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Abstract: The electricity sector aims to achieve a balanced progress in all three dimensions of the
energy trilemma: affordability, decarbonisation and security of supply. Separate strategies for
decarbonisation and security of supply have been pursued; each with close attention to minimising
costs, thus consistent with the affordability aspect of the trilemma. However, while it is evident
that the pathway for decarbonisation increases pressure on security of supply, the pressures that
cost-minimising security of supply measures are putting on decarbonisation goes unaddressed. The
United Kingdom (UK) is a global leader in the transition towards a decarbonised economy and aims
to achieve net-zero emissions by 2050. As a major part of the UK, Great Britain (GB) has achieved
greater than 50% of low-carbon electricity generation and the grid’s carbon intensity has dropped by
36% over the period 2015-2019. However, balancing services that provide security of supply uses
only 8% of low-carbon generation. Their carbon intensity is double the grid’s average and this gap
is widening. This is an effect of a systemic reliance on carbon-intensive fuels. Financial support for
capital investment for flexible low-carbon technologies is much needed. The GB context suggests
that an integrated strategy covering all three dimensions of the trilemma might achieve an improved
balance between them and unlock an affordable, net-zero emissions and secure power system.
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1. Introduction

National energy systems are facing unprecedented challenge for change as key com-
ponents of the global efforts towards sustainability. Sustainable development, as the
management of economic, environmental and social aspects, such that the current gen-
eration’s action does not inhibit the ability of future generations to meet their needs, is
fundamental to achieving global prosperity [1]. In fact, concerted and balanced actions to
achieve economic, environmental and social sustainability are required [2]. These three
pillars of sustainability apply to all the energy sectors as the dimensions of the well-known
“energy trilemma”: providing equitable, clean and adequate energy [3,4]. The aim of
sustainable development in the energy sectors, and more specifically in the electricity
sector, is therefore to progress towards a balanced system that reflects all three dimensions
of the Trilemma.

This article adopts the terminology for the Trilemma as it is generally understood
in the electricity sector: affordability, decarbonisation and security of electricity supply
(SoES):
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e  Affordability is the main parameter to measure economic accessibility to electricity, in
particular for vulnerable users [4,5].

e  Decarbonisation aims to reduce greenhouse gas (GHG) emissions, typically measured
in the equivalent impact of carbon dioxide emissions (CO,eq), ultimately seeking
net-zero emission power systems [4].

e SoESis defined as “the ability of an electricity system to supply final customers with
electricity” [6]. In general, this dimension aims to achieve a resilient system composed
by a diverse fuel mix [4] that can reliably fulfil current and future demand [7].

The current challenge in the electricity sector is to deliver a secure and fully decar-
bonised power system at the lowest possible cost [8,9] and the careful integration of these
three dimensions to unlock the potential for a sustainable power system. However, these
three dimensions are generally considered mutually competitive and, in this sense, are
understood as a Trilemma.

In the last decades, policies to support the decarbonisation of the electricity grid
have been set in many countries. The main driver is that electricity generation is a major
source of GHG emissions and thus one of the main contributors to climate change [10].
These policies typically focus on incentivising the installation of capacity of low-carbon
technologies (LCTs), or the subset of renewable electricity sources (RES).

However, this desired increase of electricity generated from RES often results in
lower SoES [11-14]. This is because the most widely installed generation technologies for
renewable electricity (wind and solar photovoltaic) are weather-dependent and, in the case
of photovoltaic, also time of day dependent. Therefore, their generation varies in space
and time, exacerbating the problem of matching supply with the variable demand. It is
clear that intermittent RES alone are not able to match the variable demand and other
technologies are needed to secure the balancing of demand and supply [15-18]. Thus,
markets and policies are designed to ensure SOES by means of real-time balancing services
and on-demand capacity services.

SoES is achieved by ensuring enough power is generated to balance the demand in
real time, with appropriate reserve. In general, the two main approaches for balancing the
grid are by aggregating over space and/or averaging over time:

e Aggregation over space is achieved by combining different technologies or intercon-
nectors between areas [11,19,20]. Currently, interconnectors and the integration of
fossil-fuelled thermal power units into the generation mix, alongside renewables,
generally provide SoES [21-23].

e Alternatively, a power system is balanced by averaging demand or supply over time.
Electricity storage systems are examples of averaging supply over time [24-26], while
demand side response (DSR) is an approach of managing demand over time [27].

Balancing is traditionally provided by fossil-fuelled generation [14], which can pro-
vide “firm” power, and is typically flexible and hence dispatchable. Few studies have
investigated the feasibility and effects of using, among the RES, bioenergy sources to
support balancing the grid [28-30]. These studies found that current limitations include
increased capital investment and reduced operational efficiency of the generation plants.
This is because of the reduced and non-optimal generation plant loading during extensive
off-peak times; however, the use of RES in balancing was expected by these authors to be
beneficial in both economic and environmental dimensions in the long term.

Flexible low-carbon generation could in principle be provided by several technologies
that currently are not fully exploited or have not traditionally bid into these markets.
Concentrating solar, hydro and bioenergy power stations are existing technologies and
fuels suitable to provide flexible generation [13,31]. Hydro, and pumped hydro storage
(PHS), are largely used for flexible generation. Bioenergy (in solid, liquid or gaseous forms)
can be produced, stored and used according to the demand at peak time [29,32-35].

This work aims to assess the need for renewable flexible generators within the services
designed to balance demand and supply in real time. The balancing services constitute
a real-time subsector of the electricity sector, the economic, environmental and social
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impacts of which are not assessed in the academic literature. Whilst many authors focus
on the benefits and viability of different approaches [36,37] or the contribution of specific
technologies [38-40] to provide SoES, a comprehensive investigation of the balancing
services is lacking (e.g., [8,41,42]). In fact, the analysis of economic and environmental costs
of balancing services in a highly decarbonised electricity system has not been attempted
yet in the literature. After examining the status of the balancing services and highlighting
the diverging development pathways occurring whilst trying separately to decarbonize
the system and securing electricity supply, this article identifies areas of improvement of
current policies.

This article uses the highly decarbonised system of Great Britain (GB) as a case
study [43]. GB is a single area where markets and balancing services operate, and energy
policies apply. In GB, security of electricity supply is provided by several services to
ensure real-time balance between demand and supply, with adequate reserve [44]. The
main services, investigated in this article, are the capacity market (CM) and the balancing
mechanism (BM).

This analysis is timely as the UK government has recently legislated to commit the
country to the ambitious target of net-zero carbon emissions by 2050. The Committee
on Climate Change (CCC) [45] suggests that to achieve this target, major, well-designed
and urgent policies and actions are required, particularly in hard to decarbonise sectors.
To achieve this target, a 68% reduction of GHG emissions 1990s levels by 2030 is recom-
mended [46]. All industrialized economies face similar challenges, and thus the article’s
findings for GB have wider international relevance. In this context, this article aims to
contribute towards the definition of strategies that will ultimately lead to the development
of the net-zero power system.

2. Materials and Methods

This article analyses the economic costs and carbon impacts of SoES by analysing the
two main balancing services in GB: the BM and the CM.

The CM allows National Grid Electricity System Operator (NG-ESO) to buy dispatch-
able capacity in advance at a fixed price. The cost is set by competitive award of contracts
through technology neutral auctions. The cost is therefore expected to be the lowest pos-
sible, as competition promotes affordability. Auctions for securing dispatchable capacity
take place one and four years ahead of delivery (defined respectively as T-1 and T-4). Close
to the beginning of a settlement period (SP), the half-hourly period in which the grid
operates, if forward trading shows risk of imbalances, NG-ESO can instruct contracted
capacity providers to supply dispatchable power (if generators) or to reduce use (if DSR
providers) [47].

In contrast, the BM operates on a near real-time basis: up to 5 min before the beginning
of a SP, generators and users are instructed to increase or reduce generation according to
their “offers” (in case of making more power available) and “bids” (in case of reducing
generation) [48]. Offers and bids are placed by operators and accepted by the system
operator according to the volume needed. In both cases, flexibility in operations is needed.
When more power is needed, operators need to be able to flexibly increase generation
as required. Therefore, on-demand energy availability is essential. This condition is a
limitation on the use of many LCTs in the BM and constitutes a constraint for the system.

The electricity system regulator, OFGEM [49], modified the methodology to calculate
the BM price (price average reference—PAR). Until 5 November 2015, the final price was
calculated as the average price of the marginal 500 MW traded on the BM (called PAR500).
After that date, the marginal 50 MW set the price (PAR50). Since 1 November 2018, the
price has been calculated as the average price of the marginal 1 MW traded on the BM
(PAR1). To ensure internal consistency of the market conditions of the period studied, the
PARS50 period is used for the economic analysis presented in this work.

The method for the analysis of the economic and carbon costs of the balancing services
is detailed below. While the method for the assessment of the economic costs is developed
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specifically for this work, the carbon costs assessment method improves on existing datasets
by adopting a consistent approach for the estimation of carbon factors of each electricity
source based on the data available. As such, the description of the method and the data
used is presented together in this section.

The yearly economic costs (Equation (1)) are assessed by summing all the 17,520 annual
half-hourly (hh) generation and pricing data for the BM (Equation (2)) and the yearly results
of capacity auctions for the CM (Equation (3)). Then, the results are compared to the overall
electricity cost to consumers and market price values, in order to assess the effects of SOES
on affordability.

Total costsyear = Costspm,year + COSESCM,year 1)
in which
17520
Costspm,year = Z Market priceyy, x Volume tradedyy, )
hh=1
and
Costscptyear = 'T — 4 auction costsyeqy +'T — 1" auction costsyear ©))

Affordability is commonly assessed by comparing the average total net annual cost of
energy (in all forms) per domestic consumer with the median annual household disposable
income. The threshold of considering a system affordable is generally when this ratio
is below 10% [50,51]. For this purpose, electricity is assumed to represent half of the
total energy costs for a household (based on [52]). However, whilst this methodology
measures the average affordability of an energy system, in practice the issue of households’
energy affordability impacts mainly those on low incomes. In fact, the proportion of total
expenditure on energy in low-income households is double the average [53].

Data were collected from the system operator and the administrators of the balancing
services. The analysis of the BM is based on the derived BM unit data available by accessing
the Elexon database through application programming interfaces [54]. Statistics of accepted
offers and bids from all generating units can be published for each half hour. By matching
each unit with their fuel based on Elexon [55] and other databases [56,57], generation per
fuel in each half hour was calculated during the whole PAR50 period. Data for the capacity
market are available from National Grid [56-60].

The carbon impacts are calculated in terms of overall carbon intensity (CI). The CI
measures GHG emissions as total amount of CO, equivalent (CO,eq) emissions per unit of
electricity, i.e., gcozeq/kW-h.

The calculation of carbon impact of the marginal electricity generation is not new.
Several authors calculate the marginal emission factors (MEF) by statistically analysing the
hourly or half-hourly variation in load and fuel mix of the grid as a whole (e.g., [61-66]).
Whilst the established statistical methods for the calculation of the MEF are an effective
indirect proxy, this article directly analyses the data of balancing services. The statistical
calculation of the MEF using data from the grid as a whole [61] assumes as marginal any
variation in power generation from a period to the following, irrespective of whether it
was in fact due to balancing purposes. If looking at data of the grid as a whole, the increase
or decrease in power generation and the variation in fuel mix is due to multiple factors
and it is not related only to balancing services. However, the focus of the work presented
in this article is the assessment of the impacts of SOES and, hence, of the balancing services.

In this work the empirical data of only the power traded near to real time under
the balancing services for the achievement of SoES is analysed (i.e., the marginal short-
term balancing power generation). In particular, the method described below allows
identification and includes only the actual marginal power generated and traded on the
near real-time markets for balancing purposes. The choice of this method is made to
unequivocally identify the variation in generation and fuel mix due to and traded for
ensuring SoES. The BM and CM are de facto assumed to be two separate subsectors of the
electricity supply system, and the method calculates the emissions associated with them.
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Emissions from the BM are calculated by multiplying CIs and generation data for
each fuel (f) and technology (t) in each half hour (hh). The overall Cl is then calculated by
dividing the total emissions by the total generation traded on the BM (Equation (4)).

17520 -
Y 2?21 ClLy run x Generationy gy,

Total Generationyeqy

CIBM,year = 4)

Similarly, the annual CI of the CM is calculated by multiplying the generation and
the CI for each fuel (Equation (5)). For the purpose of this work, the total generation of the
CM is calculated assuming that the capacity secured is equally used for generation during
the peak hours (16:00-20:00) [34,35] of the winter period (November-March), which is the
period of higher stress for the grid [67].

Z}?Zl Cly s x Generations

©)

Clemyear = Total Generationyear

One of the contributions to knowledge of this article is the development of new
consistent reference values for CIs per fuel and technology. Whilst some reference values
for ClIs per fuel exist in the literature [68-70], they use an inconsistent methodology for
the different fuels. Additionally, the CIs database needs to be updated to provide new
references for the more detailed generation by fuel data reporting.

In this work, Cls per fuel are calculated over the period 2014-2020 based on generation
statistics from BEIS [71,72] and carbon emissions reported by BEIS and DEFRA [73-78].

The calculation of CIs for generation from bioenergy sources (“other”, in the GB
generation statistics) and PHS is particularly relevant for the purpose of this article. The
category of “other” renewables includes generation from various bioenergy sources: biogas
from anaerobic digestion of organic waste, biodegradable waste and vegetable and animal
biomass. Staffell [68] discussed the complexity of calculating CI for these “other” renewable
sources and biomass in particular. The current common approach for the calculation of
GHG emissions from these sources includes CH4 and N,O emissions from the scope-1
direct use of the fuel (ignoring direct CO, emissions) plus all lifecycle GHG emissions
along the supply chain due to extraction, refining and transportation of bioenergy sources
(scope-3) [79-81]. The rationale for this approach is that direct CO, emissions are consid-
ered outside of scope, being balanced by the emissions absorbed by bioenergy sources
during their growth [81], on the assumption that the bioenergy is grown sustainably, with
appropriate replanting. On the contrary, the emissions for fossil fuels are normally calcu-
lated following the consumption-based accounting methodology and therefore include only
the scope-1 emissions, notwithstanding that scope-3 emissions represent a non-negligible
amount [68]. Using different methodologies for fossil fuels and renewables leads to incon-
sistencies in the datasets available in the literature, which makes the comparisons of the
emissions associated with different fuel mixes problematic.

As an important first step, a consistent dataset of reference values for the CI for each
fuel is developed based on scope-1 for all fuels. This will allow comparisons of the emis-
sions associated with different fuel-mix scenarios for balancing services. The new dataset
should be consistent with results for fossil-fuelled generation in existing literature sources,
but the calculated ClIs for the “other” bioenergy sources will be lower when compared to
the existing sources, as these include scope-3. As in the future scope-3 emissions for all
fuels will become more significant, Appendix A shows the Cls if recalculated consistently
for all fuels to include these emissions.

As CIs calculated in this article are intended for the calculation of emissions of total
positive net generation, Cls for each generating technology are calculated as the total carbon
factor (CF) arising from the use of each specific fuel (f) divided by the typical efficiency of
the generation technologies (f) using each fuel (Equation (6)). As the efficiency is intended
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to be net of plant self-consumption, it is calculated for each fuel by dividing gross energy
consumption by electricity supplied (Equation (7)).

Carbon Pactorf

Cliy = Ef ficiency; ¢

(6)

in which )
Gross energy consumption; g

Efficiency; f = (7)

Electricity supplied; s
The calculations included in this article provide a more consistent accounting of
emissions. Additionally, the figures detail or update previous GB-specific assessments
by Staffell [68], Bruce et al. [69] for NG-ESO and Rogers and Parson [70]. In effect, until
November 2017, all bioenergy sources were included in one single “other” category in GB
statistics. Staffell [68] calculated CI for this category by assuming it is entirely constituted
by biomass; however, in reality it included all bioenergy sources. In fact, Elexon now
reports separate generation statistics for biomass and the remaining bioenergy sources.

The development of a methodology for the calculation of CIs for biomass and the
“other” renewables constitutes a novel contribution of this work.

CIs for biomass and the “other” bioenergy sources are estimated as presented in
Equation (8) as weighted average of the number (1) of fuels (f). The Cl is calculated by
weighting the CFs from bioenergy fuels published by BEIS and DEFRA [73-78] according
to their relative contribution to the final generation of the category. Table 6.4 of the
energy statistics published by BEIS [72] provides statistics of generation from all sources of

bioenergy.
f:n CFf G t
Ele Efficiency; X Generation s

®)

Clinermal renewables = f=n :
Zle Generationy

Biomass and co-firing with fossil fuels are assumed to be all fuelled by wood pellets
(since the largest biomass power plants are fuelled by such biomass [82]). The categories of
anaerobic digestion, animal biomass, biodegradable energy from waste and sewage gas in
BEIS [72] are assumed as biogas-fuelled in BEIS and DEFRA reporting data [73-78]. The
last category of landfill gas only comprises generation from this fuel.

PHS is generally considered zero emissions as it is not a generation technology. How-
ever, carbon emissions are related to the electricity consumed and losses in the process. For
the calculation of average grid CI, these carbon emissions are normally accounted only at
generation, disregarding the losses. However, for the emissions from the BM, the specific
CI for PHS is calculated as presented in Equation (9) for each half hour (/) as the weighted
average of the grid’s CI to actual use in the previous 18 h (36 half hours) and then divided
by overall cycle efficiency, calculated as 72.5% [72].

t=hh—37 :
Yicmn_1 Clgriarx Consumptionppsg s

Zii%:gﬁ Consumptionpyg ¢

)

CI = —
PHS hh Efficiencypys
Emissions for French, Dutch and Irish imports or exports are included on consumption-
based accounting, considering each country CI’s annual average [83-85].
Finally, as this methodology only accounts for scope-1 emissions, LCTs (wind, solar
and nuclear) are assumed to be carbon neutral.

3. Results

As decarbonisation progresses at pace, preserving the SoES has become the immediate
concern. Balancing and capacity services have been devised to ensure SoES. In this section,
the economic and carbon impacts of SOES are measured.
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3.1. The Economic Cost of Balancing Services

The CM and other balancing services have prearranged prices to make capacity
available when needed. CM volumes and costs awarded in recent auctions are reproduced
in Table 1. The average of the initial three delivery years is an estimate of the yearly cost of
security of supply provided by CM and is nearly GBP 1.0 billion.

Table 1. Clearing price, capacity awarded and total forecasted cost for CM auction [56-60].

Auction 2014 T4 2015 T-4 2016 T-4 2017 T-4 2017 T-1
Delivery year 2018/19 2019/20 2020/21 2021/22 2018/19
Clear price [GBP/kW/year] 19.40 18.00 22.50 8.40 6.00
Capacity [GW] 49.3 46.3 52.4 50.4 5.8
Total cost [GBP] 956 m 834 m 1179 m 423 m 35m

On the contrary, the overall cost of BM depends on the traded volumes and market
prices, which are variable on a half-hour basis according to several factors. The market price
is determined according to the price required to activate the marginal capacity provider in
each specific half hour, as presented in Section 2.

The evolution of the price calculation methodology has contributed to increasing
average prices and, largely, higher market volatility. Figure 1 provides a graphical repre-
sentation of trends of average daily real prices and spread. In particular, the evolution of
the PAR calculation methodology has directly affected affordability by increasing prices
and indirectly by increasing the operational risk of electricity suppliers by developing a
more volatile market.

GBP 1000/MW h

GBP 800/MW h

GBP 600/MW h

GBP 400/MW h

GBP 200/MW h 1
GBP O/MW h mm%@mmwmmm

- GBP 200/MW h

Daily minimum Daily maximum  —— Daily average

Figure 1. BM daily prices’ average ranging from 1 April 2015 to 31 October 2020. Data source: [55].
PAR500 period ended in November 2015, PAR50 period ended in November 2018. In isolated
instances, the price was higher than GBP 1000.00/MW:-h, reaching GBP 1528.72/MW: h in February
2017, GBP 1509.80/MW-h in August 2017 and GBP 2242.31/MW h in June 2020

To allow comparison of prices between the PAR50 period used as a reference in this
work and the PAR1 methodology used afterwards, Table 2 includes the comparison of
market prices. Additionally, the evolution in calculation methodology also impacts afford-
ability. During periods in which Elexon used either the PAR500 or PAR50 methodology
(second column), a corresponding marginal market price is recalculated, respectively with
PAR50 and PAR1 methodologies (fourth column).
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Table 2. Average and standard deviation in different quarters of real market prices and recalculated market prices (i.e.,

when real market price is calculated with PAR500, the marginal prices is calculated with PAR50, and when the real market

price is calculated with PAR50, the marginal price is calculated with PAR1). The standard deviation is assumed as an

indicator of volatility. Prices are expressed in constant value terms. Data source: [86].

. Real Market Price Recalculated Market Price
Period Real Marginal
(from-to, dd/mm/yy) PAR Average Standard PAR Average Standard
[GBP/MW:-h] Deviation [GBP/MW-h] Deviation
01/02/2015 30/04/2015 PAR500 GBP 41.88 38.31% PAR50 GBP 43.27 51.34%
01/05/2015 31/07/2015 PAR500 GBP 41.90 38.79% PAR50 GBP 4291 51.87%
01/08/2015 04/11/2015 PAR500 GBP 43.67 47.41% PAR50 GBP 46.19 64.82%
05/11/2015 01/02/2016 PAR50 GBP 38.54 53.68% PAR1 GBP 38.90 57.50%
02/02/2016 30/04/2016 PARS50 GBP 35.79 84.26% PAR1 GBP 36.35 89.69%
01/05/2016 31/07/2016 PAR50 GBP 34.78 72.66% PAR1 GBP 34.92 79.16%
01/08/2016 31/10/2016 PARS50 GBP 38.86 107.95% PAR1 GBP 39.99 141.77%
01/11/2016 31/01/2017 PAR50 GBP 55.86 129.88% PAR1 GBP 57.17 142.85%
01/02/2017 30/04/2017 PAR50 GBP 41.29 59.85% PAR1 GBP 41.56 64.20%
01/05/2017 31/07/2017 PAR50 GBP 41.54 108.36% PAR1 GBP 42.00 120.94%
01/08/2017 31/10/2017 PARS50 GBP 43.80 53.45% PAR1 GBP 44.16 56.69%
01/11/2017 31/01/2018 PAR50 GBP 51.96 41.27% PAR1 GBP 52.19 42.61%
01/02/2018 30/04/2018 PARS50 GBP 57.62 80.36% PAR1 GBP 57.62 80.37%
01/05/2018 31/07/2018 PARS50 GBP 52.98 38.14% PAR1 GBP 52.98 38.14%
01/08/2018 04/11/2018 PAR50 GBP 61.28 39.60% PAR1 GBP 61.28 39.61%

The comparison of average real market price (column 3, left) with the corresponding
recalculated marginal price (column 4, left) shows that increasing the marginalisation
also increases both average prices and volatility. The recalculated PAR1 market price
would have been 2.60% higher in half hours when additional active power is required and
1.38% lower when there is an excess of power than corresponding real PAR50 prices. On
average, the market price is 0.87% higher. Moreover, the standard deviation of prices is
reported in Table 2 as an indicator of volatility (right side of columns 3 and 4). A larger
increase in average market price and volatility is observed when the real market price was
calculated with PAR500 and recalculated with PAR50. Interestingly, the last three quarters
of PAR50 also have the same average price and volatility when recalculated with the PAR1
methodology, suggesting that generators with capacity smaller than 50 MW contributed to
the BM only marginally in that period.

Similar to prices, volumes traded on the BM vary on a half-hour basis. Figure 2
shows daily volumes traded during the PAR50 period. It is clear both offer and bid
volumes are highly variable. Average accepted offers daily volume is 19,975 MW with
variability (as standard deviation) of +14,654 MW. Average accepted bids daily volume is
23,973 MW = 13,323 MW. More granular than reported in Figure 2, in the entire PAR50 pe-
riod, the maximum volume traded for offers in a single half-hour period was 3644 MW [54].

Considering prices and volumes traded in the PAR50 period reported above, an
estimation of the economic cost of the balancing service provided by the BM is GBP
1.9 million per day or an average GBP 44.39/MW-h. Compared to the average economic
cost of the electricity on the market estimated at GBP 100.5 million per day, the extra cost
of the BM is GBP 1.22/MW-h when spread across all the electricity supplied. Statistical
figures report an overall cost of electricity of approximately GBP 122.00/MW:-h in the
same period [72]. The systemic average economic cost of dispatchable positive power (i.e.,
actual generation as offers accepted), is GBP 1.0 million per day. This figure is particularly
important in the assessment of affordability, considering that the availability of on-demand
generation is a constraint for the system and could potentially increase with the use of
flexible LCTs in the BM.
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Accepted Bids [MW] —— Accepted Offers [MW]

——Net Market Imbalance Volume [MW]

Figure 2. Daily volumes traded on the BM (i.e., accepted bids and offers) in PAR50 period [54] and
net market imbalance volume [86].

3.2. The Carbon Cost of Balancing Services

The CI per fuel values calculated according to the method detailed in Section 2 are
presented in Table 3, in comparison with literature references. Values for fossil fuels are
generally consistent with previous references. The small differences reflect the recent
trends in use of the fuels. However, as discussed in Section 2, the values for the “other”
renewables are notably different—this article presents the CI for each fuel based on scope-1
emissions, whilst previous authors use scope-1 for fossil-fuelled generation but scope-1
plus scope-3 for the “other” bioenergy sources.

Table 3. CIs for electricity generation per fuel and technology, calculated according to the methodology in Section 2. The
category “other” includes bioenergy sources, with biomass calculated separately since 2 November 2017. All values arein g

CO2eq/kW-h.
This Work, Based Bruce et al. [69] and
Technology and Fuel Used on Scope-1 Staffell [68] Rogers and Parson [70]
Combined Cycle Gas Turbine (using Natural Gas) 393 £6 394 £6 394
Oil (using Fuel Oil) 1170 £+ 191 935 £+ 122 935
Coal (assuming “coal for electricity generation” as fuel) 942 £+ 30 937 £ 15 937
Open Cycle Gas Turbine (using Natural Gas) 656 £11 651 £10 651
Other (using a mix of ESE (fifol‘j’;‘;z?s 2017, 28+ 1 120
bioenergy) & 120 + 120
Since 2 November 2017,
excluding biomass 1+0 300
reported separately
Biomass (using wood pellets)  Since 2 November 2017 53 £5 120
Pumped hydro storage ! 291 £ 97 Not included 0

1 The CI of PHS is used only for the assessment of the average CI of the BM.

The average CI of imports is 57 + 1 gcozeq/kW-h if from France, 464 + 44 if from
The Netherlands, 415 + 58 if from Northern Ireland, 396 + 50 if from the Republic of
Ireland or 187 £ 19 when imported from Belgium [83]. The differences between the CI of
these countries are due to the fuel mix used; for example, the fuel mix in France has a large
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contribution of LCTs (such as nuclear and hydro) while The Netherlands largely uses fossil
fuels (including natural gas and coal).

The average CI of balancing services and the grid as a whole is shown clearly in
Figure 3. Although all trends are decreasing, the gap between the average CI for the grid
and both BM and CM values is increasing in the recent years. This is mainly because of the
replacement of coal with natural gas, and that the uptake of LCTs has not progressed in the
balancing services as fast as for the grid. Additionally, the CI of the grid is higher than the
official figures because Elexon [55] only include generators connected to the transmission
system and underestimate the contribution of renewables. In contrast, the CI of the BM
and CM calculated in this work is underestimated. The values presented in Table 3 are
based on the yearly average efficiency of each generation technology whereas in reality
the efficiency of each generation plant varies with time according to the load. Generally,
the efficiency of flexible capacity is reduced in comparison with steady generation [87,88].
Future assessments of the CI should take into consideration the variable efficiency of the
power plants and overall emissions.

500 2884

= N 432.6
=
2 400 N = < 420054994
4
g 351. — = Flexible generation on
§ 300 | ©-318.0 ~~3236 3099 Balancing Mechanism
E 02960 297 4 2944 ___ Dispatchable generation of
-‘é 200 o 5.200.1 . Capacity Market
‘_2 ©1636 o Average annual Cl
S 100
£
©
1)

0
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Figure 3. Carbon intensity of flexible generation on the BM and dispatchable generation secured in
CM auctions, plotted against the average annual CI of the grid. The average annual value for 2020 is
provisional.

In the development of a net-zero carbon emissions electricity sector, emissions due to
other stages of the lifecycle of a power plant become significant [10]. Therefore, as the share
of LCT increase, the adoption of a consistent accounting method for scope-1 and scope-3
emissions for all fuels becomes more important. As additional contribution of this work,
the estimation of CI accounting for scope-1 and scope-3 emission is detailed in Appendix A
to clearly show the relevance of adding scope-3 emissions to future analysis, and the
importance of using a consistent methodology for all fuels. Additionally, sustainable
development demands that a wider range of impacts, other than carbon, are considered.
In order to identify the technologies with the lowest overall impact, other methodologies
need to be used, such as a full lifecycle assessment [89,90].

In GB, the balancing services use very little power from low-carbon sources. Both the
BM and the CM are fossil-fuel dependent. In fact, fossil-fuelled power stations provide
69% of capacity of CM and 84% of generation on the BM.

Reliable LCTs capacity contributes for just 21% of the overall capacity agreed on
CM: 6% is provided by renewable generators and 15% from nuclear power [56,59]. The
remaining 10% is provided by interconnectors. Additionally, as most of the capacity is
provided by existing generators (86%) and a marginal average of 5% of capacity is awarded
to new generators of whatever type [57,60], the CM has, in the past, failed to support the
uptake of low-carbon dispatchable capacity supply.

Figure 4 summarises the results of the recent T-4 auctions and shows the average
CM'’s CL In addition to the auction held in 2014 for delivery year 2018/2019, another
auction was held in 2017. The combined average CI of capacity delivered in 2018/2019 was
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359.7 gCO,eq/kW h, almost double the grid’s annual CI average in 2018. Additionally, the
ClI figure is underestimated as DSR and storage are discounted.

50 400
40 : 340
T
3 T 2 -
REE SR ] 52 et o
930 i i Bl i Hi 280 € 2
£ €
S e =%
e N
a 20 220
8 e 8 8
—
EEHE S 2
10 160
0 1 r 100
2018/2019 2019/2020 2020/2021 2021/2022

O Renewables B Gas ® Coal and biomass ~~Carbon Intensity

Figure 4. Dispatchable capacity secured in T-4 CM auctions per technology and fuel [56,58-60] and
estimated CI.

Similarly, LCTs make a limited contribution to the BM. Figure 5 shows the contribution
of fuels to increasing (offers, internal circle) or decreasing (bids, external circle) generation,
as an effect of trading within the BM during the PAR50 reference period. While LCTs
make a small contribution of RES to positive generation, these have a greater role when
a reduction in generation is required. In fact, 10.9% of accepted offers and 30.3% of bids
are provided by renewable generators. To achieve decarbonisation, it would be desirable
for this disparity to be eliminated or even reversed. When considering only the positive
generation delivered to the BM, the CI did not decrease as much as the grid’s CI in the
same period. Figure 6 shows trends of net positive generation provided by the BM per
fuel and relative CI. The largest share of generation is from fossil-fuelled power stations,
and RES generation is only marginal. This combination of fossil-fuelled and low-carbon
generation affects the trends of CI.

oRenewables

@ Pumped Hydro Storage
o Gas

@ Coal

Figure 5. Increase (internal circle) and decrease (external circle) in generation by fuel on the BM
during the PAR50 period. Data sourced from Elexon [54].
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Figure 6. Active generation provided by the BM in PAR50 period per fuel and CI. Data source: [54].

In conclusion, low-carbon generators have a low level of participation in the balancing
services. Consequently, efforts to achieve affordable SoES increase the overall emissions of
the power system. This situation thus constitutes a drag on the overall decarbonisation
trend for the electricity supply system.

3.3. Summary and Discussion of the Results

Current decarbonisation policies in GB are successfully driving a progressive re-
placement of fossil-fuelled generation towards low-carbon electricity sources. Because of
the incentivisation schemes in place, LCTs for bulk electricity supply are becoming eco-
nomically self-sustaining and produce electricity more cheaply than fossil-fuelled power
stations [91]. However, the analysis of balancing services presented in this work provided
figures for the economic and environmental trade-offs caused by the continued use of fossil
fuels both in the CM and in the BM. These are summarised in Table 4, in comparison with
reference values of the grid.

Table 4. Summary of main indicators of economic and carbon costs of balancing services in compari-
son with the grid. The variation of CI of the CM refers to the year the auction took place.

Generation Overall Estimated CI in 2018 Variation of CI
Daily Cost [8 cozeq/kW-h] 2015-2018
BM 8 TW-h GBP1.3 m 399.4 —18%
cM 33 TW:-h GBP2.7 m 359.7 —17%
Grid 301 TW-h GBP100.5 m 199.6 —36%

With the level of RES penetration in GB being 33%, the combined economic cost
of SoES is estimated at GBP 5.60/MW:-h. This adds a modest 5% to the overall cost of
electricity and correlates to GBP 27.64 per year per domestic consumer. Hence, SoES is
currently achieved without a significant impact on affordability. By contrast, the CI of
balancing services is almost double the average grid’s CI, and flexible generation via the
BM alone accounts for 5% of total emissions. Given this systemic reliance of SoES on
fossil-fuelled generation, balancing services appear to be a “hard to decarbonise” subsector.

Decarbonisation of flexible active generation provided by balancing services is techni-
cally feasible, although the potential has not yet been exploited. In the GB geographical
and natural environment context, the focus is on hydro and bioenergy power stations.
Statistics show that nearly 2 GW and 8 GW of capacity exist as hydro and thermal power
generation, respectively, from the combustion of biomass and wastes [72]. This means that
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low-carbon flexible capacity is double the maximum capacity needed on the BM, despite
being used for a minimal 10.9% of generation.

As no significant technological barrier exists, market preference for flexible generation
from fossil fuels appears to lie mainly within economic criteria. Research shows that the
upscaling of low-carbon technologies is limited by the capital investment required [28,29] as
RES in particular typically have high capital costs, but low operating costs. Bulk generation
from RES spreads the high capital investment over a large output and therefore has lower
costs than fossil-fuelled generation [91]. In contrast, for operation in the balancing services,
generation and hence capacity factors are low. Fossil-fuelled generation increasingly finds
its natural position as peaking power in the generation merit order, and similarly it has
been outcompeting RES in the even “peakier” balancing markets.

4. Discussion: Policy Interventions and Wider Applicability

The results presented in this article highlight that an integrated policy on SoES that
also encompasses decarbonisation, with continued attention to affordability, is needed to
support the energy transition. This article used details of GB as a case study.

Possible policy suggestions for GB lie in improving the current BM and CM schemes.
The CM contains only high-level restrictions for carbon emissions as requested by the
EU’s directive on the internal market of electricity [92]; however, the carbon impact is not
currently taken into account in selection of generators chosen to operate within the CM.
Instead, the technology-neutrality of the CM could be amended to introduce a reserved
pot for LCTs. For example, auctions that separately award capacity contracts for LCTs and
carbon-intensive power stations might incentivise innovation and capital investment to
reduce both carbon impact and dependency on carbon-intensive resources. Alternatively, a
carbon intensity merit order criterion could be added to existing criteria both on the CM
and BM, thus also encouraging the move towards decarbonisation.

The impacts on carbon emissions of an integrated policy are expected to be immediate
and significant, while also supporting a progressive replacement of fossil-fuelled generation
with low-carbon sources needed to complete the achievement of a fully decarbonised power
system. The net-zero emissions strategy for Great Britain sets an ambitious but necessary
goal. Although the CCC [45] considers net-zero emissions achievable by 2050 within
the expected cost already accepted by the Government with the Climate Change Act
(2008), addjitional incentivisation to support the uptake of flexible low-carbon generation
technologies may come at a cost.

Further analysis of the possible increase in balancing costs and impacts on afford-
ability in the short-term should be undertaken, given the significance of electricity prices,
especially for the most vulnerable in society. However, the modest share of balancing
services in the overall cost of electricity suggests that an improved balance between the
three dimensions of the Trilemma could be achieved without substantially impacting the
dimension of affordability. Additionally, despite the incentivisation schemes increasing the
cost for a specific period of time to stimulate innovation, the uptake of RES supported by
incentivisation schemes have reduced the wholesale cost in the long term [93,94]. Hence,
if such incentivisation policy would be able to replicate the merit order effect seen in the
wholesale markets, the BM market prices may reduce in the long term.

All major economies are seeking to transition to low climate-related emissions, and the
decarbonisation of the power sector tends to be an early target. The approach developed in
this work and its broad findings are applicable to many large electricity grids worldwide,
especially for those for which natural resources or geographical conditions limit the poten-
tial contribution by flexible renewable electricity generators, however, with the exception
of power system already fully renewable. The World Energy Trilemma statistics [95] show
that globally only a few European countries are in an advanced and balanced position
between decarbonisation and SoES. This list includes the UK. In contrast, the analysis
presented in this work demonstrates that also the UK still has an opportunity for further
advances.
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The need for an integrated policy has already been identified, for example, in Germany.
The German Renewable Energy Sources Act (2012) established a premium for flexible
reliable low-carbon generators, but it has three significant limitations: (1) in not assessing or
planning the need for reliable capacity towards decarbonising the balancing services, (2) in
the simplicity of providing a premium, which does not by itself integrate with affordability,
and (3) in the specification that these reliable generators are only biogas-fuelled power
stations.

Decarbonisation, SOES and sustainable development policies are still evolving in UK
and many countries, and the concept formulated in this work could assist these efforts.

5. Conclusions

This work provides a robust and consistent economic and carbon analysis of electricity
generation statistics of balancing services used for SoES in the highly decarbonised GB
power system. While some studies in the literature [61-66] attempted an indirect statistical
analysis of grid data to estimate the carbon factor of the marginal power, the original
contribution of this work is in elaborating the direct analysis of the marginal markets,
focusing on affordability, decarbonisation and SoES. As a byproduct, this work provides
a new consistent dataset of CI per fuel, suggesting an improvement to the current global
standard methodologies [79-81].

The economic and carbon analysis demonstrates the systemic reliance of the GB
electricity system on fossil-fuelled power stations for providing security of supply, which
poses an obstruction towards the development of a fully decarbonised power system.
The results show that SoES services have a relatively higher carbon impact than the grid,
and the gap is increasing. However, their impacts could be reduced by supporting the
development of flexible generators from renewable sources.

Notwithstanding the availability of several low-carbon options for balancing services,
most remain unable to penetrate the markets that have been designed to provide security
of supply at lowest cost. Since the market chooses the less expensive fossil-fuelled options,
there is limited exploitation of the alternative low-carbon flexible generation. This appears
to be a clear example of the Trilemma. Consequently, national policies to provide financial
incentives to support the high capital investments required by LCTs to become flexible
and contribute towards SoES may be justified to maintain an affordable and secure system,
while lowering emissions.
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Appendix A

Different methodologies can be used for the calculation of carbon intensities per
fuel. Emissions can be assessed as direct emissions from the use of the fuel (scope-1) and
for emissions due to extraction, refining and transportation of the fuel sources (scope-3).
The emissions for fossil fuels are normally calculated following the consumption-based
accounting methodology and therefore only based on the scope-1 emissions. On the con-
trary, emissions from generation from bioenergy sources (including biomass) are normally
measured including both scope-1 and scope-3 emissions [68]. Generally, these different
methodologies account for the single phase that accounts for the largest emissions [96].
However, the use of different methodologies for the calculation of the ClIs per fuel ul-
timately leads to ignoring significant amount of scope-3 emissions for fossil fuels and
inconsistencies.

The article presents the calculation of CI for all fuels following the methodology
normally used for fossil fuels to retain comparability with previous references. This
method used in the article is based only on scope-1 emissions for all fuels.

Alternatively, the usual methodology for the calculation of thermal renewables could
be used for all fuels. This includes the calculation of carbon factors (CF) as the sum of
scope-1 and scope-3 emissions (Equation (A1)) and follows the methodology described in
the article for the other steps.

Carbon FaCtorfuel = CFScope 1,fuel + CPScope 3,fuel (A1)

By including both scope-1 and scope-3 emissions for electricity generation, these Cls
per fuel lead to a consistent and more comprehensive accounting of overall emissions.
Additionally, as scope-1 emissions are meant to progressively reduce with the increasing
share of LCTs, the inclusion of all lifecycle emissions, and scope-3 emissions as first step,
is increasingly significant in the development of a net zero emissions power system. This
concept ultimately applies to the greenhouse gas emissions and environmental impacts
for renewables, including wind [97], solar [98-100] and nuclear [101]. Currently, BEIS and
DEFRA do not include these technologies in their accounting methodology [81].

Table A1 presents the CIs per fuel calculated in this study considering scope-1 emis-
sions only or also including scope-3 emissions. With scope-3 emissions added, the figure
for thermal renewables (named “Other (using a mix of bioenergy)” in Table A1) until 2
November 2017 matches the ones available in the literature. However, after that date,
ELEXON reports separately the statistics of electricity generation from biomass and from
other thermal renewable sources, and consequently this work provides two different ref-
erence figures for each of these sources. There is a significant difference between the CF
calculated in this work and the one estimated by Bruce et al. [69] and Rogers and Par-
sons [70] since 2 November 2017. However, it is not possible to establish the reason because
neither source provides the details of the methodology used for their estimation. Hence,
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the method described in this work is an original contribution in comparison with literature
references cited.

Table Al. ClIs per fuel and technology, calculated according to the methodology in Section 2. Scope-1 emissions are
calculated in the article; however, scope-1 and scope-3 emissions are calculated with the same methodology and using
Equation (A1) for the calculation of carbon factors in Equation (6). All values are in g CO,eq/kW-h.

This Work. Based This Work, Based Bruce et al. [69]
Technology and Fuel Used ! on Scope-1 and Staffell [68] and Rogers and
on Scope-1
Scope-3 Parson [70]
g:sr)nbmed Cycle Gas Turbine (using natural 393 4+ 6 449 + 7 394 + 6 394
Oil (using Fuel Oil) 1170 + 191 1390 £ 229 935 + 122 935
Coal (as'surlnmg coal for electricity 942 + 30 1096 - 35 937 + 15 937
generation’ as fuel)
Open Cycle Gas Turbine (using natural gas) 656 = 11 748.5 & 12 651 £ 10 651
Other (using a mix ggg&iﬁoﬁ?izsz)o 17 28+1 126 £3 120
of bioenergy) & 120 + 120
Since 2 November
2017 (excluding 140 56 42 300
biomass reported
separately)
Biomass (using Since 2 November
wood pellets) 2017 BES 180+6 120
Pumped hydro storage ! 291 +971 306 + 110! Not included 0
1 Only for the assessment of the CI of the BM.
The carbon intensities calculated with the consistent methodology including scope-1
and scope-3 emissions are presented in Figure Al.
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Figure A1. Carbon intensities of BM, CM and grid including scope-1 and scope-3.
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