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Abstract

Purpose In grid electricity consumption models, the location-based method uses regional average emission factors to account
for environmental impacts. The market-based method is based on contractual agreements, verifying the exclusive claim on
electricity from specific energy sources. An inconsistent application of these methods in life cycle assessment (LCA) and
GHG accounting can lead to double counting. Especially, double counting electricity associated with rather low environmen-
tal impacts, such as renewable energy, might lead to impact underestimations. The aim of this paper is to identify, describe
and propose solutions to double counting challenges.

Methods A four-step procedure is carried out. First, the specifications on grid electricity mix selection in frequently applied
standards for LCA and GHG accounting are analysed. Besides the ISO norms for LCA (14040/44) and carbon footprinting
(14064/67), the GHG Protocol and the Product and Organizational Environmental Footprint (PEF/OEF) are considered. Based
on this analysis, challenges of double counting electricity from specific sources are identified. In the third step, potential
solutions for avoiding double counting are proposed. The last research step consists of an illustrative case study to demon-
strate the calculation of market-based electricity mixes and identify potential adjustments necessities for LCA application.
Results and discussion A parallel application of the location-based and the market-based method poses the main double-
counting challenge. Thus, avoiding double counting demands consistent method application throughout the whole life
cycle. Whereas this is relatively straightforward for the location-based method, consistent market-based method application
is more challenging. LCAs rely on average life cycle inventory processes, which mostly include location-based electricity
mixes. However, for consistent market-based method application throughout the life cycle, electricity-related environmental
impacts in the inventory system also need to be market-based. This would demand a partial recalculation of LCI datasets
using market-based residual electricity mixes. Besides illustrating the calculation of market-based electricity mixes, the
case study is used to identify and propose solutions for two main challenges for residual mix application in LCA: countries
without residual mix and electricity under a double marketing ban.

Conclusion Double counting of electricity from specific energy sources is a challenge, since it can lead to under- or overesti-
mations of environmental impacts. Both the location-based and market-based method can avoid double counting. However,
parallel or inconsistent applications of both methods lead to double counting. In order to avoid double counting, there is a
need to enable and use consistent electricity accounting rules in LCA and GHG accounting.

Keywords Life cycle assessment (LCA) - Energy attribute certificates - Double counting - Renewable energy

1 Introduction

Global energy-related greenhouse gas (GHG) emissions
added up to circa 33 Gt of CO,-equivalents in 2018, mak-
ing them the largest contributor to climate change (IEA
04 Peter Holzapfel 2021). With 38%, electricity generation currently accounts
p-holzapfel @tu-berlin.de for the largest share of energy-related GHG emissions.
. o . . . Consequently, emissions related to electricity consump-
Technische Universitit Berlin, Institute of Environmental K . Rk . .
Technology, Chair of Sustainable Engineering, StraBe des tion constitute a major contribution to most GHG account-
17. Juni 135, Berlin 10623, Germany ings (Ryan et al. 2016; Siddik et al. 2020). The relevance
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of electricity-related environmental impacts also holds true
for LCAs according to the ISO 14040 and 14044 (20064, b)
as well as Product and Organizational Environmental Foot-
print (PEF/OEF) studies (European Commission 2021).
Electricity sources, such as fossil fuel or renewable energy
sources (RES), strongly differ in their environmental impacts
(Sphera Solution GmBH 2022; Wernet et al. 2016). Thus,
the source of consumed electricity can strongly affect the
results of GHG accountings and LCAs.

While the calculation of environmental impacts related to
on-site electricity generation for own consumption is rela-
tively straightforward, modelling environmental impacts
related to grid electricity consumption poses a challenge
(Weber et al. 2010). This is due to the interconnectivity
of electricity grids. A large number of electricity produc-
ers supply electricity to the grid, which then transmits and
distributes the mingled electricity to an even larger num-
ber of electricity consumers. Physically backtracking ones
grid electricity consumption to a single supplier is therefore
impossible (Weber et al. 2010).

There is a general distinction between the location-based
(regional average) and the market-based (supplier-specific)
method for calculating environmental impacts related to
grid electricity consumption (ISO 2019b; WRI & WBCSD
2015). The location-based method bases grid electricity
emission factors on the physical average consumption mix,
of electricity-consuming facilities. The market-based method
is based on contractual agreements, intending to guarantee
a unique claim for electricity from specific energy sources,
such as RES. Nevertheless, as pointed out by Finkbeiner
and Bach (2021), the uniqueness of such claims needs to be
critically discussed.

A widely used form of contractual agreements that are sup-
posed to guarantee a unique claim for a specific type of energy
are energy attribute certificates (EACs) (WRI & WBCSD
2015). In Europe, the most commonly used type of EACs
are Guarantees of Origin (GOs) (Gkarakis and Dagoumas
2015). Even though the GO system and other EAC systems
are critically discussed (Bjgrn et al. 2022; Brander et al. 2018;
Hulshof et al. 2019), the market-based purchasing and envi-
ronmental accounting of electricity from RES is a frequently
applied approach to lower ones GHG emissions. The Science
Based Targets initiative (SBTi), for instance, recognizes the
active sourcing of renewable electricity as a valid pathway to
achieve GHG reduction targets (SBTi 2021).

According to the ISO 14067 (2019b), all electricity
attributes that have been claimed via certificates, and other
contractual agreements shall be removed from the consump-
tion electricity grid mix. The removal of these exclusively
claimed electricity attributes from the electricity consump-
tion mix results in a residual electricity mix, which also
plays a major role in the market-based method of the GHG
Protocol (WRI & WBCSD 2015).
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It is not uniformly defined in the standards for LCA and
GHG accounting which electricity accounting method shall
be used as the basis for calculating environmental impacts
(European Commission 2021; ISO 20064, b, 2019a, b; WRI
& WBCSD 2015). Contractual agreements and residual
electricity mixes are only used in the market-based method.
The location-based method uses average grid emission fac-
tors for all grid electricity consumers in a specific region,
regardless of the trade with market-based contractual agree-
ments. Thus, the allowance of both market- and location-
based method may lead to double counting, as also discussed
by Bjgrn et al. (2022) regarding the allowance of both scope
2 accounting methods by the SBTi (SBTi 2021). In the con-
text of this paper, double counting can be seen as a double
claiming of electricity from specific energy sources, such
as RES, since this electricity is claimed both by individual
EAC purchasing consumers (market-based) and by average
grid electricity mix consumers (location-based) (Schneider
et al. 2015). Especially a double counting of electricity from
energy sources with relatively low environmental impacts,
such as RES, might lead to impact underestimations. For
example, the direct CO, emissions related to the Norwegian
residual mix (405 gCO,/kWh) are roughly 100 times higher
than those of the Norwegian production mix (4 gCO,/kWh)
(AIB 2022).

Double counting in the context of electricity account-
ing has already been addressed by some studies. Lenzen
(2008) discusses the matter that environmental impacts
related to electricity generation can be double counted if
an electricity consumer is part of the supply chain of an
electricity producer. Agez et al. (2020) analyse different
methods to correct double counting in hybrid LCAs of
LCA and environmentally extended input—output analyses
(EEIOA). Betten et al. (2020) analyse different methods
for avoiding double counting when integrating LCA into
energy systems analysis. They find a difference of 19%
global warming potential between direct and LCA emis-
sions and highlight the importance of LCA in decision
making for energy systems. In their report, Krebs and
Frischknecht (2021) compare location-based European
electricity mixes with market-based total supplier mixes,
which include GO trade and thus substantially differ from
location-based mixes. They state that preventing double
counting can be achieved by 2 options: (1) limiting GO
accounting to situations where double counting can be
excluded and modelling all European electricity mixes
based on production and trade data. (2) A mandatory full-
disclosure system and the application of total supplier
mixes in life cycle inventories (LCIs). However, unlike
residual electricity mixes, total supplier mixes still include
exclusively claimed GOs. Thus, the second approach pro-
posed by Krebs and Frischknecht (2021) works well on a
country level, but may still incorporate double counting
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on a product or company level. Also, a mandatory full
electricity disclosure system is not alone for the LCA com-
munity to decide.

With regards to electricity disclosure to individual consum-
ers, Klimscheffskij et al. (2015) address the importance of
the accurate calculation and application of residual electric-
ity mixes, which exclude all exclusively claimed electricity.
Literature on residual electricity mixes in LCA is scarce, but
the discussion on the topic is rather controversial. Olindo et al.
(2021) argue against the application of residual mixes, due to
inaccuracies in the calculation processes. Whereas Lewan-
dowska et al. (2021) emphasize the importance of residual
mixes in their LCA of refrigerating devices. Furthermore,
both Sphera and ecoinvent have recently included residual
electricity mixes in their LCI databases (Sphera Solution
GmBH 2022; Wernet et al. 2016). However, residual mixes
are not included as input for other processes of the database.

Even though the topic of double counting is discussed in
scientific literature, there are no uniform accounting rules
for electricity-related environmental impacts. Especially
challenges of double counting regarding the use of LCI
datasets and the suitability of residual mixes for LCA still
need further discussion. Thus, the aims of this paper are to
(i) identify methodological challenges of double counting
electricity from specific electricity sources within and across
frequently applied standards for LCA and GHG accounting;
(ii) provide possible solutions for a consistent and double
counting free accounting of electricity-related environmental
impacts, with a focus on LCI datasets; (iii) analyse avail-
able European market-based residual electricity mixes and
identify challenges for their application in LCA and GHG
accounting, as well as to provide possible solutions for these
challenges. This paper focusses on the European GO system.
Nevertheless, it is also relevant for other EAC systems and
other forms of contractual agreements.

2 Method

To reach the goals of the paper, the following four-step itera-
tive procedure is defined:

1. Analysis of electricity accounting methods in existing
standards

2. Identification of double counting challenges

3. Determination of potential solutions to avoid double
counting

4. Tllustrative case study of residual mix calculations and
potential adjustments for LCA application

The first step—Analysis of electricity accounting meth-
ods in existing standards—consists of desk research. The

ISO standards 14040, 14044, 14064 and 14067 as well as
the Product Environmental Footprint (PEF), the Organiza-
tional Environmental Footprint (OEF) and the GHG Pro-
tocol (corporate and product) are analysed regarding their
specifications on environmental accounting related to elec-
tricity consumption.

Each document is analysed regarding its requirements
and recommendations on using location-based or market-
based electricity mixes. Furthermore, the analysis includes
specifications on which electricity-related emissions shall
be accounted for. This includes the differentiation of direct
electricity-related emissions and up-stream emissions, such
as own consumption of power plants and electricity losses.

In the second step—Identification of double counting
challenges—challenges of double counting regarding elec-
tricity from specific sources are identified. The identifica-
tion process is structured into two parts.

First, general challenges of double counting electricity
from specific sources are identified by analysing both the
location-based and the market-based method separately.
Next, the situation that both accounting methods are applied
in parallel by different entities is investigated regarding dou-
ble counting challenges. This part refers to the situation that
the electricity consuming processes, and hence the electric-
ity inputs, are either directly controlled by the reporting
entity or that primary data is available for the supply chain
processes.

Based on the findings of the first part, the second part
identifies challenges of double counting within a single LCA
or GHG accounting, which includes supply chain processes,
for which no primary data is available. Special focus is given
to the use of average LCI datasets. It is investigated which
accounting method is usually used for calculating electricity-
related environmental impacts in LCI datasets and if it is
consistent with the method used in processes controlled by
the reporting entity or with primary data.

The third step derives potential solutions for avoiding
double counting. Based on the identified challenges, dif-
ferent regulatory requirements are proposed, which could
preclude double-counting electricity from specific energy
sources. The derived potential solutions address both the
utilization of location-based and market-based electricity
mixes. In accordance with step two, this step is split into
one part addressing processes controlled by the reporting
entity as well as primary data and one part addressing pro-
cesses unknown to the reporting entity, for which average
LCI datasets are used.

Due to their importance in avoiding double counting with
the market-based method, the last research step—Illustrative
case study of residual mix calculations and potential adjust-
ments for LCA application—focuses on residual electric-
ity mixes. In order to illustrate the currently applied issu-
ance-based calculation method for European residual mix
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calculation, a simplified model residual mix area based on
five theoretical countries is developed. These theoretical
countries are modelled in a way that aims to illustrate real
countries with strong effects on the residual mix calcula-
tion and countries which pose challenges for residual mix
application in LCA.

Next, challenges when using state-of-the-art residual
mixes in LCA are identified by examining the availability
and applicability of residual electricity mixes for LCA and
GHG accounting. It is analysed whether residual mixes are
required and available for double counting free market-based
environmental accounting. Furthermore, adoptions to resid-
ual mix calculations for LCA application are proposed.

3 Results

The first section of this chapter analyses specifications on
electricity mix selection in frequently applied standards for
LCA and GHG accounting (3.1). Based on this analysis,
Sect. 3.2 describes potential challenges of double counting
electricity from specific sources. Section 3.3 provides poten-
tial solutions for the avoidance of double counting. In the
last section of this chapter, the currently applied issuance-
based methodology for calculating European residual mixes
is illustrated and potential adoptions for LCA application are
proposed (3.4).

3.1 Analysis of electricity accounting methods
in frequently applied standards

3.1.1 GHG protocol

The GHG Protocol Corporate Accounting and Report-
ing Standard divides emissions into three scopes (WRI &
WBCSD 2004). Reporting of scopes 1 and 2 is mandatory
and scope 3 reporting is optional. Electricity-related emissions
are divided among these different scopes (WRI & WBCSD
2004, 2015). Direct emissions associated with on-site elec-
tricity generation for own use are reported in scope 1. Direct
emissions associated with the consumption of purchased
electricity, as well as T&D losses in self-owned electricity
grids, are reported in scope 2. All other electricity-related
emissions, such as emissions related to resource extraction
and plant construction as well as T&D losses of non-self-
owned power grids and losses due to electricity storage,
such as hydro pump stations, are reported in scope 3 (WRI
& WBCSD 2004, 2015). Electricity consumption occurring
not at the reporting entity’s facilities, but at a different point
of the entity’s value chain, is also reported under scope 3.
With regard to the applicable electricity mix, the GHG Pro-
tocol differentiates between the market-based and the loca-
tion-based electricity method in its scope 2 amendment
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(WRI & WBCSD 2004, 2015). In location-based scope
2 accounting, an average regional grid emission factor is
used to calculate emissions associated with grid electricity
consumption. The emission factor is based on the average
physical electricity consumption in a defined geographic
boundary and defined time period. The location-based
method omits the accounting for contractual agreements for
claiming the attributes of specific electricity sources. The
market-based method on the other hand bases the calcula-
tion of electricity-related emissions on contractual instru-
ments, such as EACs. If the reporting entity has acquired
contractual instruments that provide supplier-specific data
and meet the scope 2 quality criteria, market-based emission
factors shall be calculated according to these contractual
instruments. If no such contractual instruments are acquired,
market-based emissions shall be calculated using a residual
electricity mix, which excludes any previously claimed elec-
tricity. If a residual electricity mix is not available, location-
based emission factors may be used, which render the same
market-based and location-based scope 2 total.

If supplier-specific data is generally available in the area
of the electricity consuming facility, both market-based and
location-based scope 2 emissions shall be reported (WRI
& WBCSD 2015). “For companies adding together scope
1 and scope 2 for a final inventory total, companies may
either report two corporate inventory totals (one reflect-
ing each scope 2 method), or may report a single corporate
inventory total reflecting one of the scope 2 methods” (WRI
& WBCSD 2015). If a company reports a single inventory
total, the same method shall be used for reporting and goal
setting. The method choice shall be disclosed.

In its Technical Guidance for Calculating Scope 3 Emis-
sions (WRI & WBCSD 2011b), the GHG Protocol speci-
fies the accounting of up- and downstream emissions related
to the reporting entity. For the calculation of emissions
related to purchased goods and services the scope 3 stand-
ard specifies four calculation methods: (i) supplier-specific;
(>i1) hybrid; (iii) average-data and (vi) spend-based. In the
supplier-specific method cradle-to-gate emission factors,
specific to the individual suppliers, are used. However, the
standard does not specify which emission factor shall be
used for electricity consumption within the production pro-
cesses of the purchased good. With the average-data method,
emissions are calculated by multiplying the mass or another
relevant unit of the purchased good or service by relevant
cradle-to-gate secondary emission factors, which can be
obtained from life cycle inventory (LCI) databases. These
LCI databases usually calculate electricity-related emissions
based on average location-based emission factors (Sphera
Solution GmBH 2022; Wernet et al. 2016). With the hybrid
method, supplier-specific data is used when available, and
data gaps are filled with secondary data. If the first three
methods are not feasible, the reporting entity should apply
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the spend-based method. With this method, companies col-
lect data on the economic value of the purchased goods and
services and multiply them by the relevant environmentally
extended input—output emission factors.

Emissions related to the use of sold products are divided
into two types: direct and indirect use phase emissions
(WRI & WBCSD 2011b). Regarding the applicable emis-
sion factor for calculating electricity-related emissions, the
scope 3 standard advises the use of regional or national grid
emission factors and also allows the use of global average
emission factors. These emission factors are consistent with
location-based scope 2 accounting.

The standards described above specify GHG reporting on
a corporate level and differentiate between three different
scopes. The Product Life Cycle Accounting and Reporting
Standard (WRI & WBCSD 201 1a) specifies GHG account-
ing on a product level and aims to account for all life cycle
emissions. Thus, both direct and indirect emissions related
to electricity consumption shall be accounted for. With
regards to emission factor selection for grid electricity con-
sumption, the Product Standard states: “When an electricity
supplier can deliver a supplier-specific emission factor and
these emissions are excluded from the regional emission fac-
tor, the supplier’s electricity data should be used. Otherwise,
companies should use a regional average emission factor
for electricity to avoid double counting.” (WRI & WBCSD
2011a). Even though not as detailed, these specifications
on electricity emission factor selection are in line with the
market based-method.

3.1.2 I1SO 14040, 14044, 14067 and 14064

The ISO standards on LCA (ISO 14040 and ISO 14044) and
product carbon footprinting (ISO 14067) agree that direct
emissions as well as all indirect emissions related to electric-
ity production and consumption shall be accounted for (ISO
2006a, b, 2019b). This includes environmental accounting
power plants’ own electricity consumption, as well as T&D
losses and losses due to electricity storage. The ISO standard
on GHG accounting on an organizational level (ISO 14064)
is less binding regarding the inclusion of indirect electricity-
related emissions and states that the emission factors “may”
include these indirect emissions (ISO 2019a).

Regarding the use of the location-based or the market-
based method, the ISO standards 14040 and 14044 do not
provide specific information (ISO 2006a, b).

According to Annex E of the ISO 14064 “emissions from
imported electricity consumed by the organization shall be
quantified by the organization using the location-based
approach by applying the emission factor that best character-
izes the pertinent grid, i.e. dedicated transmission line, local,
regional or national grid average emission factor” (ISO
2019a). These grid average emission factors shall be based

on the average consumption mix of the relevant grid and the
most recent available year. Besides this mandate on using the
location-based method to account for emissions related to
purchased electricity, the ISO 14064 states in Annex E.2.2
that an organization may report market-based information on
electricity-related emission as additional information.

The ISO 14067 (2019b) on the other hand states that a
supplier-specific electricity product shall be used if the sup-
plier can provide contractual instruments that meet the qual-
ity criteria. If no supplier-specific information is available,
emissions associated with the relevant electricity grid mix
shall be used. “The relevant grid shall reflect the electric-
ity consumption of the related region, excluding any pre-
viously claimed attributed electricity” (ISO 2019b). These
requirements for the accounting of electricity-related GHG
emissions are consistent with the market-based method (ISO
2019b; WRI & WBCSD 2015). If no electricity tracking
system is in place, the grid mix shall reflect the regional
average consumption.

3.1.3 Organizational and product environmental footprint

The European Commission specifies environmental
accounting of electricity-related emissions in annex I and II
for the PEF and annex IIT and IV for the OEF of its recom-
mendation on the use of Environmental Footprint methods
(European Commission 2021). By default, the PEF includes
all life cycle stages. Thus, indirect emissions of electricity
consumption shall be included in PEF studies. The OEF gen-
erally differentiates between direct and indirect emissions.
Emissions related to electricity consumption are accounted
for as indirect emissions. However, electricity-related emis-
sions shall also include indirect as well as direct emissions.

In both PEF and OEEF studies, the following electricity
mixes shall be used in hierarchical order: (i) a supplier-spe-
cific electricity product, (ii) a supplier-specific total electric-
ity mix and (iii) the country-specific residual consumption
grid mix (European Commission 2021). Supplier-specific
electricity products and supplier-specific total electricity
mix must fulfil a minimum set of quality criteria. The hier-
archical order and quality criteria are consistent with the
market-based method, defined by the GHG Protocol (Euro-
pean Commission 2021; WRI & WBCSD 2015).

The specifications above are valid for processes run by
the company applying the PEF study and for processes
not run by the company but with access to supplier-spe-
cific information (European Commission 2021). Processes
unknown to the company shall be modelled according to
the PEF-specific LCI datasets. In accordance with internal
emission factor rules, database providers usually model elec-
tricity input based on location-based average consumption
electricity mixes (Sphera Solution GmBH 2022; Wernet
et al. 2016).
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Emissions related to electricity consumption in a prod-
uct’s use phase shall be modelled based on average electric-
ity consumption mixes. “The electricity mix shall reflect
the ratios of sales between EU countries/regions” (European
Commission 2021). The average EU consumption mix shall
be used, if data on product sales is insufficient (European
Commission 2021). The Environmental Footprint specifica-
tions for use-phase electricity consumption are consistent
with the GHG Protocol’s location-based method (European
Commission 2021; WRI & WBCSD 2015).

3.1.4 Summary of electricity accounting methods
in frequently applied standards

The ISO standards 14040/14044 as well as OEF and PEF
analyse all life cycle emissions (European Commission
2021; ISO 20064, b). Thus, all emissions related to electric-
ity consumption, including indirect emissions, need to be
accounted for. Of the standards on GHG accounting, ISO
14064/67 and GHG Protocol, only the product standards
mandate the inclusion of indirect electricity-related emis-
sions (ISO 2019b; WRI & WBCSD 2011a). Under the GHG
accounting standards for organizations, GHG Protocol cor-
porate standard and ISO 14064, reporting indirect emissions
related to electricity consumption is optional (ISO 2019a;
WRI & WBCSD 2004, 2015).

In its scope 2 amendment, the GHG Protocol differen-
tiates between the location-based and the market-based
method for selecting the applicable electricity mix to
account for emissions related to purchased electricity (WRI
& WBCSD 2015). The location-based method is based on
the physical average regional electricity consumption and
the market-based method is based on contractual agree-
ments, aiming to provide a unique claim for electricity from
specific sources. With the exception of the ISO standards

14040/44, the specifications on electricity accounting in
the analysed standards can be related to these two meth-
ods. The GHG Protocol Corporate Standard and it’s scope 2
amendment demand the reporting of electricity-related emis-
sions in accordance with both methods in scope 2 (WRI
& WBCSD 2004, 2015). However, it allows the selection
of one single method for companies that report total GHG
emissions by adding up the different scopes. Also, it man-
dates goal setting for GHG reduction targets and emission
reporting according to one single method, which can be cho-
sen by the reporting entity. The other analysed standards
are more explicit with their specifications on electricity mix
selection. These specifications, as well as the specifications
on the inclusion of indirect electricity-related emissions, are
summarized in Table 1.

3.2 Challenges of double counting electricity
from specific energy sources

Section 3.2.1 presents the general challenges of double
counting electricity from specific energy sources related
to the location-based and market-based method. Sec-
tion 3.2.2 addresses the challenges of double counting when
using average LCI datasets in LCA and GHG accounting.

3.2.1 General challenges of double counting in location-
and market-based electricity accounting

For the location-based method, the main challenge of double
counting results from different spatial and temporal resolu-
tions of the applied emission factors. Due to regional dif-
ferences, database providers often provide individual LCI
datasets for electricity consumption in different regions of
larger countries, like China or the USA (Sphera Solution
GmBH 2022; Wernet et al. 2016). Furthermore, the interest

Table 1 Accounting methods for electricity-related emissions in frequently applied standards: inclusion of indirect emissions and method choice

for electricity mix selection

Standard

Inclusion of indirect emissions

Location- or market-based

GHG Protocol corporate standard (incl.
scope 2 amendment)

GHG Protocol product standard
ISO 14040/1SO 14044
ISO 14064

ISO 14067
Organizational Environmental Footprint

(OEF)

Product Enviromental Footprint (PEF)

Inclusion not mandatory;
reporting under scope 3

Inclusion mandatory
Inclusion mandatory

Inclusion not madotory;optional inclusion
Inclusion mandatory
Inclusion mandatory;

electricity use as indirect emissions

Inclusion mandatory

Both methods allowed; one method for
reporting and goal setting

Market-based

No information

Location-based; Market-based as voluntary
additional information

Market-based

Market-based for processes controlled by

the reporting entity; location-based for use
phase

Market-based for processes controlled by
the reporting entity; location-based for use
phase

@ Springer



The International Journal of Life Cycle Assessment (2023) 28:771-787

777

Fig. 1 Differences in GHG
emission levels over a hypo-

thetical day 600

mean -12h with
higher ef

daily mean

mean -12h with
lower ef

emission factor (ef) [CO2eq/kWh]

0:00

3:00

in emission factors with high temporal resolution (typically
hourly) is rising, especially on a research level but also in the
industrial application (Baumgirtner et al. 2019; Jaeger et al.
2022). Whereas this offers potentials, such as incentives for
shifting electricity use to times and space of high RES shares
and thus low emission factors via demand side manage-
ment, it could also lead to under- or overestimations of total
electricity-related environmental impacts. The reason for
this is the application of different temporal and spatial emis-
sion factor resolutions within one electricity system.

The annual country-specific electricity consumption
emission factor per kilowatt-hour is equal to the average
emission factor of all kilowatt-hours that have been con-
sumed during all hours of the year throughout the whole
country. If specific kilowatt-hours, consumed at a certain
time and space, are accounted for on an individual level and
are also part of the average mix, these kilowatt-hours are
double counted. This can lead to under- or overestimations
of total electricity-related emissions.

For example, if both average annual and hourly-resolved
emission factors were applicable, entities with higher elec-
tricity demands in times with lower emission factors or
possibilities for load shifting might account their environ-
mental impacts according to hourly-resolved emission fac-
tors. However, other entities could still use the annual aver-
age emission factors, which also include kilowatt-hours of
electricity which were accounted for on an individual level
using hourly-resolved emission factors. Figure 1 illustrates
this issue with regard to different emission factors during a
hypothetical day.

For the market-based method challenges mainly lie in
double counting contractual agreements for the usage of
electricity from specific sources. For instance, this may be
the case for the specification on market-based electricity mix

Risk of double counting electricity units
(with lower ef) on individual and average level

6:00 9:00 12:00 15:00

time of the day [h]

18:00  21:00 0:00

selection in the PEF guidance. If the supplier-specific total
electricity mix, which should be used if no supplier-specific
electricity product is available, is calculated according to
the same method as the country-specific total supplier mix
(outlined in Sect. 2 of the supporting information), it would
also include exclusively claimed electricity products, which
would hence be double counted.

Nevertheless, if applied consistently both the location-
based and market-based method can avoid double counting
of electricity from specific energy sources, such as RES.
However, the probability of double counting is given, if loca-
tion-based and market-based method are applied in parallel.
The following simplified example illustrates this fact.

In a hypothetical region electricity generated from RES
sums up to 25%, whereas the remaining electricity is gener-
ated from other energy sources, such as fossil fuel or nuclear
(also referred to as grey electricity). In the location-based
approach, every grid electricity consumer accounts for
electricity-related environmental impacts according to the
same electricity mix, containing 25% electricity from RES.
If, in the market-based method, an electricity consumer
group A acquires contractual agreements to claim all the
generated electricity from RES, all other electricity consum-
ers have to calculate their electricity-related environmental
impacts according to the regional residual electricity mix,
which consists of 100% grey electricity. Thus, the overall
regional share of electricity from RES would still be 25%.

However, if consumer group A accounts for electricity-
related environmental impacts according to the market-based
approach and all other electricity consumers use the location-
based approach, 75% of the electricity from RES would be
double counted. The accounted share of electricity from
RES would hence rise by 18.75% and add up to 43.75%.
Figure 2 illustrates the elaborated example.
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Fig. 2 Illustration of challenges
of double counting electricity
from specific energy sources
due to a parallel application

of location-based and market-
based electricity accounting
method, based on a hypothetical
region

Electricity generation

Legend:
i [l Grey Electricity
i [ Electricity from RES

3.2.2 Challenges of double counting with average
upstream and downstream processes

Following one single method for electricity mix selection,
location or market-based, when calculating electricity-
related environmental impacts in LCA and GHG accounting
is essential to avoid double counting. This method has to be
applied consistently throughout all processes of the entire
LCA or GHG accounting. However, to make LCAs and GHG
accountings operable, they rely on average datasets from LCI
process databases, such as Sphera and ecoinvent. For a con-
sistent application of one single method for electricity mix
selection, these LCI datasets would also have to follow the
same method.

Average LCI datasets mostly use location-based electric-
ity mixes in order to calculate environmental impacts related
to grid electricity consumption if no industry-specific data is
available (Sphera Solution GmBH 2022; Wernet et al. 2016).

Fig.3 Overview of simplified
example illustrating the parallel
use of location- and market-
based electricity mixes in one
LCA and GHG accounting,
when including both market-
based electricity and average
LCI datasets with location-
based electricity inputs
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Hence, if market-based electricity mix selection is applied
for processes controlled by the reporting entity or for which
supplier-specific information is available and location-based
electricity mixes are chosen for LCI datasets, both methods
are applied in one single study. Consequently, this procedure
is susceptible to double counting.

Applying market-based and location-based electricity mix
selection in one LCA or GHG accounting is illustrated with
a simplified example in Figure 3. Here, the reporting entity
purchases electricity from RES for their manufacturing
facility and accounts for it. The hypothetical final product
consists of two parts, which again consist of several parts.
The reporting entity obtains supplier-specific information
on the manufacturing of part 1. However, the manufactur-
ing entity cannot provide valid contractual agreements for
the consumed electricity. Thus, the residual electricity mix
is used for electricity consumption. For all other parts, no
supplier-specific information is available. Hence, average

Residual
Electricity Mix

market-based

Electricity
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LCI datasets are used, which usually model electricity input
according to location-based consumption mixes.

3.3 Potential solutions for avoiding double
counting electricity from specific energy
sources

A parallel application of both location-based and market-
based methods in one region can lead to double counting and
consequently under- or overestimations of electricity-related
environmental impacts. Hence, there is a need to enable and
use consistent electricity accounting rules in LCA and GHG
accounting. The consistent use of one method is especially
important for LCAs and GHG accounting that evaluate and
compare emission reduction targets of different corporations
or products, since the achievement of these targets might be
different depending on which electricity accounting method
was used.

A consistent application of the location-based method can
be relatively straightforward, since all grid electricity con-
sumption in a specific region would be associated with the
same emission factor. Environmental accounting for a spe-
cific source of electricity, such as RES, would only be pos-
sible if the electricity generation system and the electricity
consuming facility are directly connected, and hence do not
use the public grid for electricity transfer among each other.

In order to avoid double counting with a consistent location-
based accounting, the simplest solution is to allow only
one emission factor per region (e.g. country level) and pre-
defined time period (e.g. annual resolution). This emission
factor would then be applied to all electricity-consuming
processes in the region during the specific time period.
Hence, the same emission factor for electricity consump-
tion would be used for processes known to the reporting
entity and all LCI datasets. If emission factors with different
temporal and spatial resolutions are permitted, an account-
ing system among the different electricity mix resolutions is
necessary, in order to avoid double counting and thereby an
under- or overestimation of electricity-related environmental
impacts.

For the market-based method, avoiding double count-
ing is more challenging. In order to avoid double counting,
the market based-method needs to be applied consistently
throughout the life cycle. For processes known to the report-
ing entity, this is relatively straightforward. If contractual
agreements are acquired that fulfil the necessary criteria to
claim grid electricity from a specific energy source, asso-
ciated environmental impacts should be calculated accord-
ing to the specific emission factors. If no valid contractual
agreements are acquired, environmental impacts related to
grid electricity consumption should be calculated according

to the regional residual electricity mix. In this case, coun-
tries with a full tracking system that do not have a residual
electricity mix (see Sect. 3.4.2) and countries with a sub-
sidy scheme preventing the issuing of EACs (see Sect. 3.4.3)
require special arrangements. Also, solutions for the follow-
ing two challenges must be found: electricity consumption
during a product’s use phase and the utilization of average
LCI data sets.

As summarized in Sect. 3.1.3, the PEF mandates the
use of location-based electricity mixes if a product’s use
phase is related to electricity consumption. However, for
consistent market-based method application, market-based
electricity mixes need to be used for all phases of a prod-
uct’s life cycle. The most conservative approach for mar-
ket-based electricity mix selection would be to choose the
residual mix for calculating electricity-related environmen-
tal impacts in the use phase. However, this approach could
lead to an impact overestimation of the use phase, since it
would neglect that many (private) electricity consumers use
electricity from RES based on contractual agreements or
non-certificate-based reliable tracking systems (EEG 2021;
Hauser et al. 2019). A comparison of direct CO, emissions
related to residual mixes and total supplier mixes, which
includes contractual agreements that are used for electricity
claims within the country, emphasises this point. For exam-
ple, in Ireland, the residual mix is associated with more
than three times higher direct CO, emissions than the total
supplier mix (AIB 2022).

One valid solution for estimating the average use phase
environmental impacts of a product would therefore be
the usage of a sector-specific total supplier mix for the use
phase. For example, use phase electricity consumption of
products, which are usually used by private households,
would be calculated according to the total supplier mix of
private households. Since such sector-specific total supplier
mixes are not readily available, we suggest the application
of a country-specific total supplier mix as an intermediate
solution until more adequate data is available.

As outlined in Sect. 3.2, average LCI datasets mostly use
location-based electricity mixes to calculate environmental
impacts related to grid electricity consumption if no indus-
try-specific data is available. However, if electricity from
RES can be exclusively accounted for processes controlled
by or known to the reporting entity, all LCA data needs to
follow the market-based method, in order to avoid double
counting.

Instead of using location-based electricity mixes in
LCI database processes, we suggest that residual electric-
ity mixes are used as default input for the calculation of
grid electricity-related environmental impacts in LCI data
base processes. If a supplier can prove the consumption of
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electricity from specific energy sources via own electricity
generation or contractual agreements, this specific electric-
ity should be accounted for. This would require a recalcu-
lation of LCI datasets if data is not already calculated on
a supplier-specific basis. The involved effort is critically
discussed in Sect. 4.

In conclusion, the avoidance of double counting electric-
ity from specific energy sources is only possible via the con-
sistent application of one electricity accounting method. For
the location-based method, the simplest solution for avoid-
ing double counting is the utilization of one fixed emission
factor for each specific region and time period. If differ-
ent regional and temporal resolutions are to be allowed, an
accounting system needs to be developed in order to avoid
under- or overestimations of total environmental impacts.
In market-based electricity accounting the application of
residual mixes is crucial, whenever no valid electricity sup-
plier information is available and relevant amounts of elec-
tricity are consumed. Market-based electricity mixes should
be consistently applied, both for electricity consumption in
processes known to the reporting entity and in processes
unknown to the reporting entity, for which average LCI data-
sets are used.

3.4 lllustrative case study: residual mix calculation
and challenges for LCA application

Using an illustrative case study, this chapter addresses
challenges with residual mix calculation and application.
In Sect. 3.4.1, the case study is described and the issuance-
based residual mix calculation method is applied. Based
on this illustration, two main challenges for residual mix
application in LCA and GHG accounting are discussed:
the non-availability of a residual mix (3.4.2) and the inclu-
sion of electricity that is traced by a non-certificate-based
reliable tracking system (RTS) (3.4.3). The issuance-
based calculation methodology, which is currently used
for European residual mix calculation (Kuronen et al.
2020), is explained in detail in Sect. 2 of the supporting
information.

3.4.1 Case study description and application
of issuance-based residual mix calculation

This section applies the issuance-based method in a simpli-
fied case study of a residual mix calculation area, consisting
of five countries. In this simplified model, countries have
both physical and market-based electricity trade. The mar-
ket-based electricity trade only occurs via EAC transfer. No
physical electricity trade and no EAC trade takes place with
countries outside the residual mix area. Furthermore, losses
occurring from the generation to the consumption of elec-
tricity, such as T&D losses or losses due to electricity stor-
age, are not considered. Hence, electricity generation in the
model residual mix area is equal to electricity consumption.

Table 2 shows the production and consumption data of
the five countries in the model residual mix area. Table 3
shows the market-based EAC trade among the countries.
“Issuance” stands for EACs that have been provided for elec-
tricity generation within the country. “Cancellation” marks
an EAC as having been consumed, at the request of an end-
user, so that its attributes cannot be claimed by another end-
user. “Expiry” marks the point at which an issued EAC is no
longer eligible for cancellation and is thereby not claimed
by any electricity user within the residual mix calculation
period.

The first three countries have no special requirements
for electricity tracking, but strongly differ in their electric-
ity generation profile as well as the acquisition of EACs.
Their electricity is mainly based on renewable (RES), fos-
sil (FOS) and nuclear (NUC) energy sources, respectively.
The “Subsidy Country” has a subsidy scheme for electricity
from RES in place and forbids the issuance of EACs for this
subsidized electricity from RES (sRES), as done under the
German Renewable Energy Sources Act (EEG) (EEG 2021;
EU 2018). The “Full tracking Country” mandates the full
tracking of all produced and consumed electricity, as done
in Austria (RIS 2013).

Based on Tables 2 and 3, the market-based residual elec-
tricity mix and the total supplier mix can be calculated.
Figure 4 illustrates the step-by-step calculation procedure
for these market-based electricity mixes of the “Renewable

Table 2 Production and

) . . Renewable Nuclear Fossil Country Subsidy Full
consumption data in TWh of the Country Country Country tracking
exemplary five countries Country

RES 140 40 20 120 80
FOS 10 20 130 170 70
NUC 0 150 0 10 40
Total Production 150 210 150 300 190
Consumption 130 170 200 300 200
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Table 3 Market—based EAC Renewable  Nuclear Fossil Subsidy Full tracking Total
trade data in TWh of t.he country country country  country country EAC
exemplary five countries activity
RES EAC issuance 140 40 0 10 80 270
FOS EAC issuance 0 0 0 0 70 70
NUC EAC issuance 0 20 0 0 40 60
RES EAC expiry 10 0 0 0 0 10
FOS EAC expiry 0 0 0 0 0 0
NUC EAC expiry 0 0 0 0 0 0
RES EAC cancellation 30 20 0 100 110 260
FOS EAC cancellation 0 0 0 0 70 70
NUC EAC cancellation 0 40 0 0 20 60
non-certificate-based RTS 0 0 0 100 0 100

Country” (a) and the “Subsidy Country” (b), as well as all
countries share in the attribute mix (c).

Of its 150 TWh total electricity generation, the “Renew-
able Country” generates 140 TWh from RES. For all elec-
tricity from RES, the country issues EACs, which are hence
deducted from the domestic residual mix. It is assumed that
10 TWh of issued EACs from RES expire and are added
again to the domestic residual mix, which thus consists of
10 TWh from RES and 10 TWh from FOS. To determine the
untracked consumption, the 30 TWh of cancelled EACs are
deducted from the physical electricity consumption. The vol-
ume of untracked consumption (100 TWh) is 80 TWh higher
than the domestic residual mix volume. Thus, the “Renew-
able Country” is classified as a “Deficit Country” and its
deficit in the final residual mix of 80 TWh is filled with
the attribute mix. This attribute mix is calculated by add-
ing all residual mix surpluses from the “Surplus Countries”,
which have a lower volume of untracked consumption than
of the domestic residual mix. The attribute mix calculation
is explained in detail in Sect. 2 of the supporting informa-
tion. By adding the 30 TWh of cancelled EACs to the final
residual mix, the total supplier mix is calculated, which con-
sists of 33% RES, 48% FOS and 19% NUC.

The “Subsidy Country” produces a total of 300 TWh of
electricity. 120 TWh are produced from RES, of which 100
TWh are electricity from sRES, for which the country does
not allow the issuance and trade of EACs. In the residual mix
calculation, this electricity is treated as tracked by a non-
certificate-based RTS. Electricity generated and tracked by
a non-certificate-based RTS is considered as if EACs have
been issued and canceled in the country. Further including
the 10 TWh of issued EACs the volume of the “Subsidy
Country’s” domestic residual mix is 190 TWh, which is 90
TWh higher than the untracked consumption. The 100 TWh
surplus of the domestic residual mix is added to the attribute
mix. Both the “Subsidy Country's” final residual mix and

its contribution to the attribute mix have the same electricity
shares. Adding the EAC cancellations to the final residual
mix results in the total supplier mix, consisting of 68% RES,
28% FOS and 2% NUC.

A step-by-step illustration of the market-based electricity
mix calculation for the three other countries can be found
in Sect. 3 of the supporting information. Since, in the “Full
tracking Country” all produced and consumed electricity
is traced via EACs, the country has no residual mix and
does not play a role in the attribute mix calculation. The “Full
tracking Country's” total supplier mix is a result of all
cancelled EACs. The final residual mixes and total supplier
mixes of all countries can be found in Figure 5.

3.4.2 Countries without residual mix

Some countries, such as Austria, have a mandatory full-
disclosure system for electricity (RIS 2013). Within a full-
disclosure country, every produced and consumed electricity
unit must be tracked via market-based instruments, such as
EACs. The countries’ untracked consumption should there-
fore be zero. If this is the case, no residual electricity mix
exists (AIB 2022; Krebs and Frischknecht 2021). Further-
more, the tracked cancellation of EACs within a country
can equal or even surpass the annual consumption, without
a mandatory full-disclosure system.

For processes controlled by the reporting entity or with
supplier-specific information, a complete tracking of all pro-
duced and consumed electricity is beneficial for accurate
market-based accounting of electricity-related environmen-
tal impacts. As described in Sect. 3.3, a double counting free
utilization of average LCI datasets is only possible, if these
datasets also use market-based electricity mixes. However,
the proposed approach of using residual electricity mixes as
default in average LCI datasets is not applicable for coun-
tries without residual mix.
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Fig. 4 Illustration of market-based electricity mix calculation for the “Renewable Country” (a) and the “Subsidy Country” (b), as well as the

attribute mix calculation (c¢)

Several solutions to this issue are possible. One possibil-
ity is to use the country’s total supplier mix. With this mix,
country-specific market-based activity is considered, but this
mix still includes cancelled EACs. Another possibility is to
use the average residual electricity mix of the corresponding
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residual mix area. This mix can be calculated on a short-
term basis, without any system changes. For countries taking
part in the GO system, this would be the European average
residual mix. We propose this as a conservative intermedi-
ate solution.



The International Journal of Life Cycle Assessment (2023) 28:771-787

a) Final Residual Mix—Base Case
TWh
300
200
b I N
0
RenewableNuclear Fossil Subsidy Full track.
Country Country Country Country Country
c) . . .
Final Residual Mix—RES only
TWh
300
200
“u i I I
; B

RenewableNuclear Fossil Subsidy Full track.
Country Country Country Country Country

[ it b

783
b) Total Supplier Mix —Base Case
TWh
300
200
0
RenewableNuclear Fossil Subsidy Full track.
Country Country Country Country Country
d) . .
Total Supplier Mix —RES only
TWh
300
200
0
RenewableNuclear Fossil Subsidy Full track.
Country Country Country Country Country
B FOS B NUC i

Fig.5 Market-based electricity mixes of the model residual mix area: final residual mix (a) and total supplier mix (b) for the base case; final
residual mix (c) and total supplier mix (d) for the case that only EACs from RES are accountable

Another solution would be to only account for EACs of
RES and exclude all EACs of non-RES from the residual
electricity mix calculation. Allowing only the account-
ing of EACs from RES would result in a residual mix
for the “Full tracking Country” and would consequently
change the market-based electricity mixes of the other
countries in the residual mix area as well. Figure 5 shows
the residual mixes and total supplier mixes for the base
case (as described in Sect. 3.4.1) and if only EACs from
RES could be accountable.

If only electricity from RES could be individually
accounted for, all European countries would currently
have a residual electricity mix (AIB 2022). In the event
that a country’s cancellation of EACs from RES is equal
to or surpasses its electricity consumption, this country
would again not have a residual electricity mix. In this
case, we propose using the country’s total supplier mix
for calculating electricity-related environmental impacts
in background processes. This mix would consequently
only include electricity from RES. Since EACs from RES
would be cancelled for all electricity consumption in this
country, using the total supplier mix would not lead to signif-
icant over or under- or overestimations of electricity-related
environmental impacts.

3.4.3 Non-certificate-based reliable tracking systems

According to article 19 of the recast of the Renewable
Energy Directive (EU) 2018/2001, member states can decide
not to issue GOs to an RES-based electricity producer that
receives financial support and thus account for the market
value of GOs on a national level (EU 2018). A prominent
example is electricity from RES that has received financial
support under the German EEG. According to §80 of the
EEQG, there is a prohibition on double marketing energy from
renewable energy (EEG 2021). Consequently, the energy
that has received financial support under subsidy schemes,
such as the EEG, cannot be exclusively claimed. Sect. 4 of
the supporting information contains additional information
on the accounting of EEG-subsidized electricity.

As illustrated for the Subsidy Country (see Sect. 3.4.1),
generated electricity, which is tracked by a non-certificate-
based RTS, is not part of the residual mix. However, this
electricity can also not be accounted for on an individual
level. We suggest including subsidized electricity, which is
tracked by a non-certificate-based RTS, in consistent mar-
ket-based accounting according to § 78 EEG (EEG 2021).

Thus, electricity-consuming entities may substitute a pro-
portion of their market-based electricity mix with the share
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of electricity tracked by a non-certificate-based RTS, in
accordance with their respective surcharge payment, in the
last step of the electricity disclosure procedure (Hauser et al.
2019). This holds true, regardless of the acquisition of EACs
or other contractual agreements verifying the exclusive
claims. If the subsidy scheme does not request a surcharge
but still prohibits the exclusive claiming of subsidized elec-
tricity, this electricity should be distributed equally among
all electricity consumers. Alternative approaches are out-
lined in Sect. 4 of the supporting information.

Since a significant number of electricity-intensive com-
panies are fully or partially exempt from surcharge pay-
ments, such as the EEG surcharge, we suggest a conservative
approach for the inclusion of subsidized electricity, which is
tracked by a non-certificate-based RTS. By default, compa-
nies should account for their electricity-related environmen-
tal impacts according to the residual electricity mix without
the subsidized electricity. Only if a company proves their
payment of the relevant surcharge, it may account for the
subsidized electricity according to its payments.

4 Discussion

The results of this paper show that a double-counting free
accounting of electricity-related environmental impacts can
only be achieved, via the consistent application of one elec-
tricity accounting method: market-based or location-based.
For the location-based method, a consistent application
throughout the whole LCA would be relatively straight-
forward, since LCA databases use location-based emission
factors unless electricity generation is specified differently
by industry. The consistent application of the market-based
approach is more challenging, since it requires the appli-
cation of residual electricity mixes whenever no supplier-
specific electricity data is available. One main challenge is
that LCI datasets, in which electricity-related environmental
impacts are calculated using residual electricity mixes, are
currently not available in LCI databases and their imple-
mentation would be related to significant efforts (Sphera
Solution GmBH 2022; Wernet et al. 2016). This is especially
true since not only Europe but also other countries are using
or are starting to implement EAC systems (Bricaud 2022).
Due to the amount of effort involved in changing the
default electricity mix from location-based to market-based
residual electricity mixes in LCI datasets, the practical rel-
evance of double counting needs to be discussed. Since, for
many products, the largest share of environmental impacts
originates from the supply chain rather than from electricity
consumption during final product manufacturing (Wernet
et al. 2016), the amount of double counting as illustrated
in chapter 3.2.2 might be rather low. Nonetheless, there is
a strong push towards increasing the primary data share in
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LCAs and GHG accountings through initiatives, like Catena-
X, Pathfinder or Together for Sustainability (Together for
Sustainability 2022). These initiatives also provide infor-
mation on how to include electricity from specific energy
sources in the primary data share. Thus, the sourcing and
environmental accounting of electricity from RES along the
supply chain might gain in relevance. Consequently, also
consistent residual mix application, in order to avoid double
counting, is likely to gain relevance.

Since a consistent application of both the location-based
or the market-based method can effectively avoid double
counting, the advantages and disadvantages of both methods
for incentivizing a real-world reduction in electricity-related
environmental impacts need to be critically discussed.

A benefit of the exclusive application of the location-
based method is that it representatively evaluates the envi-
ronmental impacts of the physically consumed electricity.
Since it is not possible to reduce electricity-related emis-
sions via the acquisition of electricity from specific energy
sources, such as RES, the location-based method can lead
to an increased incentive for energy efficiency measures
for entities that wish to reduce their environmental impacts
(Brander et al. 2018). Furthermore, if the location-based
method is applied with high spatial and temporal granular-
ity, it might also incentivize load management optimizations
to consume grid electricity when RES are available and thus
emission factors are low (Stoll et al. 2014). Even though
there are some discussions on EACs with high temporal
resolution (Kuronen 2021; Pototschnig and Conti 2021),
the market-based approach currently does not offer this
potential.

By taking away the possibility to actively source and
environmentally account for electricity from RES, a purely
location-based electricity accounting system creates strong
regional differences in the accounting of electricity-related
environmental impacts. However, these differences have
mostly not been influenced by the electricity-consuming
entities and could thus be seen as unjustified. Furthermore,
the exclusive application of the location-based method takes
away an incentive to influence grid electricity generation by
choosing a specific electricity source, such as RES.

The contribution of the market-based method and accompa-
nying EAC systems to emission reductions and the expansion
of RES is critically discussed in the literature. Central discus-
sion points are missing incentives for the expansion of electric-
ity from RES, due to low EAC prices and reduced necessity
for energy efficiency measures (Bjgrn et al. 2022; Brander
et al. 2018; Hulshof et al. 2019). The supporting information
(Sect. 1) contains a summary of these discussions. The avoid-
ance of double counting could increase demand for contractual
agreements, such as EACs. Reasons for this possible demand
increase can be found both on a country level and in corporate
supply chains. Currently, the interest in EACs in countries like
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Norway with very high shares of electricity from RES is rather
low (Sustainability Impact Metrics 2022), since consumers
assume that electricity comes from RES regardless of EACs.
The demand for contractual agreements could increase if loca-
tion-based accounting and emission reduction target setting for
corporations would not be possible. On a supply chain level,
demand for EACs could increase, since final producers might
put pressure on their suppliers to purchase electricity from
RES in order to avoid having to include products with residual
mixes as electricity input in their LCA or GHG accounting.
An increase in demand might lead to higher prices for such
contractual agreements. However, a price elevation, sufficient
to incentivize the construction and operation of additional
RES-based power plants, is by no means certain. Thus, an
agreement on stricter quality criteria for accountable electricity
from RES might be necessary, to ensure the contribution of the
market-based method to the energy transition.

Both the location-based and market-based method offer
the potential for contributing to a transition towards a decar-
bonized electricity system. However, it is questionable if
these potentials are realized, if both methods are applied
in parallel. Thus, a consistent application of one electricity
accounting method throughout the whole life cycle should
be mandatory. With regards to which method should be
used, one option would be to always demand LCA and GHG
accounting calculations according to both location-based
and market-based method. This would also need to include
reduction targets of environmental impacts according to both
methods. Another option could be to agree on one method
for specific use cases and questions, for example, corporate
GHG reductions according to the SBTi.

The implications of this paper go beyond the electricity
sector, since the avoidance of double counting is important
in all cases where different types of energy or materials
are mingled before consumption. According to the GHG
protocol, “steam, heat, and cooling energy systems may
also use contractual instruments to convey attributes and
claims” (WRI & WBCSD 2015). Also for gas networks,
avoiding double counting is likely to become more and more
important, due to the rising relevance of green hydrogen
and biogases (Abad and Dodds 2020). In terms of materials,
the necessity for double counting free accounting methods
arises due to very different environmental impacts associ-
ated with recycled materials or different production routes
for one material, as in the case of steel (Suer et al. 2022).

5 Conclusion

Grid electricity consumption entails a significant contribu-
tion to the LCA and GHG accounting of most organizations
and products. Hence, double counting of electricity from
specific energy sources, such as RES, can lead to under- or

overestimations of corresponding environmental impacts.
This paper analyses environmental accounting specifications
for electricity-related environmental impacts in LCA and
GHG accounting in frequently applied standards. Thereby,
it reveals challenges of double counting electricity from spe-
cific sources, such as RES.

The challenges mainly exist due to a parallel application
of the market-based and location-based electricity account-
ing method. Exclusively claiming the consumption of grid
electricity from specific energy sources, such as RES, is
only possible without double counting, if residual electricity
mixes are consistently used in every electricity-consuming
step, for which no valid market-based contractual agree-
ments are obtained. Improper residual grid mix calcula-
tion and application can lead to under- or overestimations of
environmental impacts related to electricity consumption.
In turn, location-based average grid electricity emission fac-
tors can only be applied, if no entity can exclusively claim
the consumption of grid electricity from specific energy
sources. Thus, there is a need to enable and use consistent
electricity accounting rules in LCA and GHG accounting.
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