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Available online X (Boundary II) (in fact a blend of electricity produced by many grids). Both methods ignore the fact that

electricity can be indirectly traded between grids. Failing to capture such indirect electricity trade can
underestimate or overestimate GHG emissions of purchased electricity in interconnected grid networks,
potentially leading to incorrectly accounting for the effects of emission reduction policies involving pur-
chased electricity. We propose a “Boundary III” framework to account for emissions both directly and
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indirectly caused by purchased electricity in interconnected gird networks. We use three case studies on
a national grid network, an Eurasian Continent grid network, and North Europe grid network to demon-
strate the proposed Boundary III emission factors. We found that the difference on GHG emissions of pur-

chased electricity estimated using different emission factors can be considerably large. We suggest to
standardize the choice of different emission factors based on how interconnected the local grid is with

other grids.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Electricity generation is an important source of global green-
house gas (GHG) emissions [1-3], contributing to approximately
41% of total global GHG emissions in 2012 [4]. In 2010,
5.9 x 108 MW h electricity was traded internationally, represent-
ing 3% of the global total electricity generation [5].

Accurately accounting for GHG emissions of purchased electric-
ity is critical for both determining proper electricity prices and
developing effective climate policies [6-9]. Emission factors, the
amount of emissions generated due to the consumption of unitary
products or services, are commonly used to estimate GHG emis-
sions of purchased electricity. Many regulatory and voluntary car-
bon accounting frameworks rely on emission factors of purchased
electricity. For example, the GHG Protocol specifies Scope 2 emis-
sions as emissions generated during the production of electricity
purchased by the company or organization under consideration
[10]. Carbon footprint accounting for cities also uses emission fac-
tors to measure GHG emissions from urban electricity consump-
tion [11,12]. The choice of emission factors is thus important for
the effectiveness of policies targeting at reducing local electricity
consumption. If the emission factor is inaccurate, the effect of
reduced electricity consumption on the overall emission reduction
target can be overestimated or underestimated, compromising the
effectiveness of the city’s emission reduction policies [13].

Ideally, emission factors need to reflect the spatial variability
and temporal dynamics of electricity generation, if detailed fuel
mix data for specific generators at particular time are available.
In practice, however, it is challenging to obtain such detailed data.
Most studies thus use emission factors representing the grid aver-
age during a certain period of time (e.g., a year) [14-16]. Important
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Fig. 1. Accounting boundaries for GHG emission factors of purchased electricity
from interconnected grids. Dashed arrows indicate the electricity purchased by
consumers in grid control area. Solid arrows indicate electricity exchange (imports
and exports) between grids.

policy decisions have been made based on grid-average emission
factors, especially for national and regional climate policies. This
study focuses on grid-average emission factors.

Previous studies estimate GHG emission factors of purchased
electricity based on the fuel mix of the power grid from which
the electricity is purchased [2,17-22]. However, indirect GHG
emissions are also important to policymaking by uncovering
embodied GHG burdens and potential emission burden shifts
[23-26]. Choosing the appropriate system boundary for purchased
electricity is thus important for the estimation of GHG emission
factors.

Emission factors are commonly estimated by dividing the total
emissions released from the local grid by the total electricity gen-
erated from the grid. For example, the eGrid database of the U.S.
[27] and average emission factor of the Nordic region [28-30] only
account for direct emissions from electricity generation and
ignores emissions embodied in electricity exchanges. We denote
this accounting framework as Boundary I in this study. In the real
world, however, power grids do not always operate in isolation.
Instead, regional grids frequently trade electricity with each other.
For example, Croatia imports 38.9% of its consumed electricity
from other countries in 2010, while Slovenia exports 44.0% of its
generated electricity in 2010 [31,32]. Given that each grid has dif-
ferent fuel mix and therefore different emission profiles, Boundary
I emission factors need to be adjusted to reflect the impacts of elec-
tricity trade between grids [13,30].

A commonly used approach to measure emission factors of pur-
chased electricity from interconnected grids is accounting for
emissions related to direct electricity trade with other grids on
top of the emissions generated in the local grid [14,15]. In particu-
lar, total GHG emissions from the local grid are adjusted by adding
emissions associated with imported electricity and deducting
emissions due to exported electricity. Emissions from imported
electricity are estimated based on the fuel mix of the exporting
grid, assuming imported electricity is locally produced in the
exporting grid. Emission factors are then calculated by dividing
the adjusted emissions of the local grid by the total amount of elec-
tricity purchased from the local grid, such as CO, emission factors
of UK’s grids [33]. We denote this accounting framework as Bound-
ary Il in this study.

Fig. 1 illustrates the implications of inter-grid electricity trade
on emission factors of purchased electricity depending on different
accounting boundaries. In particular, Boundary I assumes the isola-
tion of individual grid, using fuel mix of the grid which electricity is
purchased from to estimate emission factors. Boundary II extends
Boundary I by taking into account immediate electricity imports
and exports, but assuming imported electricity is entirely pro-
duced by the exporting grid. However, imported electricity from
a particular grid is in fact a blend of electricity produced by many
grids, including the exporting grid itself and other grids selling
electricity to it. Therefore, using Boundary Il emission factors
may lead to a situation similar to “carbon leakage” between coun-
tries due to international trade [34], especially when the inter-grid
electricity trade is intensive. For instance, if a particular grid
imports significant amount of electricity from a neighboring grid
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