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A B S T R A C T

Globally, electricity systems are responsible for two-thirds of total greenhouse gas (GHG) emissions. This area
has become one of the main focuses for a wide range of scientific communities, and a large number of articles
have been published that reported GHG emissions from the electricity sector using different approaches. Even
though some review articles have been published on particular GHG emissions approaches, such as life cycle
assessment (LCA), studies that investigated overall approaches are much rarer. A scoping review of these GHG
emissions accounting approaches has thus been conducted in this study to explore their limitations and indicate
possible future scope. From the review, it was found that the majority of the studies considered the LCA ap-
proach to investigate GHG emissions from electricity systems. Although the time-varying carbon intensity ap-
proach has potential features, it has received less attention. Furthermore, this review has highlighted some issues
that need to be addressed by any new or existing approach that would deal with GHG emissions accounting in
the near future. In addition, this review would be helpful for policymakers and electricity authorities when
selecting appropriate approaches in accounting GHG emissions from the electricity system.

1. Introduction

In recent years, focus on greenhouse gas (GHG) emissions reduction
has increased dramatically, involving scientists, academics, policy-
makers, and industry, and in particular, the electricity industry, as
electricity generation systems are the largest single source of GHG
emissions globally (Bazán et al., 2018; Cellura et al., 2018; Howard
et al., 2017; Garcia and Freire, 2016; Atilgan and Azapagic, 2015). It
was also found that compared to many other sectors, electricity gen-
eration systems is the one where decarbonisation can be achieved at an
acceptable pace (Staffell, 2017; Vedachalam et al., 2017; Morvaj et al.,
2017). Although the potential of GHG emissions reduction has been
proven to overcome the negative impacts of climate change, as well as
to ensure a sustainable global low-carbon future, the measures that
have been taken for such reduction seem limited in scale (Hu et al.,
2018; Foster et al., 2017; Williams et al., 2012). One reason is the ap-
propriate monitoring, reporting, and verification (MRV) process, par-
ticularly, monitoring and reporting as identified by the International
Energy Agency Greenhouse Gas Research and Development (IEA-GHG
R&D) programme (IEA-GHG R&D, 2018). Due to diverse GHG emissions
accounting methodologies, none of the present approaches is well

suited for GHG emissions accounting (Bruckner et al., 2014). For ex-
ample, the IEA-GHG R&D programme has reported that there is un-
certainty towards the deployment of CO2 capture and utilisation (CCU)
technology with respect to GHG emissions reductions due to the lack of
appropriate accounting methods and MRV processes in place, which are
necessary to track, calculate, and report the benefits that would be
achieved by deploying CCU technology (IEA-GHG R&D, 2018). There-
fore, a review is indispensable in order to identify the available ap-
proaches of GHG emissions accounting in the electricity generation
systems.

Essentially, a country's ability to monitor, measure, and review GHG
emissions from the electricity generation sector enables it to engage and
act accordingly towards a national as well as a global low-carbon fu-
ture, as two-thirds of global GHG emissions is the consequence of the
energy sector's activities, which includes the electricity generation
systems (IEA, 2017). Hence, an informative and robust GHG emissions
reporting approach needs to be developed along with proper metho-
dology (Bruckner et al., 2014). However, despite the evidence that GHG
emissions can vary considerably according to the time of day or season
(Khan et al., 2018), methods of assessing GHG emissions from elec-
tricity generation do not currently account for variance over time.
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According to the IEA-GHG R&D programme's latest report, GHG emis-
sions accounting considers two approaches: ex ante-assessment and ex
post-assessment (IEA-GHG R&D, 2018). Ex ante-assessment involves the
estimation of the full range of GHG emissions, which includes extrac-
tion, manufacture, transport, construction, and end of life associated
with the product or activity. On the other hand, ex post-assessment,
referred to as the MRV method, involves real-time estimation of GHG
emissions over a certain period of time (e.g., annually). The latter ap-
proach is used towards carbon abatement-related policymaking and
international reporting. However, due to the use of inappropriate
emission factors, taking into account different activities that cause
emissions, the nature of emissions, and difficulties in defining the
boundaries have made emissions calculation a challenging task.

Apart from this, approaches used in the scientific studies that con-
sidered GHG emissions from the electricity sector varied significantly,
which may result in different findings even though they might have
used the same datasets (Amponsah et al., 2014; Soimakallio et al.,
2011). A literature search reveals that there are some studies that re-
viewed a particular method of assessments such as life cycle assessment
(LCA) for GHG emissions analysis in electricity systems (Muench, 2015;
Turconi et al., 2013; Soimakallio et al., 2011; Lenzen, 2008). Never-
theless, it seems that no previous studies have considered reviewing
overall approaches that are used to assess GHG emissions in the elec-
tricity sectors, in particular, electricity generation. The objective of this
paper is thus to review available methods and methodologies that have
been used to assess GHG emissions from the electricity sector and ex-
plore the methodological knowledge gap that may exist in the litera-
ture.

The rest of the paper is organized as follows: section 2 describes the
methodology used for this review. Section 3 discusses international
rules of GHG emissions accounting. Section 4 presents available ap-
proaches that have been used in the literature to report GHG emissions
from the electricity sector. Section 5 discusses the findings and identi-
fies potential areas that need to be explored in future research. The final
section concludes the paper.

2. Methodology

This is a scoping review (Grant and Booth, 2009), thus, it has con-
sidered a range of published peer-reviewed journal and conference ar-
ticles to make a preliminary assessment of the overall GHG emissions
accounting approaches that have been used in the literature to report
electricity generation-related emissions. Consequently, it indicates the
scope of future research. A standard six step scoping review metho-
dology (Peterson et al., 2017) was followed, illustrated in Fig. 1.

The review process began by exploring the topic in the scientific
literature through sciencedirect.com, using relevant keywords. The
keywords used for the search were: greenhouse gas emissions and
electricity; greenhouse gas and electricity; GHG and electricity; emis-
sions and electricity; greenhouse gas, electricity; GHG methods and
electricity; carbon intensity and electricity.

While searching, the word ‘electricity’ was kept constant as the re-
view is focused on GHG emissions from the electricity sector only. The
search resulted in 155 studies; during the selection step, it was found
that 35 studies were not directly associated with the electricity gen-
eration, and were removed from the analysis, leaving a total of 120
studies that were considered for this review. After completion of the
review process, findings are presented and discussed.

3. GHG emissions accounting

There are two types of emissions in the electricity sector: direct and
indirect emissions. According to the GHG Protocol,1 “the emissions from

the sources that are owned or controlled by the reporting entity” are known
as direct emissions, while “emissions that are a consequence of the activ-
ities of the reporting entity, but occur at sources owned or controlled by
another entity” are indirect emissions. These direct and indirect emis-
sions are further categorized as scope-1, scope-2, and scope-3. Direct
GHG emissions, electricity indirect GHG emissions, and other indirect
GHG emissions are associated with scope-1, scope-2, and scope-3, re-
spectively.2

Electricity systems include both scope-1 and scope-2 emissions, as
shown in Fig. 2. Exploration and mining of any new fossil fuel or ur-
anium, building geothermal or hydro plants are within scope-1, direct

Fig. 1. Methodology used for this scoping review.

1 https://ghgprotocol.org/. 2 https://ghgprotocol.org/.
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emissions. Manufacturing of generation technologies such as solar PV
and wind turbines is also within scope-1 emissions, as is transportation
that is involved either to carry fuel to the plant or import it from other
countries. Part of the electricity generation process (i.e., fuel combus-
tion) is within scope-1 and the remainder of the processes which in-
clude generation, transmission, distribution, and consumption are
within scope-2 emissions.

Although there are a number of GHGs that are emitted from the
electricity generation process, in general, carbon dioxide (CO2), me-
thane (CH4), and nitrous oxide (N2O) are regarded as the major GHGs
(Bauer et al., 2018; Kumar and Sharma, 2017; IPCC, 2014). To consider
all these three GHGs together, carbon dioxide equivalent (CO2-e) is
used as the unit of overall emissions, which is usually obtained by
multiplying the actual amount of individual emitted gas with the global
warming potentials (GWP, 100-year)3 of 1, 28, and 265 for CO2, CH4,
and N2O, respectively, and finally, adding them together (IEA, 2017;
IPCC, 2014).

4. Electricity associated emissions accounting approaches

4.1. Absolute emissions approach

Absolute emissions refer to quantification of the total amount of
GHGs that has been emitted (in tonnes of CO2-e) to the atmosphere over
a certain period (e.g., annually) through activities such as electricity
generation. Most governments and environmental organizations, as
well as international bodies such as the International Energy Agency
(IEA) and Intergovernmental Panel on Climate Change (IPCC) use ab-
solute emissions for national GHG inventories, policymaking and reg-
ulatory efforts in relation to GHG emissions reduction (IEA, 2018; IPCC,
2018). Absolute emissions from electricity generation can be calculated
using Eq. (1) (IEA, 2017).

GHG Emissions CIF SEF TE=
(1)

Where:

GHG Emissions: Total emissions from electricity generation (in kg
CO2-e).
CIF: Carbon intensity of the fossil fuel mix (kgCO2-e/kWh).
SEF: Share of electricity generated from fossil fuels.
TE: Total generated electricity from the system (in kWh).
ɳ: Fossil fuelled power plant efficiencies.

In the academic literature, a number of previous studies have re-
ported GHG emissions from electricity generation using an absolute
emissions approach (Kachoee et al., 2018; Castrejón et al., 2018;
Squalli, 2017; Niet et al., 2017; Kusumadewi et al., 2017; Staffell, 2017;
Vedachalam et al., 2017; Ozcan, 2016). This has often been used to
evaluate emission reduction potential. Kachoee et al. (2018) found that
adoption of renewable generation in the Iranian electricity systems
could reduce GHG emissions by 294.6 million tonnes. A study in the
USA investigated CH4 emissions from the electricity system and found
that only 0.26% CH4 could be reduced by increasing the renewable
share to 10% in the electricity system (Squalli, 2017). The dramatic
increase in the renewable share along with some other factors in the
British electricity sector resulted in a 46% reduction in absolute emis-
sions for the period 2013 to 2016 (Staffell, 2017).

Absolute emissions approaches have also been used in studies on the
potential for carbon capture and storage (CCS) technologies to reduce
GHG emissions (Castrejón et al., 2018; Hanson and Schmalzer, 2013;
Hammond et al., 2011). In Mexico, Castrejon et al. (2018) considered
carbon abatement options through different scenarios in the energy
sector and found that deployment of CCS technologies could potentially
reduce GHG emissions in the electricity sector. Ding et al. (2017),
Ozcan (2016) and Taseska et al. (2011) estimated GHG emissions from
the electricity sector using this approach for China, Turkey and Mace-
donia. India's future grid expansion plan and future CO2 emission sce-
narios have also been assessed using absolute emissions (Shearer et al.,
2017). Other studies also used the absolute emissions method in the
electricity sectors in a variety of different contexts (Pleβmann and
Blechinger, 2017; Grande-Acosta and Islas-Samperio, 2017; Usubiaga
et al., 2017; Khondaker et al., 2016; Guemene Dountio et al., 2016; Cho

Fig. 2. Overall electricity system and GHG emissions accounting scopes. Dotted lines indicate no transportation.

3 GWP provides a relative measure of the heat that can be trapped in the
atmosphere due to a GHG.
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et al., 2016; Clancy et al., 2015).
In summary, the absolute emissions assessment approach has been

used in many studies to track emissions changes, compare scenarios and
assess GHG emissions abatement options.

4.2. Life cycle assessment approach

A large and growing body of literature has investigated GHG
emissions from electricity generation systems using life cycle assess-
ment (LCA) (Song et al., 2018b; Chen et al., 2017; Rajaeifar et al., 2017;
Li et al., 2017; Walker et al., 2017; Xu et al., 2016; Su and Zhang, 2016;
Thornley et al., 2015; Muench, 2015; Hardisty et al., 2012; Martínez
et al., 2012; El Hanandeh and El Zein, 2011). LCA is an environmental
assessment method that includes all the environmental impacts asso-
ciated with the product's entire life, that is, raw material extraction to
waste materials deposition after its life expiration as shown in Fig. 3
(Bauer et al., 2018). The LCA method considers either absolute emis-
sions [as per Eq. (1)] or average emission intensity, or often both. When
applied to electricity generation systems, emission intensity (in gCO2-e/
kWh) is defined as the amount of emissions per unit of electricity
generation over a fixed period of time (e.g., annually) (IEA, 2017). This
is shown in Eq. (2).

Emission Intensity CO emissions from fossil fuelled electricity generations
Total electricity generated from all sources

e2=

(2)

In the electricity sector, LCA has often been used to compare dif-
ferent generation technologies and their associated GHG emissions. For
example, in some early studies, Hondo (2005) and Weisser (2007)
evaluated GHG emissions from different generation technologies, which
included fossil fuel, nuclear, and renewable generations. In particular,
Hondo (2005) assessed GHG emissions from nuclear, wind, and solar
photovoltaic technologies and compared these with different fossil
fuelled technologies. In line with Hondo (2005), Weisser (2007) con-
ducted similar GHG emission assessment through LCA for different
generation technologies along with carbon capture and storage and
energy storage systems. Sovacool (2008) assessed GHG emissions from
nuclear power plants. On the other hand, emissions from hydro and
wind power generation were investigated and compared with other
renewable and non-renewable generation technologies by Raadal et al.
(2011). Two recent studies accounted electricity generation and related
GHG emissions from municipal solid waste (MSW) in Macau, China and
Iran (Song et al., 2018b; Rajaeifar et al., 2017). Li et al. (2016) and Ding

et al. (2013) used the LCA approach to consider the contribution of
synthetic natural gas (SNG) as a source of electricity generation towards
possible carbon cuts in China.

The LCA has also been used to investigate emissions in renewable
generation systems. For instance, potential solar PV deployment and
associated GHG emissions reduction opportunities have been assessed
in Peru (Bazán et al., 2018). Life cycle GHG emissions from on and off-
shore wind turbines were estimated in Denmark (Sacchi et al., 2019).
Briones et al. (2017) investigated the GHG emissions from two types of
hydro reservoir, namely dam and run-of-river, and found that the latter
is better with respect to GHG emissions if a full life cycle is accounted
for. However, the results might vary due to various uncertainties as-
sociated with the reservoirs (Kumar et al., 2016). A recent study has
investigated GHG emissions from 12 hydropower reservoirs in China
and found that these systems emit more GHGs than the global estimated
emissions for hydroelectricity generation (Kumar et al., 2019). Similar
studies were also conducted for hydro power systems in India and the
USA (Kumar et al., 2018; Song et al., 2018a; Kumar and Sharma, 2016a,
2016b).

Other studies have used the LCA method in different contexts, in-
cluding assessing emissions from electricity consumption (To and Lee,
2017), GHG emissions as a function of site condition (Reimers et al.,
2014), emissions reduction through CCS technologies (Schreiber et al.,
2012), and assessment of GHG emissions from electricity trading (Amor
et al., 2011).

In view of all the studies mentioned so far, it is evident that the LCA
approach has been widely used in the literature to report GHG emis-
sions in a number of applications to electricity systems. Differing from
these, some studies used well-to-wheel, well-to-wire, and well-to-meter
methodologies in conjunction with LCA approach to assess GHG emis-
sions (Moro and Lonza, 2017; Woo et al., 2017; Raj et al., 2016; Ou
et al., 2011).

In terms of review studies, most of the studies focused on a parti-
cular generation technology or area, and then compared variations in
GHG emissions using LCA as the method of assessment. These included
electricity and heat generation from renewable energy technologies
(Amponsah et al., 2014), electricity generation from renewable and
fossil fuel technologies (Turconi et al., 2013), emissions from coal-fired
electricity generation (Whitaker et al., 2012), emissions due to grid
electricity consumption (Soimakallio et al., 2011), and emissions as-
sociated with nuclear power plants (Sovacool, 2008).

4.3. Marginal emissions approach

Marginal emissions refer to the GHG emissions that occur in elec-
tricity generation systems as a result of an additional unit of generation.
For example, gas-fired power plants are often used to supply peaks in
demand, and the amounts of GHGs that would be emitted due to an
extra unit of generation is referred to as marginal emissions. Marginal
emissions assessment explores the relationship between changes in
system demand and associated GHG emissions, and this is measured by
marginal carbon intensity (generally in kgCO2-e/kWh). Marginal
emissions accounting can be considered on an annual, seasonal,
monthly or even hourly basis (Farhat and Ugursal, 2010; Gordon and
Fung, 2009; Hitchin and Pout, 2002). Marginal carbon intensity can be
defined (Rudkevich, 2009) as-

MCI t CI t
D t

( ) ( )
( )

=
(3)

Where:

MCI: Marginal carbon intensity at time t.
CI t( ): Change in carbon intensity at time t.
D t( ): Change in the electricity demand at time t.

Numerous studies have investigated GHG emissions from electricity

Fig. 3. Life cycle assessment method for electricity system.

I. Khan Atmospheric Environment 200 (2019) 131–141

134



generation systems using a marginal emissions assessment method
(Thomson et al., 2017; Howard et al., 2017; Thomson et al., 2017;
McKenna et al., 2016; Olkkonen and Syri, 2016; Zhou et al., 2015; Graff
Zivin et al., 2014; Kim and Rahimi, 2014; Hawkes, 2014; Hawkes,
2010; Ruiz and Rudkevich, 2010). A number of studies have used the
marginal emissions assessment approach to assess future GHG emis-
sions scenarios from the electricity sector. Howard et al. (2017), for
instance, assessed future GHG emissions reduction potential for New
York City for different generation scenarios; Kim and Rahimi (2014)
found that an increase in plug-in electric vehicles in the city of Los
Angeles due to current ‘time-of-use’ pricing would result in greater GHG
emissions (average marginal emissions) than current levels; a similar
result was also obtained for California (McCarthy and Yang, 2010).
Thomas (2012), in contrast, estimated the change in GHG emissions due
to increases in the number of electric vehicles (EV) in the USA and
found that battery EV will produce more GHG emissions than gasoline
hybrid EV. In a similar fashion, in Portugal, the EV uptake and asso-
ciated GHG emissions in the near future was estimated by Garcia and
Freire (2016) and found similar results to the USA, that is, an increase
of GHG emissions. Apart from these, Carson and Novan (2013) esti-
mated the peak and off-peak time marginal GHG emissions rate for the
electricity sector from an economic point of view in Texas, USA.

In the UK electricity system, Thomson et al. (2017) investigated
marginal emissions change due to changes in the total wind power in
relation to the change in total system load, and found that increasing
wind power was an effective option for GHG emissions reduction from
the electricity sector. Structural change in the power systems and as-
sociated impacts on emissions was explored through long-run marginal
emissions factor by Hawkes (2014). In an earlier work, Hawkes (2010)
used this marginal emissions factor to estimate marginal emissions from
UK electricity systems.

Collectively, these studies outline the critical role of marginal
emissions approach in assessing emissions in the electricity sector all
over the world. However, emissions taken into account are at the
margins, which is the result of generation changes in the electricity
system at the margins due to increases or decreases in electricity de-
mand at a particular time. On the other hand, comparing marginal and
average emissions factors revealed that the average emission factor
misestimates the emissions that can be avoided from an intervention
(Siler-Evans et al., 2012).

4.4. Index decomposition analysis approach

Divisia decomposition of CO2 intensity (Shrestha and Timilsina,
1996) or index decomposition analysis (IDA) is another GHG emissions
analysis approach used in the electricity sector (Xu and Ang, 2013; Ang
et al., 2009). In this approach, change in carbon intensity in the elec-
tricity sector is decomposed into three components, namely fuel in-
tensity effect, generation mix effect, and fuel quality effect, as shown in
Eq. (4) (Shrestha and Timilsina, 1996). Logarithmic mean divisia
(LMDI) is another form of IDA proposed by Ang (2004).

Detail mathematical calculation for IDA (i.e. divisia decomposition)
can be found in (Shrestha and Timilsina, 1996). In general, IDA can be
represented mathematically as-

CI FI G FQ= + + (4)

Where:

CI : Change in carbon intensity (in kgCO2/kWh).
FI : Change in fuel intensities.
G: Change in generation mix.
FQ: Change in fuel qualities.

Several studies have used the IDA approach to compare GHG
emissions from the electricity sector. For example, Ang and Su (2016)
estimated the change in aggregated carbon intensity (the level of

carbon dioxide emissions for each unit of electricity produced) in the
electricity production sector for 124 countries. IDA was also used to
investigate the drivers of aggregate carbon intensity in ten ASEAN
(Association of Southeast Asian Nations) member countries (Ang and
Goh, 2016). Many other studies also used this approach to investigate
electricity sector emissions (Peng and Tao, 2018; Liu et al., 2017; Meng
et al., 2017; Karmellos et al., 2016; Yan et al., 2016; Yang and Lin,
2016; Zhou et al., 2014; Zhang et al., 2013; Steenhof and Weber, 2011;
Shrestha et al., 2009; Steenhof, 2007).

4.5. Pinch analysis approach

Pinch analysis has been used to support emissions reduction tar-
geting and planning at a macro-level. Pinch analysis is an extended
version of thermal and mass analysis, and a graphical approach (Tan
and Foo, 2007). Although the analysis is graphical, it accounts absolute
emissions of GHGs. Pinch analysis involves an interplay between elec-
tricity demand, supply and GHG emissions limit. This process is illu-
strated in Fig. 4 (Rokni, 2016). Based on related data availability such
as the emission factor, electricity demand, supply, and emission limit
this process involves two steps: (i) plotting of electricity cumulative
curve (i.e., demand and supply curves) against cumulative GHG emis-
sions; (ii) identification of carbon pinch point by adjusting the curves in
relation to the emission limit that needs to be met (Jia et al., 2010).

Previous studies have used pinch analysis to assess GHG emissions
from the electricity sector (Walmsley et al., 2018; Atkins et al., 2010;
Jia et al., 2010; Tan et al., 2009; Crilly and Zhelev, 2008; Tan and Foo,
2007). For instance, this approach has been applied to the New Zealand
(Atkins et al., 2010) and Irish (Crilly and Zhelev, 2008) electricity
sectors to identify possible GHG emissions reduction opportunities. The
potential of CCS technology deployment in the electricity sector and
associated GHG emissions abatement options were analysed through
pinch analysis for the Philippine's electricity systems (Tan et al., 2009).
In a recent study this approach has been used to assess the emissions
and plan future electricity generation systems in the United Arab
Emirates (Lim et al., 2018).

4.6. Time-varying carbon intensity approach

A time-varying carbon intensity approach considers temporal var-
iations in GHG emissions [in gCO2-e/kWh (t)] from electricity genera-
tion systems as a result of changes in the generation fuel mix. In any
system involving a mix of renewable and fossil fuel generation, GHG
emissions will vary significantly over time, and investigations at dif-
ferent time-scales (e.g., half-hourly, hourly, daily, weekly, monthly,
seasonal, annual) can provide a detailed understanding of this varia-
bility. So far this assessment approach has been applied in just a few
studies in different contexts (Khan et al., 2018; Khan, 2018a, 2018b;
Kopsakangas-Savolainen et al., 2017; Roux et al., 2016; Gordon and
Fung, 2009; MacCracken, 2006). Gordon and Fung (2009) applied this
approach to the electricity systems of Ontario, Canada to explore po-
tential options towards GHG emissions abatement through renewable
generation. The study considered an hourly interval as the minimum to

Fig. 4. Pinch analysis approach for electricity systems' emission accounting.
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report GHG emissions. In two very recent studies, a similar approach
was also employed to identify emissions reduction opportunities for
New Zealand's and Bangladesh's electricity generation systems (Khan
et al., 2018; Khan, 2018a). Two other studies, in California, USA and
Finland also used a time-varying assessment approach, but considered
hourly consumption scenarios rather than generation (Kopsakangas-
Savolainen et al., 2017; MacCracken, 2006). Roux et al. (2016) assessed
the temporal variability of global warming potential per kWh for the
electricity system in France. These studies used specific temporal time-
blocks; however, much less attention has been paid to comparing GHG
emissions at different time-scales or using it to contrast GHG emissions
at peak and off-peak hours except the studies conducted by Khan et al.
(2018) and Khan (2018a).

4.7. Other approaches

A few studies have used other approaches to estimate GHG emis-
sions from the electricity sector. For instance, dos-Santos et al. (2017)
used a net emissions approach, investigating the difference between
post-impoundment and pre-impoundment emissions from the hydro
reservoirs. Structural decomposition analysis (SDA) along with ag-
gregate intensity of CO2 emissions, which is defined as CO2 per unit of
gross domestic product (GDP) has been used to investigate the re-
lationship between energy (emissions) and GDP (Wang et al., 2017; Su
and Ang, 2017). Soimakallio and Saikku (2012) considered production-
based and consumption-based GHG emissions intensity in the OECD
countries. It was found that consumption-based emission intensity ac-
counting is more accurate for life cycle assessment than production-
based emission intensity.

A study in Poland used total absolute emissions of different
European countries and conducted cluster analysis based on a k-means
algorithm to identify different clusters of countries that have similar
emissions profiles (Kijewska and Bluszcz, 2016). Ji et al. (2016) pro-
posed a ‘Boundary-III’ framework as an alternative GHG emissions ac-
counting model, which considers electricity trading and accounts for
direct and indirect emissions. Another estimation framework for GHG
emissions accounting based on cross-border electricity trade within
Europe has been introduced in (Zafirakis et al., 2015). A simple
benchmarking approach was used in (Ang et al., 2011) to find potential
global carbon emissions cut from the electricity sector. In an earlier
study, Foo et al. (2008) presented a cascade analysis approach to con-
sider energy planning that accounts emissions constraints.

5. Discussion and future scope

Together these studies provide important insights into the ap-
proaches that have been developed to date for GHG emissions ac-
counting as applied to the electricity sector. A considerable amount of
the literature is based on the LCA approach. While LCA is a compre-
hensive method, in that it considers all the stages associated with
electricity generation (as shown in Fig. 3) to estimate GHG emissions, it
has limitations. Life cycle data sourcing can be complex and produce
uncertain data, and it is also difficult to deal with variations over time,
so results obtained from the LCA approach need to be supported by
other decision-making tools (Amponsah et al., 2014; Klöpffer, 2014).
The same is true for the IDA approach, as it considers different de-
composed steps of emissions changes.

Absolute emissions assessments are commonly used in national and
international GHG emissions reporting, but this approach seems less
effective than emission intensity when emissions are compared over
time and compared between two countries with distinct sizes and
economic conditions. A study on absolute versus intensity approaches
to account GHG emissions was conducted jointly by the Center for
Global Change Science (CGCS) and the Center for Energy and
Environmental Policy Research (CEEPR) at MIT. Empirical tests found
“… that intensity caps are preferable for a broad range of emission reduction

commitments. This finding is robust for developing countries, but is more
equivocal for developed economies” (Wing et al., 2006).

Emission intensity can be assessed either as average emission in-
tensity (or aggregate emission intensity) or marginal emission intensity,
but these are defined differently and have different applications.
Average emission intensity is defined as the ratio of total emissions
from electricity generation to the total generation for a certain period of
time (e.g., annual); whereas marginal emission intensity is the rate at
which emissions would change as a consequence of small changes to the
electricity demands at the margin. In general, marginal emission in-
tensity is mostly used for economic analysis associated with GHG
emissions (Carson and Novan, 2013). In contrast, average emissions
intensity is used for policy-related decision making such as demand-side
management (DSM) with respect to GHG emissions. However, it is a
single-value quantity, which does not provide any temporal informa-
tion about GHG emissions. The same is true for carbon emissions pinch
analysis, which is a relatively complex graphical approach and does not
provide any detailed insight about the temporal variability of emis-
sions.

On the other hand, time-varying carbon intensity approaches ac-
count for temporal variations arising from changes in generation at all
levels, for instance, from base load to peak load. A temporal carbon
intensity approach could be an effective tool to assess GHG emissions
from the electricity sector that would deal with both renewable and
non-renewable generation as identified by Gordon and Fung (2009):
“Due to the divergence between when electricity can be generated and when
it is required, an hourly GHG emission analysis is needed to truly understand
the impact that these renewable technologies have on emissions”. However,
far too little attention has been paid to this approach, in particular,
emission variability during the hours of peak demand, which could
potentially inform exploration of emissions reduction opportunities at
peaks.

All the approaches that have been identified in this review are il-
lustrated in Fig. 5. It can be seen that LCA is the only approach that has
been extensively used for GHG emissions reporting in the published
literature, which is about 37% of the publications reviewed. The next
approach was absolute emissions, followed by IDA approaches with the
percentages of 23% and 13%, respectively. Use of pinch analysis and
other approaches were found to be 5% and 8%, respectively. On the
other hand, in total, marginal and temporal emission assessment ap-
proaches were used in 14% of studies, of which the marginal approach
was the maximum (12%) followed by the temporal approach (about
2%). Notably, marginal emissions deal with emissions from the elec-
tricity generation system at the margin; in contrast, the time-varying
emissions approach considers emissions from the entire generation
system.

The units of measure in different approaches were either in tonnes
of CO2-e (or kt CO2-e or mt CO2-e) or in gCO2-e/kWh (or kg CO2-e/kWh
or tCO2-e/MWh). Often both were used; for instance, in the LCA

Fig. 5. Approaches used in assessing GHG emissions in the electricity sector.
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approach. Conversely, time-varying carbon intensity and marginal
emissions were measured in gCO2-e/kWh. Most of the approaches have
considered the GHGs to be CO2, CH4, and N2O. However, a few other
studies have also taken into account other gases such as SO2 and NO
(Gordon and Fung, 2009). These are summarized in Fig. 6.

Effective and accurate accounting of GHG emissions reveals a
number of different opportunities for emissions control measures.
Although LCA, IDA, absolute emissions and marginal emissions ap-
proaches are useful, they have certain limitations including the ac-
countability of the time-varying nature of emissions intensity, which
might be a significant matter for future electricity systems for a number
of reasons, as follows.

(i) 100% Renewable generation: Globally, electricity generation
systems are moving towards more renewable options to cope with ne-
gative climate change (Blakers et al., 2017). Nevertheless, 100% re-
newable electricity generation system might not be feasible due to
technology limitations for a few more years (Heard et al., 2017).
Electricity generation systems will thus have to deal with a considerable
share of renewable and fossil fuelled generation, which would be
challenging due to the intermittent nature of renewable generation
(Olkkonen and Syri, 2016; APS, 2010). It was also found that- “Ambi-
tious plans of 30–50% renewable generation are, however, already raising
concerns about the challenges of managing grids with a mix of renewable
generation, with much higher levels of supply variability and geographically
dispersed generation” (Stephenson et al., 2018). Hydro generation, for
example, varies from month to month; solar is diurnal, and wind
strength varies from minute to minute. Fossil fuelled generation, in
contrast, can be used as baseload generation or to meet peaks in de-
mand, when there is a shortfall of renewable generations. Hence, the
question is how to most effectively measure and mitigate the GHG
emissions that have a time-varying nature due to the combination of
fossil and non-fossil generation capacity in the generation fleet.

(ii) Generation fuel optimization: To ensure minimum GHG
emissions from the generation fleet, including renewable and non-re-
newable capacities, it is essential to identify the optimum generation
fuel mix that would ensure minimum emissions (Khan et al., 2017).

(iii) Demand-side management: It seems that time-varying carbon
intensity assessment would be able to identify the carbon-intensive

hours. This is important because if these hours coincide with peak de-
mand hours, then demand-side management might be an effective op-
tion to reduce demand as well as GHG emissions. Subsequently, carbon
abatement through on-site energy conservation measures and dis-
tributed renewable generations would be achievable through time-
variable accounting of the carbon intensity. Furthermore, it would be a
useful supporting tool to plan future grid expansion in relation to GHG
emissions reduction (Khan, 2018a).

(iv) CCS/CCU technology evaluation: At present, CCS technolo-
gies have not been effectively implemented in electricity generation
systems as one of the schemes of carbon abatement options due to the
lack of efficient GHG emissions accounting and MRV rules. In a recent
report, the IEA-GHG R&D programme reported that “ …. there is genuine
uncertainty about whether CCU technologies do actually deliver net GHG
emission reductions, and whether they can be scaled up to create deep cuts in
global GHG emissions over the medium term” (IEA-GHG R&D, 2018). The
time-varying carbon intensity assessment approach could possibly be an
effective MRV tool to assess GHG emission cuts through CCU tech-
nology, but this needs further exploration.

(v) Carbon price: In a recent study, Chen et al. (2018) ascertain the
need of a dynamic time-varying carbon pricing scheme as- “Similar to
electricity price, future carbon price changes daily or even hourly, while
existing literature usually considers it as yearly constant value. Power gen-
eration companies will respond to the dynamic carbon price just like demand
response to the electricity price. Consequently, dynamic carbon pricing me-
chanism is worth further research.” (Chen et al., 2018).

In addition, a recent report found that 90% of carbon emissions
were not priced at the minimum level for 41 OECD and G20 countries
and the electricity sector was found to be one source of these emissions
(OECD, 2016; Mideksa and Kallbekken, 2014). Notably, those carbon
pricing schemes were based on absolute emissions. Therefore, time-
varying carbon price could be an effective option towards GHG emis-
sions cuts through monetary action (Khan, 2018a). Overall, it seems
that temporal carbon intensity assessment might be an effective option
towards GHG emissions abatement, particularly from electricity gen-
eration system, but this requires further exploration.

Although emissions from electricity transmission and distribution
were not extensively covered in this review, it is worthwhile

Fig. 6. GHGs, units of measure, and approaches found in the literature (Source: references mentioned in section 4).
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mentioning that another potential fluorinated GHG, sulphur hexa-
fluoride (SF6) has been underestimated towards GHG emissions ac-
counting in the electricity sector. It is important to account SF6, as this
gas is used in electrical transmission equipment (e.g., circuit breakers)
(Zhang et al., 2017), which has GWP of 23500 (GHG Protocol, 2018),
and the IPCC has also highlighted this gas in emissions accounting (US
EPA, 2018).

6. Conclusion

A review of the electricity sector's GHG emissions accounting ap-
proaches has been conducted in this study. In particular, emissions from
electricity generation was considered, however, emissions from trans-
mission and distribution were also considered, where relevant. A total
of 120 recent articles were found directly related to electricity and GHG
emissions. A range of GHG emissions accounting approaches was
identified, including life cycle assessment, absolute emissions analysis,
index decomposition analysis, marginal emissions approach, pinch
analysis, and the time-varying carbon intensity approach. Much of the
published literature reviewed here paid particular attention to the life
cycle assessment approach, with a 37% share, followed by absolute
emissions and index decomposition analysis with the shares of 23% and
13%, respectively. Less attention has been paid to time-varying carbon
intensity approach (about 2%).

Although the life cycle assessment approach was used pre-
dominantly in the literature in accounting GHG emissions from the
electricity generation sector, it has limitations, such as data uncertainty.
The same is true for index decomposition analysis. On the other hand,
absolute emission and pinch analysis seem less useful when comparing
emissions of different entities with different characteristics (e.g., eco-
nomic conditions of a country). In addition, pinch analysis is a complex
graphical approach. Overall, these approaches are unable to account
temporal variability of GHG emissions on different scales. Apart from
these, marginal and time-varying approaches are useful in accounting
temporal variability of emissions. However, the marginal emission ap-
proach only accounts emissions at the margin of the generation system.
In contrast, the time-varying approach is capable of accounting tem-
poral variability of emissions over different time scales. Nevertheless,
the time-varying approach is unable to account indirect emissions from
renewable sources due to the unavailability of proper emission factors.

Since renewable integration in the electricity sector is becoming
significant in order to ensure a global low-carbon future, time-varia-
bility of generation (from fossil fuels and renewables) and associated
GHG emissions would be a common but challenging phenomenon for
future electricity generation systems to deal with. Therefore, the time-
varying carbon intensity approach in relation to GHG emissions ac-
counting could make a potential contribution towards the monitoring,
reporting, and verification process. Moreover, this approach would be
able to explore demand-side management opportunities with respect to
GHG emission reduction scopes at different time scales. However, fur-
ther research is essential to explore this approach in detail.

In the light of this review, future research could explore the options
of using time-varying carbon intensity analysis approach:

• To optimize the generation fuel mix (i.e. renewable and non-re-
newable) to maintain minimal emissions from electricity generation.
In addition, this would help to plan future grid expansion by
maintaining a low-carbon grid.
• To reduce GHG emissions during peak demand times through dif-
ferent demand response schemes.
• In assessing the performance of new CCS/CCU technology towards
GHG emission reductions from the electricity sector.
• In exploring time-varying carbon prices schemes to ensure emission
reduction from different entities including electricity generation
systems.

Conflict of interests

None.

References

Amor, M. Ben, Pineau, P.O., Gaudreault, C., Samson, R., 2011. Electricity trade and GHG
emissions: Assessment of Quebec's hydropower in the Northeastern American market
(2006-2008). Energy Pol. 39, 1711–1721. https://doi.org/10.1016/j.enpol.2011.01.
001.

Amponsah, N.Y., Troldborg, M., Kington, B., Aalders, I., Hough, R.L., 2014. Greenhouse
gas emissions from renewable energy sources: A review of lifecycle considerations.
Renew. Sustain. Energy Rev. 39, 461–475. https://doi.org/10.1016/j.rser.2014.07.
087.

Ang, B.W., 2004. Decomposition analysis for policymaking in energy: Which is the pre-
ferred method? Energy Pol. 32, 1131–1139. https://doi.org/10.1016/S0301-
4215(03)00076-4.

Ang, B.W., Goh, T., 2016. Carbon intensity of electricity in ASEAN: Drivers, performance
and outlook. Energy Pol. 98, 170–179. https://doi.org/10.1016/j.enpol.2016.08.
027.

Ang, B.W., Su, B., 2016. Carbon emission intensity in electricity production: A global
analysis. Energy Pol. 94, 56–63. https://doi.org/10.1016/j.enpol.2016.03.038.

Ang, B.W., Huang, H.C., Mu, A.R., 2009. Properties and linkages of some index decom-
position analysis methods. Energy Pol. 37, 4624–4632. https://doi.org/10.1016/j.
enpol.2009.06.017.

Ang, B.W., Zhou, P., Tay, L.P., 2011. Potential for reducing global carbon emissions from
electricity production-A benchmarking analysis. Energy Pol. 39, 2482–2489. https://
doi.org/10.1016/j.enpol.2011.02.013.

APS, 2010. Integrating Renewable Electricity on the Grid. American Physical Society,
Washington DC.

Atilgan, B., Azapagic, A., 2015. Life cycle environmental impacts of electricity from fossil
fuels in Turkey. J. Clean. Prod. 106, 555–564. https://doi.org/10.1016/j.jclepro.
2014.07.046.

Atkins, M.J., Morrison, A.S., Walmsley, M.R.W., 2010. Carbon Emissions Pinch Analysis
(CEPA) for emissions reduction in the New Zealand electricity sector. Appl. Energy
87, 982–987. https://doi.org/10.1016/j.apenergy.2009.09.002.

Bauer, C., Treyer, K., Heck, T., Hirschberg, S., 2018. Greenhouse Gas Emissions from
Energy Systems, Comparison, and Overview. In: Encyclopedia of the Anthropocene.
Elsevier Inc., pp. 473–484. https://doi.org/10.1016/B978-0-12-809665-9.09276-4.

Bazán, J., Rieradevall, J., Gabarrell, X., Vázquez-Rowe, I., 2018. Low-carbon electricity
production through the implementation of photovoltaic panels in rooftops in urban
environments: A case study for three cities in Peru. Sci. Total Environ. 622–623,
1448–1462. https://doi.org/10.1016/j.scitotenv.2017.12.003.

Blakers, A., Lu, B., Stocks, M., 2017. 100% renewable electricity in Australia. Energy 133,
471–482. https://doi.org/10.1016/j.energy.2017.05.168.

Briones, Hidrovo A., Uche, J., Martínez-Gracia, A., 2017. Accounting for GHG net re-
servoir emissions of hydropower in Ecuador. Renew. Energy 112, 209–221. https://
doi.org/10.1016/j.renene.2017.05.047.

Bruckner, T., Bashmakov, I.A., Mulugetta, Y., Chum, H., Navarro, A., de la, V.J.,
Edmonds, A.F., Fungtammasan, B., Garg, A., Hertwich, E., Honnery, D., Infield, D.,
Kainuma, M., Khennas, S., Kim, S., Nimir, H.B.,K., Riahi, N.S., Wiser, R., Zhang, X.,
2014. Energy Systems. In: Climate Change 2014: Mitigation of Climate Change.
Contribution of Working Group III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, IPCC Fifth Assessment Report, .
https://doi.org/10.1017/CBO9781107415416.

Carson, R.T., Novan, K., 2013. The private and social economics of bulk electricity sto-
rage. J. Environ. Econ. Manag. 66, 404–423. https://doi.org/10.1016/j.jeem.2013.
06.002.

Castrejón, D., Zavala, A.M., Flores, J.A., Flores, M.P., Barrón, D., 2018. Analysis of the
contribution of CCS to achieve the objectives of Mexico to reduce GHG emissions. Int.
J. Greenh. Gas Contr. 71, 184–193. https://doi.org/10.1016/j.ijggc.2018.02.019.

Cellura, M., Cusenza, M.A., Longo, S., 2018. Energy-related GHG emissions balances:
IPCC versus LCA. Sci. Total Environ. 628–629, 1328–1339. https://doi.org/10.1016/
j.scitotenv.2018.02.145.

Chen, Y., He, L., Guan, Y., Lu, H., Li, J., 2017. Life cycle assessment of greenhouse gas
emissions and water-energy optimization for shale gas supply chain planning based
on multi-level approach: Case study in Barnett, Marcellus, Fayetteville, and
Haynesville shales. Energy Convers. Manag. 134, 382–398. https://doi.org/10.1016/
j.enconman.2016.12.019.

Chen, S., Guo, Z., Liu, P., Li, Z., 2018. Advances in clean and low-carbon power gen-
eration planning. Comput. Chem. Eng. 116, 296–305. https://doi.org/10.1016/j.
compchemeng.2018.02.012.

Cho, S.-H., Tanaka, K., Wu, J., Robert, R.K., Kim, T., 2016. Effects of nuclear power plant
shutdowns on electricity consumption and greenhouse gas emissions after the Tohoku
Earthquake. Energy Econ. 55, 223–233. https://doi.org/10.1016/j.eneco.2016.01.
014.

Clancy, J.M., Gaffney, F., Deane, J.P., Curtis, J., Ó Gallachóir, B.P., 2015. Fossil fuel and
CO2 emissions savings on a high renewable electricity system - A single year case
study for Ireland. Energy Pol. 83, 151–164. https://doi.org/10.1016/j.enpol.2015.
04.011.

Crilly, D., Zhelev, T., 2008. Emissions targeting and planning: An application of CO2
emissions pinch analysis (CEPA) to the Irish electricity generation sector. Energy 33,
1498–1507. https://doi.org/10.1016/j.energy.2008.05.015.

Ding, Y., Han, W., Chai, Q., Yang, S., Shen, W., 2013. Coal-based synthetic natural gas

I. Khan Atmospheric Environment 200 (2019) 131–141

138

https://doi.org/10.1016/j.enpol.2011.01.001
https://doi.org/10.1016/j.enpol.2011.01.001
https://doi.org/10.1016/j.rser.2014.07.087
https://doi.org/10.1016/j.rser.2014.07.087
https://doi.org/10.1016/S0301-4215(03)00076-4
https://doi.org/10.1016/S0301-4215(03)00076-4
https://doi.org/10.1016/j.enpol.2016.08.027
https://doi.org/10.1016/j.enpol.2016.08.027
https://doi.org/10.1016/j.enpol.2016.03.038
https://doi.org/10.1016/j.enpol.2009.06.017
https://doi.org/10.1016/j.enpol.2009.06.017
https://doi.org/10.1016/j.enpol.2011.02.013
https://doi.org/10.1016/j.enpol.2011.02.013
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref8
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref8
https://doi.org/10.1016/j.jclepro.2014.07.046
https://doi.org/10.1016/j.jclepro.2014.07.046
https://doi.org/10.1016/j.apenergy.2009.09.002
https://doi.org/10.1016/B978-0-12-809665-9.09276-4
https://doi.org/10.1016/j.scitotenv.2017.12.003
https://doi.org/10.1016/j.energy.2017.05.168
https://doi.org/10.1016/j.renene.2017.05.047
https://doi.org/10.1016/j.renene.2017.05.047
https://doi.org/10.1017/CBO9781107415416
https://doi.org/10.1016/j.jeem.2013.06.002
https://doi.org/10.1016/j.jeem.2013.06.002
https://doi.org/10.1016/j.ijggc.2018.02.019
https://doi.org/10.1016/j.scitotenv.2018.02.145
https://doi.org/10.1016/j.scitotenv.2018.02.145
https://doi.org/10.1016/j.enconman.2016.12.019
https://doi.org/10.1016/j.enconman.2016.12.019
https://doi.org/10.1016/j.compchemeng.2018.02.012
https://doi.org/10.1016/j.compchemeng.2018.02.012
https://doi.org/10.1016/j.eneco.2016.01.014
https://doi.org/10.1016/j.eneco.2016.01.014
https://doi.org/10.1016/j.enpol.2015.04.011
https://doi.org/10.1016/j.enpol.2015.04.011
https://doi.org/10.1016/j.energy.2008.05.015


(SNG): A solution to China's energy security and CO2 reduction? Energy Pol. 55,
445–453. https://doi.org/10.1016/j.enpol.2012.12.030.

Ding, T., Ning, Y., Zhang, Y., 2017. Estimation of greenhouse gas emissions in China
1990–2013. Greenh. Gases Sci. Technol. 7, 1097–1115. https://doi.org/10.1002/
ghg.1718.

dos-Santos, M.A., Damázio, J.M., Rogério, J.P., Amorim, M.A., Medeiros, A.M., Souza,
J.L., Maceira, M.E.P., Melo, A.C., Rosa, L.P., 2017. Estimates of GHG emissions by
hydroeletric reservoirs: the brazilian case. Energy 133, 99–107. https://doi.org/10.
1016/j.energy.2017.05.082.

El Hanandeh, A., El Zein, A., 2011. Are the aims of increasing the share of green elec-
tricity generation and reducing GHG emissions always compatible? Renew. Energy
36, 3031–3036. https://doi.org/10.1016/j.renene.2011.03.034.

Farhat, A.A.M., Ugursal, V.I., 2010. Greenhouse gas emission intensity factors for mar-
ginal electricity generation in Canada. Int. J. Energy Res. 34, 1309–1327. https://doi.
org/10.1002/er.1676.

Foo, D.C.Y., Tan, R.R., Ng, D.K.S., 2008. Carbon and footprint-constrained energy plan-
ning using cascade analysis technique. Energy 33, 1480–1488. https://doi.org/10.
1016/j.energy.2008.03.003.

Foster, E., Contestabile, M., Blazquez, J., Manzano, B., Workman, M., Shah, N., 2017. The
unstudied barriers to widespread renewable energy deployment: Fossil fuel price
responses. Energy Pol. 103, 258–264. https://doi.org/10.1016/j.enpol.2016.12.050.

Garcia, R., Freire, F., 2016. Marginal Life-Cycle Greenhouse Gas Emissions of Electricity
Generation in Portugal and Implications for Electric Vehicles. Resources 5, 41.
https://doi.org/10.3390/resources5040041.

Gordon, C., Fung, A., 2009. Hourly Emission Factors from the Electricity Generation
Sector - A Tool for Analyzing the Impact of Renewable Technologies in Ontario.
Trans. Can. Soc. Mech. Eng. 33, 105–118.

Graff Zivin, J.S., Kotchen, M.J., Mansur, E.T., 2014. Spatial and temporal heterogeneity of
marginal emissions: Implications for electric cars and other electricity-shifting po-
licies. J. Econ. Behav. Organ. 107, 248–268. https://doi.org/10.1016/j.jebo.2014.03.
010.

Grande-Acosta, G., Islas-Samperio, J., 2017. Towards a low-carbon electric power system
in Mexico. Energy Sustain. Dev. 37, 99–109. https://doi.org/10.1016/j.esd.2017.02.
001.

Grant, M.J., Booth, A., 2009. A typology of reviews: An analysis of 14 review types and
associated methodologies. Health Inf. Libr. J. 26, 91–108. https://doi.org/10.1111/j.
1471-1842.2009.00848.x.

Guemene Dountio, E., Meukam, P., Pahane Tchaptchet, D.L., Okono Ango, L.E., Simo, A.,
2016. Electricity generation technology options under the greenhouse gases mitiga-
tion scenario: Case study of Cameroon. Energy Strateg. Rev. 13–14, 191–211. https://
doi.org/10.1016/j.esr.2016.10.003.

Hammond, G.P., Akwe, S.S.O., Williams, S., 2011. Techno-economic appraisal of fossil-
fuelled power generation systems with carbon dioxide capture and storage. Energy
36, 975–984. https://doi.org/10.1016/j.energy.2010.12.012.

Hanson, D., Schmalzer, D., 2013. An adoption scenario for carbon capture in pulverized
coal power plants in the USA. Greenh. Gases Sci. Technol. 3, 303–308. https://doi.
org/10.1002/ghg.1359.

Hardisty, P.E., Clark, T.S., Hynes, R.G., 2012. Life cycle greenhouse gas emissions from
electricity generation: A comparative analysis of australian energy sources. Energies
5, 872–897. https://doi.org/10.3390/en5040872.

Hawkes, A.D., 2010. Estimating marginal CO2 emissions rates for national electricity
systems. Energy Pol. 38, 5977–5987. https://doi.org/10.1016/j.enpol.2010.05.053.

Hawkes, A.D., 2014. Long-run marginal CO2 emissions factors in national electricity
systems. Appl. Energy 125, 197–205. https://doi.org/10.1016/j.apenergy.2014.03.
060.

Heard, B.P., Brook, B.W., Wigley, T.M.L., Bradshaw, C.J.A., 2017. Burden of proof: A
comprehensive review of the feasibility of 100% renewable-electricity systems.
Renew. Sustain. Energy Rev. 76, 1122–1133. https://doi.org/10.1016/j.rser.2017.
03.114.

Hitchin, E.R., Pout, C.H., 2002. The carbon intensity of electricity: how many kgC per
kWhe? Build. Serv. Eng. Res. Technol. 23, 215–222.

Hondo, H., 2005. Life cycle GHG emission analysis of power generation systems: Japanese
case. Energy 30, 2042–2056. https://doi.org/10.1016/j.energy.2004.07.020.

Howard, B., Waite, M., Modi, V., 2017. Current and near-term GHG emissions factors
from electricity production for New York State and New York City. Appl. Energy 187,
255–271. https://doi.org/10.1016/j.apenergy.2016.11.061.

Hu, J., Harmsen, R., Crijns-Graus, W., Worrell, E., 2018. Barriers to investment in utility-
scale variable renewable electricity (VRE) generation projects. Renew. Energy 121,
730–744. https://doi.org/10.1016/j.renene.2018.01.092.

IEA, 2017. CO2 Emissions from Fuel Combustion. International Energy Agency.
IEA, 2018. CO2 emissions from fuel combustion. International Energy Agency. https://

doi.org/10.1787/co2_fuel-2014-en.
IEA-GHG R&D, 2018. Greenhouse Gas Emissions Accounting for CO2 Capture and

Utilisation ( CCU ) Technologies, Policy Support, Regulation and Emissions
Accounting.

IPCC, Climate Change 2014: Synthesis Report (AR5), Geneva.
IPCC, 2018. Global warming of 1.5°C.
Ji, L., Liang, S., Qu, S., Zhang, Y., Xu, M., Jia, X., Jia, Y., Niu, D., Yuan, J., Hou, Y., Wang,

H., Chiu, A.S.F., Hu, X., 2016. Greenhouse gas emission factors of purchased elec-
tricity from interconnected grids. Appl. Energy 184, 751–758. https://doi.org/10.
1016/j.apenergy.2015.10.065.

Jia, X., Liu, C., Qian, Y., 2010. Carbon emission reduction using pinch analysis. In: 4th
International Conference on Bioinformatics and Biomedical Engineering. IEEE,
Chengdu, China, pp. 1–4. https://doi.org/10.1109/ICBBE.2010.5516600.

Kachoee, M.S., Salimi, M., Amidpour, M., 2018. The long-term scenario and greenhouse
gas effects cost-benefit analysis of Iran's electricity sector. Energy 143, 585–596.

https://doi.org/10.1016/j.energy.2017.11.049.
Karmellos, M., Kopidou, D., Diakoulaki, D., 2016. A decomposition analysis of the driving

factors of CO2(Carbon dioxide) emissions from the power sector in the European
Union countries. Energy 94, 680–692. https://doi.org/10.1016/j.energy.2015.10.
145.

Khan, I., 2018a. Importance of GHG emissions assessment in the electricity grid expansion
towards a low-carbon future: a time-varying carbon intensity approach. J. Clean.
Prod. 196, 1587–1599. https://doi.org/10.1016/j.jclepro.2018.06.162.

Khan, I., 2018b. Temporal carbon intensity analysis: renewable versus fossil fuel domi-
nated electricity systems. Energy Sources, Part A Recover. Util. Environ. Eff. 41,
309–323. https://doi.org/10.1080/15567036.2018.1516013.

Khan, I., Jack, M.W., Stephenson, J., 2017. Use of Time-varying Carbon Intensity
Estimation to Evaluate GHG Emission Reduction Opportunities in Electricity Sector.
In: 5th IEEE Conference on Technologies for Sustainability. IEEE, Phoenix, AZ, pp.
1–2. https://doi.org/10.1109/SusTech.2017.8333479.

Khan, I., Jack, M.W., Stephenson, J., 2018. Analysis of greenhouse gas emissions in
electricity systems using time-varying carbon intensity. J. Clean. Prod. 184,
1091–1101. https://doi.org/10.1016/j.jclepro.2018.02.309.

Khondaker, A.N., Hasan, M.A., Rahman, S.M., Malik, K., Shafiullah, M., Muhyedeen,
M.A., 2016. Greenhouse gas emissions from energy sector in the United Arab
Emirates – An overview. Renew. Sustain. Energy Rev. 59, 1317–1325. https://doi.
org/10.1016/j.rser.2016.01.027.

Kijewska, A., Bluszcz, A., 2016. Research of varying levels of greenhouse gas emissions in
European countries using the k-means method. Atmos. Pollut. Res. 7, 935–944.
https://doi.org/10.1016/j.apr.2016.05.010.

Kim, J.D., Rahimi, M., 2014. Future energy loads for a large-scale adoption of electric
vehicles in the city of Los Angeles: Impacts on greenhouse gas (GHG) emissions.
Energy Pol. 73, 620–630. https://doi.org/10.1016/j.enpol.2014.06.004.

Klöpffer, W., 2014. Background and Future Prospects in Life Cycle Assessment. Springer,
Dordrecht Heidelberg New York London. https://doi.org/10.1007/978-94-017-
8697-3.

Kopsakangas-Savolainen, M., Mattinen, M.K., Manninen, K., Nissinen, A., 2017. Hourly-
based greenhouse gas emissions of electricity – cases demonstrating possibilities for
households and companies to decrease their emissions. J. Clean. Prod. 153, 384–396.
https://doi.org/10.1016/j.jclepro.2015.11.027.

Kumar, A., Sharma, M.P., 2016a. A modeling approach to assess the greenhouse gas risk
in Koteshwar hydropower reservoir, India. Hum. Ecol. Risk Assess. 22, 1651–1664.
https://doi.org/10.1080/10807039.2016.1209077.

Kumar, A., Sharma, M.P., 2016b. Assessment of risk of GHG emissions from Tehri hy-
dropower reservoir, India. Hum. Ecol. Risk Assess. 22, 71–85. https://doi.org/10.
1080/10807039.2015.1055708.

Kumar, A., Sharma, M.P., 2017. Estimation of green house gas emissions from Koteshwar
hydropower reservoir, India. Environ. Monit. Assess. 189, 239–249. https://doi.org/
10.1007/s10661-017-5958-7.

Kumar, A., Sharma, M.P., Kumar, A., 2016. Green house gas emissions from hydropower
reservoirs: policy and challenges. Int. J. Renew. Energy Res. 6, 472–476.

Kumar, A., Sharma, M.P., Yang, T., 2018. Estimation of carbon stock for greenhouse gas
emissions from hydropower reservoirs. Stoch. Environ. Res. Risk Assess. 32,
3183–3193. https://doi.org/10.1007/s00477-018-1608-z.

Kumar, A., Yang, T., Sharma, M.P., 2019. Long-term prediction of greenhouse gas risk to
the Chinese hydropower reservoirs. Sci. Total Environ. 646, 300–308. https://doi.
org/10.1016/j.scitotenv.2018.07.314.

Kusumadewi, T.V., Winyuchakrit, P., Misila, P., Limmeechokchai, B., 2017. GHG
Mitigation in Power Sector: Analyzes of Renewable Energy Potential for Thailand's
NDC Roadmap in 2030. Energy Procedia 138, 69–74. https://doi.org/10.1016/j.
egypro.2017.10.054.

Lenzen, M., 2008. Life cycle energy and greenhouse gas emissions of nuclear energy: A
review. Energy Convers. Manag. 49, 2178–2199. https://doi.org/10.1016/j.
enconman.2008.01.033.

Li, S., Gao, L., Jin, H., 2016. Life cycle energy use and GHG emission assessment of coal-
based SNG and power cogeneration technology in China. Energy Convers. Manag.
112, 91–100. https://doi.org/10.1016/j.enconman.2015.12.075.

Li, X., Chalvatzis, K.J., Pappas, D., 2017. China's electricity emission intensity in 2020 -
An analysis at provincial level. Energy Procedia 142, 2779–2785. https://doi.org/10.
1016/j.egypro.2017.12.421.

Lim, X.Y., Foo, D.C.Y., Tan, R.R., 2018. Pinch analysis for the planning of power gen-
eration sector in the United Arab Emirates: A climate-energy-water nexus study. J.
Clean. Prod. 180, 11–19. https://doi.org/10.1016/j.jclepro.2018.01.158.

Liu, N., Ma, Z., Kang, J., 2017. A regional analysis of carbon intensities of electricity
generation in China. Energy Econ. 67, 268–277. https://doi.org/10.1016/j.eneco.
2017.08.018.

MacCracken, M., 2006. California's title 24 & cool storage. ASHRAE J. 48, 29–33.
Martínez, P.E., Pasquevich, D.M., Eliceche, A.M., 2012. Operation of a national electricity

network to minimize life cycle greenhouse gas emissions and cost. Int. J. Hydrogen
Energy 37, 14786–14795. https://doi.org/10.1016/j.ijhydene.2012.01.174.

McCarthy, R., Yang, C., 2010. Determining marginal electricity for near-term plug-in and
fuel cell vehicle demands in California: Impacts on vehicle greenhouse gas emissions.
J. Power Sources 195, 2099–2109. https://doi.org/10.1016/j.jpowsour.2009.10.024.

McKenna, E., Barton, J., Thomson, M., 2016. Short-run impact of electricity storage on
CO2 emissions in power systems with high penetrations of wind power: A case-study
of Ireland. Proc. Inst. Mech. Eng. Part A J. Power Energy 0, 0–14. https://doi.org/10.
1177/0957650916671432.

Meng, M., Jing, K., Mander, S., 2017. Scenario analysis of CO2emissions from China's
electric power industry. J. Clean. Prod. 142, 3101–3108. https://doi.org/10.1016/j.
jclepro.2016.10.157.

Mideksa, T.K., Kallbekken, S., 2014. The Environmental Effectiveness of Carbon Taxes:

I. Khan Atmospheric Environment 200 (2019) 131–141

139

https://doi.org/10.1016/j.enpol.2012.12.030
https://doi.org/10.1002/ghg.1718
https://doi.org/10.1002/ghg.1718
https://doi.org/10.1016/j.energy.2017.05.082
https://doi.org/10.1016/j.energy.2017.05.082
https://doi.org/10.1016/j.renene.2011.03.034
https://doi.org/10.1002/er.1676
https://doi.org/10.1002/er.1676
https://doi.org/10.1016/j.energy.2008.03.003
https://doi.org/10.1016/j.energy.2008.03.003
https://doi.org/10.1016/j.enpol.2016.12.050
https://doi.org/10.3390/resources5040041
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref32
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref32
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref32
https://doi.org/10.1016/j.jebo.2014.03.010
https://doi.org/10.1016/j.jebo.2014.03.010
https://doi.org/10.1016/j.esd.2017.02.001
https://doi.org/10.1016/j.esd.2017.02.001
https://doi.org/10.1111/j.1471-1842.2009.00848.x
https://doi.org/10.1111/j.1471-1842.2009.00848.x
https://doi.org/10.1016/j.esr.2016.10.003
https://doi.org/10.1016/j.esr.2016.10.003
https://doi.org/10.1016/j.energy.2010.12.012
https://doi.org/10.1002/ghg.1359
https://doi.org/10.1002/ghg.1359
https://doi.org/10.3390/en5040872
https://doi.org/10.1016/j.enpol.2010.05.053
https://doi.org/10.1016/j.apenergy.2014.03.060
https://doi.org/10.1016/j.apenergy.2014.03.060
https://doi.org/10.1016/j.rser.2017.03.114
https://doi.org/10.1016/j.rser.2017.03.114
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref43
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref43
https://doi.org/10.1016/j.energy.2004.07.020
https://doi.org/10.1016/j.apenergy.2016.11.061
https://doi.org/10.1016/j.renene.2018.01.092
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref47
https://doi.org/10.1787/co2_fuel-2014-en
https://doi.org/10.1787/co2_fuel-2014-en
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref49
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref49
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref49
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref51
https://doi.org/10.1016/j.apenergy.2015.10.065
https://doi.org/10.1016/j.apenergy.2015.10.065
https://doi.org/10.1109/ICBBE.2010.5516600
https://doi.org/10.1016/j.energy.2017.11.049
https://doi.org/10.1016/j.energy.2015.10.145
https://doi.org/10.1016/j.energy.2015.10.145
https://doi.org/10.1016/j.jclepro.2018.06.162
https://doi.org/10.1080/15567036.2018.1516013
https://doi.org/10.1109/SusTech.2017.8333479
https://doi.org/10.1016/j.jclepro.2018.02.309
https://doi.org/10.1016/j.rser.2016.01.027
https://doi.org/10.1016/j.rser.2016.01.027
https://doi.org/10.1016/j.apr.2016.05.010
https://doi.org/10.1016/j.enpol.2014.06.004
https://doi.org/10.1007/978-94-017-8697-3
https://doi.org/10.1007/978-94-017-8697-3
https://doi.org/10.1016/j.jclepro.2015.11.027
https://doi.org/10.1080/10807039.2016.1209077
https://doi.org/10.1080/10807039.2015.1055708
https://doi.org/10.1080/10807039.2015.1055708
https://doi.org/10.1007/s10661-017-5958-7
https://doi.org/10.1007/s10661-017-5958-7
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref68
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref68
https://doi.org/10.1007/s00477-018-1608-z
https://doi.org/10.1016/j.scitotenv.2018.07.314
https://doi.org/10.1016/j.scitotenv.2018.07.314
https://doi.org/10.1016/j.egypro.2017.10.054
https://doi.org/10.1016/j.egypro.2017.10.054
https://doi.org/10.1016/j.enconman.2008.01.033
https://doi.org/10.1016/j.enconman.2008.01.033
https://doi.org/10.1016/j.enconman.2015.12.075
https://doi.org/10.1016/j.egypro.2017.12.421
https://doi.org/10.1016/j.egypro.2017.12.421
https://doi.org/10.1016/j.jclepro.2018.01.158
https://doi.org/10.1016/j.eneco.2017.08.018
https://doi.org/10.1016/j.eneco.2017.08.018
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref77
https://doi.org/10.1016/j.ijhydene.2012.01.174
https://doi.org/10.1016/j.jpowsour.2009.10.024
https://doi.org/10.1177/0957650916671432
https://doi.org/10.1177/0957650916671432
https://doi.org/10.1016/j.jclepro.2016.10.157
https://doi.org/10.1016/j.jclepro.2016.10.157


Empirical Evidence from the Norwegian Carbon Tax. (Oslo). http://www.cicero.
oslo.no/en.

Moro, A., Lonza, L., 2017. Electricity carbon intensity in European Member States:
Impacts on GHG emissions of electric vehicles. Transp. Res. Part D Transp. Environ.
In Press. https://doi.org/10.1016/j.trd.2017.07.012.

Morvaj, B., Evins, R., Carmeliet, J., 2017. Decarbonizing the electricity grid: The impact
on urban energy systems, distribution grids and district heating potential. Appl.
Energy 191, 125–140. https://doi.org/10.1016/j.apenergy.2017.01.058.

Muench, S., 2015. Greenhouse gas mitigation potential of electricity from biomass. J.
Clean. Prod. 103, 483–490. https://doi.org/10.1016/j.jclepro.2014.08.082.

Niet, T., Lyseng, B., English, J., Keller, V., Moazzen, I., Robertson, B., Wild, P., Rowe, A.,
2017. Hedging the risk of increased emissions in long term energy planning. Energy
Strateg. Rev. 16, 1–5. https://doi.org/10.1016/j.esr.2017.02.001.

OECD, 2016. Effective Carbon Rates: Pricing CO2 through Taxes and Emissions Trading
Systems. Paris. https://doi.org/10.1787/9789264260115-en.

Olkkonen, V., Syri, S., 2016. Spatial and temporal variations of marginal electricity
generation: The case of the Finnish, Nordic, and European energy systems up to 2030.
J. Clean. Prod. 126, 515–525. https://doi.org/10.1016/j.jclepro.2016.03.112.

Ou, X., Xiaoyu, Y., Zhang, X., 2011. Life-cycle energy consumption and greenhouse gas
emissions for electricity generation and supply in China. Appl. Energy 88, 289–297.
https://doi.org/10.1016/j.apenergy.2010.05.010.

Ozcan, M., 2016. Estimation of Turkey's GHG emissions from electricity generation by
fuel types. Renew. Sustain. Energy Rev. 53, 832–840. https://doi.org/10.1016/j.rser.
2015.09.018.

Peng, X., Tao, X., 2018. Decomposition of carbon intensity in electricity production:
Technological innovation and structural adjustment in China's power sector. J. Clean.
Prod. 172, 805–818. https://doi.org/10.1016/j.jclepro.2017.10.236.

Peterson, J., Pearce, P.F., Ferguson, L.A., Langford, C.A., 2017. Understanding scoping
reviews: Definition, purpose, and process. J. Am. Assoc. Nurse Pract. 29, 12–16.
https://doi.org/10.1002/2327-6924.12380.

Pleßmann, G., Blechinger, P., 2017. How to meet EU GHG emission reduction targets ? A
model based decarbonization pathway for Europe ’ s electricity supply system until
2050. Energy Strateg. Rev. 15, 19–32. https://doi.org/10.1016/j.esr.2016.11.003.

Protocol, G.H.G., 2018. Global Warming Potential Values (AR5) [WWW Document].
Greenh. Gas Protoc. URL. http://www.ghgprotocol.org/sites/default/files/ghgp/
Global-Warming-Potential-Values %28Feb 16 2016%29_1.pdf, Accessed date: 4
March 2018.

Raadal, H.L., Gagnon, L., Modahl, I.S., Hanssen, O.J., 2011. Life cycle greenhouse gas
(GHG) emissions from the generation of wind and hydro power. Renew. Sustain.
Energy Rev. 15, 3417–3422. https://doi.org/10.1016/j.rser.2011.05.001.

Raj, R., Ghandehariun, S., Kumar, A., Linwei, M., 2016. A well-to-wire life cycle assess-
ment of Canadian shale gas for electricity generation in China. Energy 111, 642–652.
https://doi.org/10.1016/j.energy.2016.05.079.

Rajaeifar, M.A., Ghanavati, H., Dashti, B.B., Heijungs, R., Aghbashlo, M., Tabatabaei, M.,
2017. Electricity generation and GHG emission reduction potentials through different
municipal solid waste management technologies: A comparative review. Renew.
Sustain. Energy Rev. 79, 414–439. https://doi.org/10.1016/j.rser.2017.04.109.

Reimers, B., Özdirik, B., Kaltschmitt, M., 2014. Greenhouse gas emissions from electricity
generated by offshore wind farms. Renew. Energy 72, 428–438. https://doi.org/10.
1016/j.renene.2014.07.023.

Rokni, M., 2016. Introduction to Pinch Technology. Technical University of Denmark
(DTU), Kgs. Lyngby.

Roux, C., Schalbart, P., Peuportier, B., 2016. Accounting for temporal variation of elec-
tricity production and consumption in the LCA of an energy-efficient house. J. Clean.
Prod. 113, 532–540. https://doi.org/10.1016/j.jclepro.2015.11.052.

Rudkevich, A., 2009. Economics of CO2 Emissions in Power Systems. CRA International.
Ruiz, P.A., Rudkevich, A., 2010. Analysis of marginal carbon intensities in constrained

power networks. In: Proceedings of the Annual Hawaii International Conference on
System Sciences, pp. 1–9. https://doi.org/10.1109/HICSS.2010.59.

Sacchi, R., Besseau, R., Pérez-López, P., Blanc, I., 2019. Exploring technologically, tem-
porally and geographically-sensitive life cycle inventories for wind turbines: A
parameterized model for Denmark. Renew. Energy 132, 1238–1250. https://doi.org/
10.1016/j.renene.2018.09.020.

Schreiber, A., Zapp, P., Marx, J., 2012. Meta-analysis of life cycle assessment studies on
electricity generation with carbon capture and storage. J. Ind. Ecol. 16, 155–168.
https://doi.org/10.1111/j.1530-9290.2011.00435.x.

Shearer, C., Fofrich, R., Davis, S.J., 2017. Future CO2 emissions and electricity generation
from proposed coal-fired power plants in India. Earth’s Futur. 5, 408–416. https://
doi.org/10.1002/2017EF000542.

Shrestha, R.M., Timilsina, G.R., 1996. Factors affecting CO2 intensities of power sector in
Asia: A Divisia decomposition analysis. Energy Econ. 18, 283–293. https://doi.org/
10.1016/S0140-9883(96)00019-9.

Shrestha, R.M., Anandarajah, G., Liyanage, M.H., 2009. Factors affecting CO2 emission
from the power sector of selected countries in Asia and the Pacific. Energy Pol. 37,
2375–2384. https://doi.org/10.1016/j.enpol.2009.01.032.

Siler-Evans, K., Azevedo, I.L., Morgan, M.G., 2012. Marginal emissions factors for the U.S.
electricity system. Environ. Sci. Technol. 46, 4742–4748. https://doi.org/10.1021/
es300145v.

Soimakallio, S., Saikku, L., 2012. CO2 emissions attributed to annual average electricity
consumption in OECD (the Organisation for Economic Co-operation and
Development) countries. Energy 38, 13–20. https://doi.org/10.1016/j.energy.2011.
12.048.

Soimakallio, S., Kiviluoma, J., Saikku, L., 2011. The complexity and challenges of de-
termining GHG (greenhouse gas) emissions from grid electricity consumption and
conservation in LCA (life cycle assessment) - A methodological review. Energy 36,
6705–6713. https://doi.org/10.1016/j.energy.2011.10.028.

Song, C., Gardner, K.H., Klein, S.J.W., Souza, S.P., Mo, W., 2018a. Cradle-to-grave
greenhouse gas emissions from dams in the United States of America. Renew. Sustain.
Energy Rev. 90, 945–956. https://doi.org/10.1016/j.rser.2018.04.014.

Song, Q., Wang, Z., Li, J., Duan, H., Yu, D., Liu, G., 2018b. Comparative life cycle GHG
emissions from local electricity generation using heavy oil, natural gas, and MSW
incineration in Macau. Renew. Sustain. Energy Rev. 81, 2450–2459. https://doi.org/
10.1016/j.rser.2017.06.051.

Sovacool, B.K., 2008. Valuing the greenhouse gas emissions from nuclear power: A cri-
tical survey. Energy Pol. 36, 2940–2953. https://doi.org/10.1016/j.enpol.2008.04.
017.

Squalli, J., 2017. Renewable energy, coal as a baseload power source, and greenhouse gas
emissions: Evidence from U.S. state-level data. Energy 127, 479–488. https://doi.
org/10.1016/j.energy.2017.03.156.

Staffell, I., 2017. Measuring the progress and impacts of decarbonising British electricity.
Energy Pol. 102, 463–475. https://doi.org/10.1016/j.enpol.2016.12.037.

Steenhof, P.A., 2007. Decomposition for emission baseline setting in China's electricity
sector. Energy Pol. 35, 280–294. https://doi.org/10.1016/j.enpol.2005.11.024.

Steenhof, P.A., Weber, C.J., 2011. An assessment of factors impacting Canada's electricity
sector's GHG emissions. Energy Pol. 39, 4089–4096. https://doi.org/10.1016/j.
enpol.2011.03.056.

Stephenson, J., Ford, R., Nair, N.K., Watson, N., Wood, A., Miller, A., 2018. Smart grid
research in New Zealand – A review from the GREEN Grid research programme.
Renew. Sustain. Energy Rev. 82, 1636–1645. https://doi.org/10.1016/j.rser.2017.
07.010.

Su, B., Ang, B.W., 2017. Multiplicative structural decomposition analysis of aggregate
embodied energy and emission intensities. Energy Econ. 65, 137–147. https://doi.
org/10.1016/j.eneco.2017.05.002.

Su, X., Zhang, X., 2016. Temporal validation of life cycle greenhouse gas emissions of
energy systems in China. J. Clean. Prod. 139, 250–257. https://doi.org/10.1016/j.
jclepro.2016.08.043.

Tan, R.R., Foo, D.C.Y., 2007. Pinch analysis approach to carbon-constrained energy sector
planning. Energy 32, 1422–1429. https://doi.org/10.1016/j.energy.2006.09.018.

Tan, R.R., Sum Ng, D.K., Yee Foo, D.C., 2009. Pinch analysis approach to carbon-con-
strained planning for sustainable power generation. J. Clean. Prod. 17, 940–944.
https://doi.org/10.1016/j.jclepro.2009.02.007.

Taseska, V., Markovska, N., Causevski, A., Bosevski, T., Pop-Jordanov, J., 2011.
Greenhouse gases (GHG) emissions reduction in a power system predominantly based
on lignite. Energy 36, 2266–2270. https://doi.org/10.1016/j.energy.2010.04.010.

Thomas, C.E., 2012. US marginal electricity grid mixes and EV greenhouse gas emissions.
Int. J. Hydrogen Energy 37, 19231–19240. https://doi.org/10.1016/j.ijhydene.2012.
09.146.

Thomson, R.C., Harrison, G.P., Chick, J.P., 2017. Marginal greenhouse gas emissions
displacement of wind power in Great Britain. Energy Pol. 101, 201–210. https://doi.
org/10.1016/j.enpol.2016.11.012.

Thornley, P., Gilbert, P., Shackley, S., Hammond, J., 2015. Maximizing the greenhouse
gas reductions from biomass: The role of life cycle assessment. Biomass Bioenergy 81,
35–43. https://doi.org/10.1016/j.biombioe.2015.05.002.

To, W.M., Lee, P.K.C., 2017. GHG emissions from electricity consumption: A case study of
Hong Kong from 2002 to 2015 and trends to 2030. J. Clean. Prod. 165, 589–598.
https://doi.org/10.1016/j.jclepro.2017.07.181.

Turconi, R., Boldrin, A., Astrup, T., 2013. Life cycle assessment (LCA) of electricity
generation technologies: Overview, comparability and limitations. Renew. Sustain.
Energy Rev. 28, 555–565. https://doi.org/10.1016/j.rser.2013.08.013.

US EPA, 2018. Overview of Greenhouse Gases-Emissions of Fluorinated Gases [WWW
Document]. US Environ. Prot. Agency. URL. https://www.epa.gov/ghgemissions/
overview-greenhouse-gases#f-gases, Accessed date: 4 March 2018.

Usubiaga, A., Acosta-Fernández, J., McDowall, W., Li, F.G.N., 2017. Exploring the macro-
scale CO2 mitigation potential of photovoltaics and wind energy in Europe's energy
transition. Energy Pol. 104, 203–213. https://doi.org/10.1016/j.enpol.2017.01.056.

Vedachalam, N., Surendar, S., Srinivasalu, S., 2017. An assessment of decarbonization in
the strategic Indian electricity generation sector. Electr. J. 30, 47–53. https://doi.
org/10.1016/j.tej.2017.04.016.

Walker, S.B., van Lanen, D., Mukherjee, U., Fowler, M., 2017. Greenhouse gas emissions
reductions from applications of Power-to-Gas in power generation. Sustain. Energy
Technol. Assessments 20, 25–32. https://doi.org/10.1016/j.seta.2017.02.003.

Walmsley, M.R.W., Walmsley, T.G., Atkins, M.J., 2018. Linking greenhouse gas emissions
footprint and energy return on investment in electricity generation planning. J.
Clean. Prod. 200, 911–921. https://doi.org/10.1016/j.jclepro.2018.07.268.

Wang, H., Ang, B.W., Su, B., 2017. Multiplicative structural decomposition analysis of
energy and emission intensities: Some methodological issues. Energy 123, 47–63.
https://doi.org/10.1016/j.energy.2017.01.141.

Weisser, D., 2007. A guide to life-cycle greenhouse gas (GHG) emissions from electric
supply technologies. Energy 32, 1543–1559. https://doi.org/10.1016/j.energy.2007.
01.008.

Whitaker, M., Heath, G.A., O'Donoughue, P., Vorum, M., 2012. Life cycle greenhouse gas
emissions of coal-fired electricity generation: systematic review and harmonization.
J. Ind. Ecol. 16. https://doi.org/10.1111/j.1530-9290.2012.00465.x.

Williams, J.H., Debenedictis, A., Ghanadan, R., Mahone, A., Moore, J., Iii, W.R.M., Price,
S., Torn, M.S., 2012. The technology path to deep greenhouse gas emissions cuts by
2050 : the pivotal role of electricity. Science 80- 335, 53–59. https://doi.org/10.
1126/science.1208365.

Wing, I.S., Ellerman, A.D., Song, J., 2006. Absolute vs. Intensity Limits for CO2 Emission
Control : Performance Under Uncertainty.

Woo, J.R., Choi, H., Ahn, J., 2017. Well-to-wheel analysis of greenhouse gas emissions for
electric vehicles based on electricity generation mix: A global perspective. Transp.
Res. Part D Transp. Environ. 51, 340–350. https://doi.org/10.1016/j.trd.2017.01.

I. Khan Atmospheric Environment 200 (2019) 131–141

140

http://www.cicero.oslo.no/en
http://www.cicero.oslo.no/en
https://doi.org/10.1016/j.trd.2017.07.012
https://doi.org/10.1016/j.apenergy.2017.01.058
https://doi.org/10.1016/j.jclepro.2014.08.082
https://doi.org/10.1016/j.esr.2017.02.001
https://doi.org/10.1787/9789264260115-en
https://doi.org/10.1016/j.jclepro.2016.03.112
https://doi.org/10.1016/j.apenergy.2010.05.010
https://doi.org/10.1016/j.rser.2015.09.018
https://doi.org/10.1016/j.rser.2015.09.018
https://doi.org/10.1016/j.jclepro.2017.10.236
https://doi.org/10.1002/2327-6924.12380
https://doi.org/10.1016/j.esr.2016.11.003
http://www.ghgprotocol.org/sites/default/files/ghgp/Global-Warming-Potential-Values%20%28Feb%2016%202016%29_1.pdf
http://www.ghgprotocol.org/sites/default/files/ghgp/Global-Warming-Potential-Values%20%28Feb%2016%202016%29_1.pdf
https://doi.org/10.1016/j.rser.2011.05.001
https://doi.org/10.1016/j.energy.2016.05.079
https://doi.org/10.1016/j.rser.2017.04.109
https://doi.org/10.1016/j.renene.2014.07.023
https://doi.org/10.1016/j.renene.2014.07.023
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref99
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref99
https://doi.org/10.1016/j.jclepro.2015.11.052
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref101
https://doi.org/10.1109/HICSS.2010.59
https://doi.org/10.1016/j.renene.2018.09.020
https://doi.org/10.1016/j.renene.2018.09.020
https://doi.org/10.1111/j.1530-9290.2011.00435.x
https://doi.org/10.1002/2017EF000542
https://doi.org/10.1002/2017EF000542
https://doi.org/10.1016/S0140-9883(96)00019-9
https://doi.org/10.1016/S0140-9883(96)00019-9
https://doi.org/10.1016/j.enpol.2009.01.032
https://doi.org/10.1021/es300145v
https://doi.org/10.1021/es300145v
https://doi.org/10.1016/j.energy.2011.12.048
https://doi.org/10.1016/j.energy.2011.12.048
https://doi.org/10.1016/j.energy.2011.10.028
https://doi.org/10.1016/j.rser.2018.04.014
https://doi.org/10.1016/j.rser.2017.06.051
https://doi.org/10.1016/j.rser.2017.06.051
https://doi.org/10.1016/j.enpol.2008.04.017
https://doi.org/10.1016/j.enpol.2008.04.017
https://doi.org/10.1016/j.energy.2017.03.156
https://doi.org/10.1016/j.energy.2017.03.156
https://doi.org/10.1016/j.enpol.2016.12.037
https://doi.org/10.1016/j.enpol.2005.11.024
https://doi.org/10.1016/j.enpol.2011.03.056
https://doi.org/10.1016/j.enpol.2011.03.056
https://doi.org/10.1016/j.rser.2017.07.010
https://doi.org/10.1016/j.rser.2017.07.010
https://doi.org/10.1016/j.eneco.2017.05.002
https://doi.org/10.1016/j.eneco.2017.05.002
https://doi.org/10.1016/j.jclepro.2016.08.043
https://doi.org/10.1016/j.jclepro.2016.08.043
https://doi.org/10.1016/j.energy.2006.09.018
https://doi.org/10.1016/j.jclepro.2009.02.007
https://doi.org/10.1016/j.energy.2010.04.010
https://doi.org/10.1016/j.ijhydene.2012.09.146
https://doi.org/10.1016/j.ijhydene.2012.09.146
https://doi.org/10.1016/j.enpol.2016.11.012
https://doi.org/10.1016/j.enpol.2016.11.012
https://doi.org/10.1016/j.biombioe.2015.05.002
https://doi.org/10.1016/j.jclepro.2017.07.181
https://doi.org/10.1016/j.rser.2013.08.013
https://www.epa.gov/ghgemissions/overview-greenhouse-gases#f-gases
https://www.epa.gov/ghgemissions/overview-greenhouse-gases#f-gases
https://doi.org/10.1016/j.enpol.2017.01.056
https://doi.org/10.1016/j.tej.2017.04.016
https://doi.org/10.1016/j.tej.2017.04.016
https://doi.org/10.1016/j.seta.2017.02.003
https://doi.org/10.1016/j.jclepro.2018.07.268
https://doi.org/10.1016/j.energy.2017.01.141
https://doi.org/10.1016/j.energy.2007.01.008
https://doi.org/10.1016/j.energy.2007.01.008
https://doi.org/10.1111/j.1530-9290.2012.00465.x
https://doi.org/10.1126/science.1208365
https://doi.org/10.1126/science.1208365
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref138
http://refhub.elsevier.com/S1352-2310(18)30862-8/sref138
https://doi.org/10.1016/j.trd.2017.01.005


005.
Xu, X.Y., Ang, B.W., 2013. Index decomposition analysis applied to CO2emission studies.

Ecol. Econ. 93, 313–329. https://doi.org/10.1016/j.ecolecon.2013.06.007.
Xu, C., Hong, J., Chen, J., Han, X., Lin, C., Li, X., 2016. Is biomass energy really clean? An

environmental life-cycle perspective on biomass-based electricity generation in
China. J. Clean. Prod. 133, 767–776. https://doi.org/10.1016/j.jclepro.2016.05.181.

Yan, Q., Zhang, Q., Zou, X., 2016. Decomposition analysis of carbon dioxide emissions in
China's regional thermal electricity generation, 2000–2020. Energy 112, 788–794.
https://doi.org/10.1016/j.energy.2016.06.136.

Yang, L., Lin, B., 2016. Carbon dioxide-emission in China's power industry: Evidence and
policy implications. Renew. Sustain. Energy Rev. 60, 258–267. https://doi.org/10.
1016/j.rser.2016.01.058.

Zafirakis, D., Chalvatzis, K.J., Baiocchi, G., 2015. Embodied CO2 emissions and cross-
border electricity trade in Europe: Rebalancing burden sharing with energy storage.

Appl. Energy 143, 283–300. https://doi.org/10.1016/j.apenergy.2014.12.054.
Zhang, M., Liu, X., Wang, W., Zhou, M., 2013. Decomposition analysis of CO2 emissions

from electricity generation in China. Energy Pol. 52, 159–165. https://doi.org/10.
1016/j.enpol.2012.10.013.

Zhang, X., Xiao, H., Tang, J., Cui, Z., Zhang, Y., 2017. Recent advances in decomposition
of the most potent greenhouse gas SF6. Crit. Rev. Environ. Sci. Technol. 47,
1763–1782. https://doi.org/10.1080/10643389.2017.1400860.

Zhou, G., Chung, W., Zhang, Y., 2014. Carbon dioxide emissions and energy efficiency
analysis of China's regional thermal electricity generation. J. Clean. Prod. 83,
173–184. https://doi.org/10.1016/j.jclepro.2014.06.047.

Zhou, Q., Sun, T., Ding, T., Feng, D., 2015. Application of carbon Intensity in Generation
Expansion Planning : A Comparative Study. In: Power & Energy Society General
Meeting. IEEE, pp. 1–5. https://doi.org/10.1109/PESGM.2015.7286450.

I. Khan Atmospheric Environment 200 (2019) 131–141

141

https://doi.org/10.1016/j.trd.2017.01.005
https://doi.org/10.1016/j.ecolecon.2013.06.007
https://doi.org/10.1016/j.jclepro.2016.05.181
https://doi.org/10.1016/j.energy.2016.06.136
https://doi.org/10.1016/j.rser.2016.01.058
https://doi.org/10.1016/j.rser.2016.01.058
https://doi.org/10.1016/j.apenergy.2014.12.054
https://doi.org/10.1016/j.enpol.2012.10.013
https://doi.org/10.1016/j.enpol.2012.10.013
https://doi.org/10.1080/10643389.2017.1400860
https://doi.org/10.1016/j.jclepro.2014.06.047
https://doi.org/10.1109/PESGM.2015.7286450

	Greenhouse gas emission accounting approaches in electricity generation systems: A review
	Introduction
	Methodology
	GHG emissions accounting
	Electricity associated emissions accounting approaches
	Absolute emissions approach
	Life cycle assessment approach
	Marginal emissions approach
	Index decomposition analysis approach
	Pinch analysis approach
	Time-varying carbon intensity approach
	Other approaches

	Discussion and future scope
	Conclusion
	Conflict of interests
	References




