states, respectively.
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This study employed the Generalised Additive Model (GAM) to capture
non-linear relationships among variables in the model specification.

In the short state, the results indicated that (i) a higher net imbalance
volume leads to a higher imbalance price because a higher volume of
remaining accepted offers results in a marginal accepted offer with a
higher price, and (ii) a higher de-rated margin leads to a lower imbal-
ance price because stronger competition among standby parties incen-
tivises them to submit lower prices in their offers (paid by the ESO) to
increase generation. In contrast, in the long state, the results showed
that (i) a higher net imbalance volume (a larger negative value) leads to
alower imbalance price because a higher volume of remaining accepted
bids results in a marginal accepted bid with a lower price, (ii) a higher
de-rated margin leads to a lower imbalance price because weaker
competition among operating parties incentivises them to submit lower
prices in their bids (pay to the ESO) to reduce generation. In addition, a
positive relationship was identified between the wholesale price and the
imbalance price in both short and long states, indicating a strong
connection between these two prices from two adjacent markets.

Further, regarding the rising imbalance price in 2021-22, this study
calculated the predicted imbalance prices based on different percentiles
of independent variables and found that the predicted imbalance price
responded dramatically when the wholesale price moved between per-
centiles. For example, in the sub-period of 2021-2022, the predicted
imbalance price was £235.27/MWh when the wholesale price was at its
75th percentile. Moreover, the study also examined the higher volatility
of the imbalance price using incremental goodness of fit and found that
the wholesale price brought the largest increase in the goodness of fit
when it was the last variable included in the specification. For example,
for the sub-period of 2021-2022, in the short state, the wholesale price
explained 87.5% of the variation in the imbalance price, much higher
than the net imbalance volume and the de-rate margin. Therefore, the
analysis suggest that the wholesale price was largely responsible for the
higher mean and volatility of the imbalance price in 2021-22.

The results of this study highlight policy considerations for balancing
services. First, the sharp increase in the imbalance price observed in
2021-2022 was primarily driven by rising wholesale electricity prices
rather than dysfunctions in the balancing mechanism. Policymakers
could reduce the volatility of wholesale prices by diversifying energy
supply sources to reduce dependency on volatile fossil fuel markets and
encouraging greater participation in electricity trading to improve
liquidity and reduce the price effects of supply-demand mismatches.
Policymakers might also consider alternatives to reduce the impact of
wholesale price fluctuations on imbalance prices, such as decoupling
imbalance prices from wholesale prices to reduce volatility pass-
through, although this may create arbitrage opportunities. Alterna-
tively, policymakers could introduce caps on imbalance prices to avoid
extreme price spikes, but this might dampen market signals for flexi-
bility and reduce incentives for participants to balance their portfolios
efficiently.

Second, regarding the imbalance volume (demand-side), the chal-
lenges of intermittency will persist as the UK continues to increase its
share of renewable energy. Policymakers must continue to support in-
novations in renewable forecasting and grid management. More accu-
rate renewable generation forecasts can help reduce forecast errors and
thus lower the need for balancing actions. As more renewable energy
comes online, investments in grid infrastructure will be essential to
manage larger flows of electricity and reduce constraint payments in the
balancing services.

Third, the study identifies the de-rated margin (supply-side) as
another factor influencing imbalance prices. One way is to increase
flexibility in the energy system through expanding the role of battery
storage and other flexible technologies. Also, demand-side response
programs, which incentivise industrial and domestic consumers to
adjust their electricity usage in response to grid needs, can further
enhance system flexibility.

Finally, regulators need to closely menitor the drivers of these costs
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to ensure that consumers are not disproportionately burdened. The costs
of balancing services should be passed through to consumers in a fair
and transparent manner. This could involve increased regulatory scru-
tiny of cost allocation mechanisms to protect consumers from excessive
price hikes. In particular, regulators need to ensure that parties causing
the imbalance in the system (such as renewable generators) bear a
proportionate share of the costs of balancing services, instead of shifting
this burden to consumers.

The limitations of this study present opportunities for future
research. First, this analysis focuses specifically on the balancing
mechanism in the UK electricity sector. While this provides detailed
insightsinto this market, the applicability of the results may differ across
other countries due to variations in regulatory frameworks, market
structures, and levels of renewable energy integration. Therefore, future
cross-country comparative analyses could help validate the findings of
this study and assess their relevance under different market conditions.
Second, while this study captures non-linear relationships between
imbalance prices and independent variables using aggregate data from
the balancing mechanism, future research could explore disaggregated
data and incorporate advanced machine learning techniques to better
understand the behaviours and interactions of market participants.
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Abstract

The UK retail electricity market revealed (i) the co-occurrence between a declining mar-
ket concentration and an increasing price and (i1) price differentiation between incumbents
and small suppliers. We construct an infinite sequential game in which a monopoly faces
a small entrant and find an equilibrium where both players are not motivated to deviate.
However, this equilibrium imposes a condition on the values of model parameters. If the
condition is unmet, the interactions between the two players will be unending. Nonetheless,
we suggest that two states where at least one player is not motivated to deviate could be a
place to settle, but the choice depends on which player is more concerned about market
stability. Besides, the two observations are found in equilibrium and two states. Finally,
we argue that the finding is jointly contributed by four features: small entrant with a lower
marginal cost and constrained capacity, switching costs, and barriers to entry. If any feature
is relaxed, the entry of the small firm will not lead to a rising market price.

Keywords Market entry - Constrained capacity - Switching costs - Competition - Rising
price - Equilibrium

JEL Classification D42 - Monopoly; L12 - Monopolization Strategies; C62 - Existence and
Stability Conditions of Equilibrium

1 Introduction

It is widely accepted that increased competition brings downward pressure on prices,
but this standard view has been challenged. An increase in the number of firms in the
market may lead to a higher market price through two channels. The first channel is
related to consumers’ search costs. An increase in the number of firms in the market
makes consumers more difficult to find the lowest price, lowering their incentives to
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search and leading to a higher equilibrium market price (Satterthwaite 1979; Stiglitz
1987; Schulz and Stahl 1996; Janssen and Moraga-Gonzéilez 2004).! The second chan-
nel is related to the presence of loyal and switching consumer groups. Assuming each
seller are facing these two groups of consumers, an increase in the number of sellers
reduces the share of switching consumer faced by each seller, increasing the incentive
to exploit the loyal consumers through a higher price (Rosenthal 1980).

In the UK retail electricity market, the market share of six large incumbent sup-
pliers declined dramatically from 99 per cent in 2012 to 70 per cent in 2019, after
the entry of small suppliers (Ofgem 2020a).> During the same period, the retail elec-
tricity price increased from £118.5 per MWh to £171.1 per MWh (BEIS 2020).’
The co-occurrence of a declining market concentration and a rising price contrasts
with the concept that increased competition should bring downward pressure on the
price. Moreover, from the Consolidated Segmental Statements provided by these six
incumbent suppliers, the retail price they charged was £180.8 per MWh in 2019,
higher than the market price of £171.1 per MWh, suggesting that small suppliers
charged lower prices than these incumbents.* Therefore, price differentiation exists
between incumbents and small suppliers, although they provide an identical product,
i.e. electricity.’

We suggest that four features in the UK retail electricity market have jointly contrib-
uted to these two observations. The first two features are relevant to the fact that small
suppliers are exempted from several environmental obligations, such as the Feed-in
Tariff scheme and the Energy Company Obligation scheme.® These exemptions give
small suppliers cost advantages as incumbents need to pass the costs of these environ-
mental obligations to consumers through higher electricity prices.?

While exemptions bring small suppliers cost advantages, they have to limit their
capacity below the threshold. The cost advantage will disappear if small suppliers
increase their capacities above the threshold. Our analysis will consider large firms with
small suppliers with constrained capacity. Early studies discuss constrained capacity in
a duopoly and find Cournot-like behaviour remains (Levitan and Shubik 1972; Kreps
and Scheinkman 1983).

! A recent study about search costs suggests that a reduction in search costs raises market price, see Choi
etal. (2018).

2 The six large energy firms were British Gas, EDF, E.ON, Npower, Scottish Power, and SSE, known as the
Big Six, up to 20190Q4. The associated Herfindahl-Hirschman Index decreased from 1761 (2012Q1) to 970
(2019Q4) in the same interval.

3 After deducting the fuel costs, network costs, and environmental obligations, the residual price remained
increasing. For example, from their Consolidated Segmental Statements, six incumbent suppliers had this
residual price increased from £23.89 in 2013 to £30.73 in 2019. The rising costs of environmental obliga-
tions were discussed by Shao et al. (2022).

* The price gap between large incumbents and other suppliers were also indicated by the regulator (Of gem
2020b).

5 Another stream of studies suggests that product differentiation can explain the increase in price when
competition increased (Chen and Riordan 2008).

% The Feed-in Tariff scheme was introduced in 2010 to support small-scale renewable generation and the
Energy Company Obligation was introduced in 2013 to tackle fuel poverty and help reduce carbon emis-
sions.

7 An empirical study by Foster et al. (2008) suggests that entrants are more productive than incumbents
based on evidence from the US manufacturing sector.
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JEL classification: Wind generation increased dramatically in the UK over the last decade, partially contributed by the consumer-

Q21 funded Renewable Obligation (RO) scheme introduced in 2002 as part of the government policy to support
04t renewable energy. Despite its success in electricity from renewable sources, the RO
Qg‘;’ scheme was closed in 2017 and succeeded by an alternative scheme, raising questions on the policy change. This
l?eywords: paper makes the first attempt to evaluate the RO scheme by comparing the reduced spending on electricity and

Wind generation
Wholesale electricity price
Renewable obligation
Merit order effect

Carbon price
Prais-Winsten estimation

the costs of the scheme, focusing on wind generation. Using daily average hourly data from April 2009 to March
2021, our results from the Prais-Winsten estimation suggest that a marginal increase of 1 GW in hourly wind
generation reduced the wholesale electricity price by £1.28/MWh. However, we show that the reduced spending
on electricity resulted from the lower price was not enough to offset the costs of the RO scheme attributed to
wind farms. Therefore, the RO scheme brought negative gain to consumers through increased wind generation,
indicating that its closure was in consumers’ best interest.

1. Introduction

The Renewable Obligation (RO) scheme, a tradable green certificate
(TGC) system, was introduced in 2002 to stimulate investments in large-
scale renewable electricity projects in the UK. The scheme requires
electricity suppliers to buy a certain proportion of their total sales from
renewable sources.’ Through a competitive market mechanism, the RO
scheme aims to support investments in renewable electricity projects
more efficiently from aspects: (i) renewable generators compete with
traditional generators in the wholesale electricity market, and (i)
different renewable technologies compete with each other in the cer-
tificate market.” Under the support of the RO scheme, the UK

experienced rapid growth in electricity generated from renewable
sources. From 2006 to 2020, electricity generated from three main
renewable sources (wind, solar, and biofuels) increased from 14.17 TWh
to 127.84 TWh, representing 3.56% to 40.97% of total electricity gen-
eration [20]. In particular, wind generation increased from 4.26 TWhin
2006 to 75.37 TWh in 2020, representing 1.07% to 24.16% of total
electricity generation.

The increase in renewable sources in the generation mix could
negatively affect the wholesale electricity price through the merit order
effect as renewable technologies tend to have lower operating costs. The
wholesale electricity price is determined by the operating costs of the
marginal power plant, which is the most expensive one that needs to be

Abbreviations: GB, Great Britain; RO, Renewable Obligation; ROC, Renewable Obligation certificate; GHG, Greenhouse gas; MIP, Market Index Price; OTC, Over-

the-counter; CPS, Carbon Price Support; ETS, Emissions Trading System.

* Corresponding author. Department of Economics, School of Social Sciences, Swansea University, Swansea, SA1 8EN, United Kingdom.

E-mail address: jinke li@swansea.ac.uk (J. Li).

! The TGC system originated from the Renewable Portfolio Standard, which is a state-mandated program in the United States. For recent studies see Refs. [1,2], and
[3]. Similar schemes were also implemented in Australia [4,5], Belgium [6], Sweden [7], Norway [8], Romania [9], Poland [10], South Korean [11], Japan [12],

India [13], and China [14]. See Ref. [15] for a review on TGC schemes.

2 Although the early stage of the RO scheme was criticised for the lack of certainty in both price and volume of certificates [16,17], the headroom mechanism was
introduced in April 2010 to ensure excess demand in the certificate market to secure the value of certificates and then stimulate investment in renewable electricity
projects [18,19]. However [19], suggest that independent suppliers were disadvantaged as vertically integrated firms were more likely to sell/transfer certificates

heid.

from their idiary to subsidiary suppliers when there were not enough certificates in the market.
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online to match total demand at any given time, given the assumption
that plants are dispatched by increasing operating costs. Therefore,
when the demand for electricity remains the same, an increase in wind
generation switches off the most expensive running plants, and then the
new marginal plant, with a lower operating cost, sets a lower wholesale
electricity price. The empirical evidence of decreasing electricity price
with increasing supply of renewable energy through the merit order
effect has been found in many countries: Germany (see [21-25]), Spain
(see [26-301), Italy (see [31,32]), Denmark (see [33,34]); Ireland (see
[35,36]), Australia (see [37,38]).

As the RO scheme has successfully stimulated investment in renew-
able projects and electricity generation from renewable sources, the
merit order effect may have reduced the electricity price and thus con-
sumer spending on electricity. However, despite its success in promoting
renewable electricity, the RO scheme was closed to new generating ca-
pacity in March 2017. One possible explanation is that the reduced
spending on electricity as the benefit to consumers was not large enough
to offset the costs of the scheme paid by consumers.”

The comparison between the reduction in spending on electricity
resulted from lower wholesale electricity prices and the costs of support
schemes has been made by several studies. [27] use data from 2005-09
to conclude that the increase in electricity production has generated a
net benefit to consumers in Spain. A similar conclusion was drawn by
[40] using data from 2007-10 for Spain. In addition, [36] suggest that
consumers were better off from the increase in wind generation as the
benefits of low electricity prices outweigh the costs of subsidies in
Ireland from 2008-12. However, negative gain is also found in the
literature. [31] find that, in Italy, the financial saving from the higher
solar production was insufficient to compensate for the costs of the
supporting schemes from 2009-13. These studies are conducted in
countries using the Feed-in Tariff system with transparent information
such as tariffs received and the quantity of electricity supplied by
accredited generamrs." In contrast, TGC schemes are less transparent, as
the price of certificates and the associated quantity of electricity sup-
plied by accredited generators need to be estimated. [47] suggest that
merit order effects were not high enough to compensate consumers for
their cost contribution to the TGC scheme in Australia between
2011-13, but [31] find wind generation supported by the TGC system
increased consumer surplus in Italy.

By focusing on wind generation, our study is the first attempt to
evaluate the RO scheme by comparing the reduction in spending on
electricity resulted from lower wholesale electricity prices and the costs
of the RO scheme attributed to wind farms. Using data from the Great
Britain (GB) wholesale electricity market from April 2009 to March
2021, we find that a marginal increase of 1 GW in the daily average
hourly wind generation reduced the daily average hourly wholesale
electricity price by £1.28/MWh, which is consistent with evidence found
in other countries although the magnitude differs. In addition, year-
specific marginal effects varied from £0.61/MWh to £1.83/MWh.
Using these year-specific marginal effects and annual wind generation
from RO accredited wind farms, we calculate annual total reductions in
the wholesale price, which are then multiplied by annual electricity
consumption to approximate annual reductions in spending on

3 Another possible contributing factor for its closure proposed by Ref. [39] is
that, in a theoretical model, the recycling mechanism built in the RO scheme for
redistribution of penalty to suppliers induces strategic behaviours and leads to
lower prices of RO certificates and thus lower subsidies received by renewable
generators.

4 The feed-in tariff system is another type of supporting system, in which
electricity generators receive a fixed tariff for each unit of electricity they
produce, and network operators are obliged to accept this output to their
network. It is used in other European countries, such as Germany [41],
Denmark [33], and Spain [42,43]. The difference between the TGC system and
the feed-in tariff system has been discussed in Refs. [18,44,45], and [46].
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electricity. Our study finds that the reduction in spending on electricity
was lower than the costs of the RO scheme attributed to wind generation
in most financial years from 2009-10 to 2020-21, suggesting negative
gain to consumers. For example, the negative gain to consumers reached
£2.49 billion in 2019-20. Our findings favour the government’s decision
to close the RO scheme for the interest of consumers.

This paper will be constructed in the following way. Section 2 pro-
vides background. Section 3 explains data and model specifications, and
Section 4 provides empirical results. Section 5 compares the reduced
spending and the costs of the scheme to consumers. Finally, Section 6
concludes the paper.

2. Background
2.1. The electricity generation mix in the UK

Table 1 shows that electricity consumption and generation have
declined in the UK, mainly due to improved energy efficiency measures
[48].° Regarding the generation mix, the most striking observation is
that electricity generated from coal declined from 148.85 TWh in 2006
to 5.50 TWh in 2020, while moderate declines were seen in both gas and
nuclear. In contrast, electricity generated from renewable sources
increased dramatically during the same interval (71.13 TWh from wind,
29.38 TWh from bioenergy, and 13.16 TWh from solar), possibly sug-
gesting the effectiveness of supporting schemes. In addition, net imports
of electricity increased from 7.52 TWh to 17.91 TWh, indicating an
increasing degree of integration into the EU electricity market.

2.2. The Renewable Obligation scheme

Under the Renewable Obligation (RO) scheme, the regulator allo-
cates Renewable Obligation Certificates (ROCs) to accredited renewable
generators, and then the latter receive revenue when ROCs are sold to
suppliers in the market. The revenue from selling ROCs are in addition to
the revenue from selling electricity for generators. At the end of each
reporting year, suppliers present their ROCs to demonstrate if they have
met their obligations, i.e., a certain proportion of their total sales of
electricity is from renewable sources. If suppliers fail to present a suf-
ficient number of ROCs, they must pay the penalty (the buy-out price)
for each ROC missed. One feature of the RO scheme is the recycling
mechanism, which redistributes the total penalty back to suppliers in
proportion to the number of ROCs presented. The recycle value is the
redistribution payment to suppliers for each ROC they presented.
Therefore, by presenting one ROC, suppliers avoid the buy-out price and
receive the recycle value, so the suggested ROC price is the sum of these
two components [39,49,50]. The RO scheme was closed to new gener-
ating capacity in March 2017, but accredited renewable generators still
receive ROCs for the 20-year period.

As Table 2 shows, the number of ROCs issued by the regulator
increased from 5.58 million in 2002-03 to 114.93 million in 2019-20.
‘While various renewable technologies were eligible for the RO scheme,
the number of certificates allocated to wind farms had gradually gained
its dominance, reaching 66.24% in 2019-20. The RO scheme provided
financial support to renewable electricity projects, but the costs were
ultimately passed to consumers via higher electricity bills. According to
Ofgem, the costs of the RO scheme were calculated as the product of the
number of ROCs presented and the suggested ROC price in each
reporting year [50]. As shown in Table 2, the costs of the RO scheme
increased from £250.44 million in 2002-03 to £6310.74 million in
2019-20. Then multiplying the costs with the percentage of ROCs issued
to wind, the costs attributed to wind increased from £48.99 million to
£4180.40 million over the same period. Last, wind power capacity

® Figures related to transformation (energy industry use and losses) are not
included in Table 1.
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Table 5
Results from the Prais-Winsten estimation for individual reporting years.

Renewable and Sustainable Energy Reviews 153 (2022) 111788

Dependent variable: wholesale electricity price (£/MWHh, daily average hourly value)

Variables 09-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-20 20-21
National demand 1.65 1.50 0.58 0.62 0.99 0.61 0.50 1.98 139 1.09 0.96 2.23
. wn i . o . an . e wnn . .
Wind generation —-1.39 —1.57 -1.83 -1.71 -157 —1.22 -119 —1.65 —0.61 -1.05 —0.98 -1.77
Solar generation 65.04 0.07 —6.49 —0.54 —2.59 —2.81 —1.66 —3.32 —2.31 —2.13 —-1.54
. . f. e wax war e
Gas price 0.07 0.34 0.32 0.49 0.23 0.50 0.28 0.29 0.80 0.55 0.39 0.89
wae I wn o . e wa . . .
Coal price 0.16 0.34 0.06 —0.03 0.23 —0.55 059 0.47 —0.21 0.24 0.26 —0.11
Carbon price with CPS —0.37 1.03 0.05 —0.01 1.33 2.77 176 —1.24 —0.16 0.20 —0.17 0.13
I A
Observations 365 365 366 365 365 365 366 365 365 365 366 365
R-squared 0.36 0.62 0.55 0.67 0.61 0.60 0.60 0.46 0.60 0.74 0.61 0.73
Robust Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Statistical significance at the 1% level (***), 5% level (**), 10% level ().
Table 6
The reduced spending on electricity and the gain to consumers.
Year 1 (2)=(1)/(365*24) (3) #)=(2)*(3) (5) 6)=(4)*(5) @
Wind generation Annual average hourly wind Estimated marginal Total impact on Electricity Total reduction in Gain to
from RO wind farms generation, from RO wind impact of 1 GW wind on price (£/MWh) consumption spending (£ consumers (£
(GWh) farm (GWh) the price (£/MWh) (GWh} million) millions)
09-10 9420 1.08 -1.39 -1.50 323,520 484 =37
10-11 11,480 131 -1.57 -2.05 326,09 669 15
11-12 16,934 1.93 —1.83 —3.54 317,972 1124 269
12-13 21,985 251 -1.71 —4.29 317,771 1362 114
13-14 29,288 3.34 -1.57 -5.26 312,900 1646 =110
14-15 32,847 375 -1.22 —4.59 302,959 1390 —489
15-16 36,497 4.17 -1.19 —4.96 303,618 1505 -726
16-17 37,367 427 -1.65 —7.05 302,937 2136 —506
17-18 46,354 529 —0.61 -3.25 299,848 974 —2527
18-19 49,232 5.62 -1.05 -5.91 299,330 1770 —2031
19-20 51,669 5.90 —0.98 -5.80 292,058 1693 —2487

Soutce: authors’ own calculation based on data from Ofgem, BEIS, and estimation results from Table 5

Table 7
Inflati dj d gain to ¢
Year [68) (2)
CPI index (09-10 = Inflation-adjusted gain to consumers (£
100) millions)
09-10  100.0 -37
10-11 103.5 15
11-12  108.0 249
12-13 1108 103
13-14 1134 -97
14-15 1146 —427
15-16 114.7 —633
16-17  116.0 —436
17-18  119.2 -2119
1819 1219 —1666
19-20 1241 —2005

Sources: authors’ own calculation based on data from ONS and results from
Table 6

profound impacts on the economy. One was the impact on the envi-
ronmental quality through reduced carbon emissions and the resulted
decreases in health care expendimre.” Other impacts include increased
exports of skills and technology to the international market, improved

13 The impacts of renewable generations on carbon emissions see Refs. [63,
641, and the impacts of environmental quality on healthcare expenditure see
Ref. [65].
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energy security through reduced energy dependence on imports, and
reduced impact of volatile international fossil fuel prices on domestic
economic activities. These wider considerations shall be included to
evaluate the government policy for the development of renewable
energy.
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The UK retail electricity market experienced a decline in market concentration as new suppliers (retailers)
competed with traditional incumbents. Concurrently, consumer-funded schemes were implemented to support
low-carbon electricity generation. To disentangle the effects of these two developments on the retail price, an
autoregressive distributed lag (ARDL) cointegration model was applied to monthly data from 2010 to 2019.
Results indicate that, while the costs of consumer-funded schemes contributed to the rising retail price, the

declining market concentration unexpectedly pushed the retail price upward. Analysis of the six large suppliers
shows that incumbents struggled to lower indirect costs as sales volumes fell, passing higher indirect costs per
megawatt-hour to consumers. However, due to competitive pressure from new suppliers, incumbents were
constrained from raising retail prices to fully cover these higher costs, resulting in lower profit margins. Thus,
competition was evident not through lower retail prices but through its effect on incumbents’ profitability.

1. Introduction

The UK retail electricity sector has experienced a decline in market
concentration, with the market share of the six largest suppliers, known
as the Big Six, dropping from 99 % in 2012 to 70 % in 2019 as smaller
suppliers gradually entered the market.'” The effect of competition on
retail electricity prices has been debated since the liberalisation of the
electricity market in 1999. While it was suggested that weak customer
engagement granted suppliers market power to set excessive prices
(Waddams-Price, 2005; Giulietti et al., 2010; Amountzias et al., 2017),
other studies have proposed that the rise in retail prices stemmed from
an increase in underlying costs, rather than excessive retail profits, often
misinterpreted as a lack of competition within the market (Pollitt and
Haney, 2014; Littlechild, 2018). However, the impact of this declining
concentration on retail electricity prices has not yet been empirically

documented.

While the declining market concentration is expected to induce
competition and lower retail electricity prices, the magnitude of this
effect remains uncertain. This uncertainty arises from the influence of
several consumer-funded schemes implemented in the electricity mar-
ket, which likely impacted prices. These schemes, designed to promote
the adoption of renewable energy and improve system stability, coin-
cided with the decline in market concentration in the retail energy
sector. Notably, these two factors are anticipated to have opposite ef-
fects on retail electricity prices.

To address this, the five main consumer-funded schemes imple-
mented in the electricity market are considered: the Renewables Obli-
gation, the Feed-in Tariff, the Contracts for Difference, the Capacity
Market, and the Energy Company Obligation. The annual total costs of
these five schemes rose significantly, reaching £10.26 billion in 2019
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(BEIS, 2020a; LCCC, 2020; Ofgem, 2020b, 2022).° Unlike policies fun-
ded through government taxation, the costs of these schemes were borne
by suppliers and subsequently passed on to consumers through higher
retail electricity prices. The National Audit Office estimated that the
costs of consumer-funded schemes could reach £8.7 billion in 2020-21,
adding an average of £164 to household energy bills (National Audit
Office, 2016), but further empirical evidence remains limited.

In light of these two major developments in the electricity market,
this study is the first to disentangle the impacts of declining market
concentration and rising costs of consumer-funded schemes on retail
prices. By estimating an autoregressive distributed lag (ARDL) model
using monthly data from January 2010 to December 2019, the long-run
relationship indicates the rising costs of consumer-funded schemes have
increased retail prices; however, the declining concentration also exerts
upward pressure on retail prices. The analysis is limited to December
2019 due to the substantial changes in the retail market from January
2020 onward.”

To further investigate the impact of declining concentration, the
Consolidated Segmental Statements published by the Big Six from 2013
to 2019 have been analysed. This study posits that, due to the declining
concentration and consequently lower sales volumes, incumbents faced
higher indirect costs per megawatt-hour (MWh), possibly indicating
inefficiency or a loss of economies of scale. Therefore, incumbents
passed these rising indirect costs onto consumers in the form of
increased retail prices. However, incumbents could not raise retail prices
sufficiently to fully cover the rising indirect costs due to increased
competition from small and medium-sized suppliers, resulting in
reduced profit margins. In other words, although the declining con-
centration reduced the profitability of incumbents, it also pushed up
retail prices.

The remainder of this study is structured as follows. Section 2 dis-
cusses relevant literature, and Section 3 provides contextual back-
ground. Sections 4 and 5 detail the data and methodology, and Section 6
presents the empirical results. Finally, Section 7 discusses the findings,
and Section 8 offers concluding remarks.

2. Literature review
2.1. Theoretical basis

The traditional view holds that greater competition typically drives
prices down. However, some research suggests that increasing the
number of firms may raise prices through two mechanisms. First, with
more firms, consumers face higher search costs, reducing their incentive
to seek out the lowest price and potentially leading to a higher market
price (Satterthwaite, 1979; Stiglitz, 1987; Schulz and Stahl, 1996;
Janssen and Moraga-Gonzalez, 2004). Second, with an increase in the
number of firms, the proportion of switching consumers available to
each seller diminishes, thereby encouraging sellers to raise prices for
loyal consumers (Rosenthal, 1980).

Since 2002, the UK retail electricity market has been dominated by
six large firms, with smaller suppliers entering gradually from 2012.
Although new entrants offer lower prices, switching costs for consumers
remain high due to factors such as uncertainty over service quality and
brand loyalty (Klemperer, 1995). Unlike typical goods markets, the
utility market operates through service contracts, where switching costs
are more pronounced due to low consumer engagement. Klemperer

5 BEIS stands for the Department for Business, Energy and Industrial Strat-
egy, LCCC stands for the Low Carbon Contracts Company, and Ofgem stands for
Office of Gas and Electricity Markets.

# In January 2020, SSE reached an agreement to sell its retailing business to
OVO Energy. Also, after the acquisition in 2019, customers of RWE npower
migrated to E.ON in 2021. Remarkably, the market share of Octopus Energy
increased from 4.9% in 2020Q1 to 16.6% in 2023Q1.
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(1987) and Farrell and Shapiro (1988) demonstrate how firms may
compete initially but later exploit captive consumers by charging higher
prices, given the persistence of switching costs.

Small suppliers in the UK retail electricity market gain a cost
advantage over incumbents through exemptions from certain environ-
mental obligations, provided they keep capacity below specific thresh-
olds. Early studies on capacity constraints in duopolies suggest that such
limits lead to Cournot-like competition (Levitan and Shubik, 1972; Kreps
and Scheinkman, 1983; Osborne and Pitchik, 1986). Later studies
explored the combined effects of constrained capacity and switching
costs. Herk (1993) demonstrates that switching costs reinforce Cournot
behaviour in capacity-constrained duopoly markets. Farrell and Klem-
perer (2007) find that switching costs enable small entrants to attract
non-captive consumers, allowing incumbents to charge higher prices to
loyal consumers. Shao et al. (2022a) analyse a scenario involving a
monopoly and a small entrant, finding that an equilibrium with higher
prices is achievable under four conditions: the small supplier has lower
marginal costs, constrained capacity, switching costs exist, and there are
barriers to entry.

2.2. Factors affecting market concentration

2.2.1. Market liberalisation

The UK electricity market was opened up for competition in 1999
through liberalisation. Although competition was expected to benefit
consumers and the electricity system as a whole (Joskow and Tirole,
2006; Pollitt, 2012), early studies in the UK did not find supporting
evidence. Salies and Waddams-Price (2004) suggest considerable mar-
ket power remained, particularly in the prepayment market with lower
levels of consumer engagement. Similarly, Waddams-Price (2005) finds
that increasing concentration in the retail market may have reduced
consumer surplus, and Giulietti et al. (2010) suggest limited evidence
supporting  increased market competitiveness in the early
post-privatisation years. This view is further supported by Wilson and
Waddams-Price (2010), who report that nearly one-fifth of UK con-
sumers who switched energy suppliers saw a reduction in welfare. He
and Reiner (2017) attribute low switching activity to difficulties in un-
derstanding energy bills and limited consumer attention to energy
pricing. In terms of pricing impacts, Boroumand (2015) observes that
retailers have prioritised profit maximisation through higher retail pri-
ces over competitive pricing to increase market share. Similarly,
Amountzias et al. (2017) find that overpricing remains a persistent trend
in the retail electricity market.

Expanding to a global perspective, the impact of market liberalisa-
tion on the electricity sector has been mixed. Ringel (2003) finds lib-
eralisation did not lead to price competition for EU generators and
distributors, leading instead to market consolidation through coopera-
tion and mergers. Similarly, Percebois (2008) reports EU power sector
liberalisation coincided with rising prices, partly due to increased
market power from mergers and acquisitions. Nagayama (2009) finds
that liberalisation contributed to the rise in retail electricity prices across
78 countries from 1985 to 2003. Moreno et al. (2012) and Oosthuizen
et al. (2022) also find that electricity liberalisation slightly increased
household prices in 27 EU countries (1998-2009) and 34 OECD coun-
tries (1997-2015), respectively. Conversely, consistent with competi-
tion theory, other cross-country studies have found market liberalisation
associated with decreases in retail prices (da Silva and Cerqueira, 2017;
limura and Cross, 2018; Amenta et al.,, 2022), whereas Hyland (2016)
reports no observable impacts.

2.2.2. Technological advancements

Technological advancements, including digital and intelligent
transformation, have improved productivity in the energy sector
through multiple mechanisms. First, Al-driven automation streamlines
operations, reduces manual labour, and optimises resource allocation,
leading to cost savings that can be passed on to consumers. Additionally,
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changed dramatically from January 2020. Specifically, SSE sold its
retailing business to OVO Energy in January 2020, and E.ON acquired
all customers of RWE npower in 2021. Meanwhile, the market share of
Octopus Energy increased from 4.9 % in 2020Q1 to 16.6 % in 20230Q1.
Further research is needed to examine market dynamics post-2019 and
assess the impact of the energy crisis in 2021-22. Second, the reason for
rising indirect costs remains unanswered. This study suggests that rising
indirect costs could result from unexploited efficiency or a loss of
economies of scale. This question is crucial, as incumbents should be
able to reduce these costs in the longer term and remove upward pres-
sure on retail prices if the former is true but not if the latter holds.
Further study is required to confirm if indirect costs would fall in later
periods to resolve this question. Third, this study aggregates the total
consumer-funded support costs from the five main schemes, which may
obscure the individual impacts of each scheme. Future research should
aim to analyse the costs and impacts of each scheme separately to pro-
vide a more detailed understanding of their economic impacts. Fourth,
while this analysis offers a focused look at the UK retail electricity
market, it also limits the broader applicability of its findings. Market
structures and renewable energy support schemes vary by country, and
future research could expand on this by conducting cross-country
comparative analyses to assess the applicability of these findings.
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