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A B S T R A C T

Electricity accounts for 25% of global greenhouse gas emissions. Reducing emissions related to electricity
consumption requires accurate measurements readily available to consumers, regulators and investors. In this
case study, we propose a new real-time consumption-based accounting approach based on flow tracing. This
method traces power flows from producer to consumer thereby representing the underlying physics of the
electricity system, in contrast to the traditional input-output models of carbon accounting. With this method we
explore the hourly structure of electricity trade across Europe in 2017, and find substantial differences between
production and consumption intensities. This emphasizes the importance of considering cross-border flows for
increased transparency regarding carbon emission accounting of electricity.

1. Introduction

For several decades, more than 80% of the global electricity gen-
eration has been generated from fossil fuel [1]. As a result, electricity
and heat production account for 25% of global greenhouse gas (GHG)
emissions [2]. Furthermore, electricity demand is widely expected to
rise because of electrification of vehicles [3]. These facts highlight the
importance of an accurate and transparent carbon emission accounting
system for electricity.

Reducing emissions related to electricity consumption requires ac-
curate measurements readily available to consumers, regulators and
investors [4]. In the GHG protocol [5], “Scope 2 denotes the point-of-
generation emissions from purchased electricity (or other forms of en-
ergy)” [4]. A major challenge regarding Scope 2 emissions is the fact
that it is not possible to trace electricity from a specific generator to a
specific consumer [6,7]. This has lead to the use of two different ac-
counting methods: the of grid average emission factors or the market-
based method [4,7]. Grid average factors are averaged over time and
therefore not specific to the time of consumption due to limited avail-
ability of emission factors with high temporal resolution. The market
based method entails purchasing contractual emission factors in the
form of different types of certificates, which do not affect the amount of
renewable electricity being generated, and therefore fail to provide

accurate information in GHG reports. For a detailed criticism of both
approaches, see Ref. [4].

In this case study, we propose a new method for real-time carbon
accounting based on flow tracing techniques. This method is applied to
hourly market data for 28 areas within Europe. We use this method to
introduce a new consumption-based accounting method that represents
the underlying physics of the electricity system in contrast to the tra-
ditional input-output models of carbon accounting [8–10]. The ap-
proach advances beyond [11], where a similar flow tracing metho-
dology is used to create a consumption-based carbon allocation
between six Chinese regions. However, the data for that study was
limited to annual aggregates and different generation technologies were
also aggregated. We apply the method to real-time system data, in-
cluding the possibility of distinguishing between different generation
technologies, providing a real-time CO2 signal for all actors involved.
This increases the overall transparency and credibility of emission ac-
counting related to electricity consumption, which is of high im-
portance [12]. To investigate the impact of the new consumption-based
accounting method we compare it with the straightforward production-
based method (i.e. looking at the real-time generation mix within each
area). For discussions on the shift from production-based to consump-
tion-based accounting and the idea of sharing the responsibility be-
tween producer and consumer, we refer to Refs. [13,14].
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2. Methods

2.1. Data

The method is applied to data from the electricityMap database
[15], which collects real-time data from electricity generation and
imports/exports around the world. The European dataset, consisting of
28 areas, is used with hourly resolution for the year 2017. Data sources
for each individual area can be found on the project's webpage [16].
Fig. 1 shows the 28 areas and the 47 interconnectors considered. Power
flows to and from neighboring areas, e.g. Switzerland, are included
when available. The black arrows show a snapshot of hourly power
flows between the areas. In the results, we aggregate the two price areas
of Denmark and, thus, compare 27 countries.

The top panel of Fig. 2 shows stacked daily-average production for
each technology for Austria. The bottom panel shows daily-average
exports and imports. The black line represents the sum of the hourly
exports and imports showing Austria's net import/export position. The
daily averages in this figure are based on the full 8760 h in the dataset
representing the full year 2017.

Carbon emission intensities are derived from the ecoinvent 3.4 da-
tabase to construct an accurate average intensity per generation tech-
nology per country decomposed in lifecycle, infrastructure and

operations [17]. The operations intensities are used for the production
and consumption-based carbon allocation in this study. Operational
emissions include all emissions occurring over the fuel chain (from
extraction to supply at plant) as well as direct emissions on site. For
fossil fuels, operational emissions are therefore higher than only direct
combustion emissions. For solar, geothermal and wind, the emissions
are strictly from maintenance operations.

The operations intensity per technology averaged over all countries
is summarized in Table 1. The dashed line indicates the split between
non-fossil and fossil technologies. For details on country-specific values,
see Tables 1–3 in the supplementary material.

2.2. Carbon emission allocation

The consumption-based accounting method proposed in this case
study builds on flow tracing techniques. Flow tracing was originally
introduced as a method for transmission loss allocation and grid usage
fees [18,19]. It follows power flows on the transmission network
mapping the paths between the location of generation and the location
of consumption. It works in such a way that each technology for each
country is assigned a unique color mathematically. This is a mathe-
matical abstraction since it is not physically possible to color power
flows. For each hour local production and imported flows are assumed
to mix evenly at each node in the transmission network (see Fig. 1) and
determine the color mix of the power serving the demand and the ex-
ported flows. As an example, the colored arrows in Fig. 1 show the
cascade of power flows resulting from flow tracing of German wind
power (light blue) and Polish coal power (brown) for the first hour of
January 1st, 2017. The size of the colored arrows shows how much of
the total power flow (in black) is accounted for. A threshold has been
applied such that the technology specific flows are only shown if they
account for at least 2% of the total power flow for each interconnector.

Flow tracing has been proposed as the method for flow allocation in
the Inter-Transmission System Operator Compensation mechanism for
transit flows [20,21]. Recently, the method has been applied to various
aspects of power system models to allocate transmission network usage
[22,23], a generalization that allows associating power flows on the
grid to specific regions or generation technologies [24], creating a flow-
based nodal levelized cost of electricity [25], and analyzing the usage of
different storage technologies [26].

The challenge of cross-border power flows in relation to carbon
emission accounting has previously been studied in Refs. [6,11]. Both
studies simplify nodes as being either net importers or net exporters and
neither are able to distinguish between different generation technolo-
gies. Those simplifications are not necessary in our approach as we can
deal with both imports, exports, consumption and generation simulta-
neously at every node while also distinguishing between different
generation technologies. Additionally, Fig. 1 exhibits loop flows.
However, these do not affect the validity of the flow tracing

Fig. 1. The 28 areas considered in this case study, and the power flows between
them for the first hour of January 1, 2017. The width of the arrows is pro-
portional to the magnitude of the flow on each line. Power flows to and from
neighboring countries, e.g. Switzerland, are included when available, and these
areas are shown in gray. The cascade of power flows from German wind and
Polish coal are highlighted with blue and brown arrows, respectively.

Fig. 2. Daily-average stacked power production for each technology for Austria
during 2017 (top) as well as exports, imports and power balance (bottom).

Table 1
CO2 equivalent operation intensity per technology averaged
across countries. The dashed line indicates the split between
non-fossil and fossil technologies. For details, see Tables 1–3 in
the supplementary material.

Technology Intensity [kgCO2eq/MWh]

solar 0.00410
geothermal 0.00664
wind 0.141
nuclear 10.3
hydro 16.2
biomass 50.9
gas 583
unknown 927
oil 1033
coal 1167
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methodology [11], and no effort has been made to eliminate them as
they occur naturally in the transmission system at the area level [27].

Flow tracing methods are almost unanimously applied to simulation
data – typically with high shares of renewable energy. In this case
study, we apply the flow tracing method to hourly time series from the
electricityMap [16]. From this we are able to map the power flows
between exporting and importing countries for each type of generation
technology for every hour of the time series. Applying country-specific
average carbon emission intensity per generation technology to this
mapping, we construct a consumption-based carbon accounting
method. For details on the mathematical definitions, see Section B in
the supplementary material.

The production-based accounting method used for comparison, is
calculated as the carbon intensity from local generation within each
country.

3. Results

Fig. 3 shows a comparison of average production and consumption
intensity as a function of the share of non-fossil generation in each
country's generation mix. The consumption intensity is calculated using
flow tracing. The size of the circles is proportional to the average hourly
generation and consumption in MWh, respectively. A vertical gray line
connects the production and consumption intensity corresponding to
the same country. We see a decline in intensity with increasing share of
non-fossil generation. For high shares of non-fossil generation, the
consumption intensity tends to be higher than the production intensity
due to imports from countries with higher production intensity. The
pattern is reversed for low shares of non-fossil generation. The values
plotted in this figure are shown in Table 4 in the supplementary ma-
terial.

Some countries exhibit a huge difference between production and
consumption intensity. An example of this is Slovakia (SK), which has a
high share of nuclear power and Austria (AT), which has a high share of
hydro power, but both rely heavily on imports of large amounts of coal
power especially from Poland (PL) and Czech Republic (CZ). Denmark
(DK) is an extreme example of the opposite case, having a high share of
coal and gas power and importing large amounts of hydro and nuclear

power from Norway (NO) and Sweden (SE).
While this figure only shows average values, Fig. 7 in the supple-

mentary material highlights the interval of hourly variation of pro-
duction and consumption intensity per country. This interval is high for
all countries except the ones with very high non-fossil share (FR, SE,
NO).

From a national perspective, it is important to know the source
electricity that is being imported, and whether it increases a country's
reliance on high-carbon, insecure, or otherwise undesirable sources of
generation.

Fig. 4 shows the consumption-based intensity per country. The
height of each bar corresponds to the consumption intensity for each
country shown in Fig. 3. This figure decomposes the consumption in-
tensity for each country and shows how much of a particular country's
consumption intensity is caused by the local generation mix compared
with the generation mix of imported power. We see that for many
countries it is important to be able to distinguish between local gen-
eration and imports since the imports make a substantial contribution
to the country's consumption-based emission. In cases with a large
difference between the intensity of local power production and the
imported power, imports have a high impact. As mentioned in an ear-
lier example, this is the case for both Austria and Slovakia. For details
on the average intensity of imports and exports between the countries,
see Fig. 9 and Table 5 in the supplementary material.

4. Conclusion

We introduce a new method for consumption-based carbon emission
allocation based on flow tracing applied to a historical sample of real-
time system data from the electricityMap.

The method we propose demonstrates that consumption-based ac-
counting is more difficult than production-based due to the added
complexity of cross-border flows. However, with this method we have
found substantial differences between production and consumption
intensities for each country considered, which follow a trend propor-
tional to the share of non-fossil generation technologies. It would be
straightforward to subsequently apply these results to attribute carbon
emissions to individual consumers like companies or households.

The difference between production and consumption intensities and
the associated impact of imports on average consumption intensity
emphasize the importance of including cross-border flows for increased
transparency regarding carbon emission accounting of electricity.
While there are limitations to the accuracy of this method due to data
availability and the mathematical abstraction of flow tracing, we be-
lieve that this method provides the first step in a new direction for
carbon emission accounting of electricity.

This case study focuses on the European electricity system. When
additional sources of live system data become available this approach
could be extended to cover a wider geographical area. Even for areas
without significant import and export the method could be applied

Fig. 3. Comparison of average hourly production and consumption intensity as
a function of the share of non-fossil generation in the country's generation mix.
Size of circles are proportional to mean generation and mean consumption for
each country.

Fig. 4. Average hourly consumption intensity per consumed MWh per country
(stacked bar) split in contributions from local generation and imports. The
countries are sorted by average consumption intensity.
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within a single country provided that local system data is available at
high spatial resolution. Another interesting application of this method
would be to include additional sectors such as heating and transport as
these are becoming electrified. This could lead to a real-time carbon
emission signal for the entire energy system and potentially lay the
foundation for time-varying electricity taxes.
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