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Abstract

Globally, electricity systems are responsible fwo-thirds of total greenhouse gas (GHG)
emissions. This area has become one of the maumsdscfor a wide range of scientific

communities, and a large number of articles havenbpublished that reported GHG

emissions from the electricity sector using différapproaches. Even though some review
articles have been published on particular GHG sions approaches, such as life cycle
assessment (LCA), studies that investigated oveggroaches are much rarer. A scoping
review of these GHG emissions accounting approacasshus been conducted in this study
to explore their limitations and indicate possihl&ure scope. From the review, it was found
that the majority of the studies considered the L&pdroach to investigate GHG emissions
from electricity systems. Although the time-varyiogrbon intensity approach has potential
features, it has received less attention. Furthezptbis review has highlighted some issues
that need to be addressed by any new or existipgoaph that would deal with GHG

emissions accounting in the near future. In addjtithis review would be helpful for

policymakers and electricity authorities when sitgcappropriate approaches in accounting

GHG emissions from the electricity system.

Keywords. GHG emission accounting; Methods and approacHhesirieity systems; Carbon

intensity; Emissions and atmosphere.
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1. Introduction

In recent years, focus on greenhouse gas (GHG)sams reduction has increased
dramatically, involving scientists, academics, @ginakers, and industry, and in particular,
the electricity industry, as electricity generatsystems are the largest single source of GHG
emissions globally (Bazan et al., 2018; Celluralgt2018; Howard et al., 2017; Garcia and
Freire, 2016; Atilgan and Azapagic, 2015). It wésodound that compared to many other
sectors, electricity generation systems is thevaimere decarbonisation can be achieved at an
acceptable pace (Staffell, 2017; Vedachalam ek@ll7; Morvaj et al., 2017). Although the
potential of GHG emissions reduction has been prdaweovercome the negative impacts of
climate change, as well as to ensure a sustaigétid@l low-carbon future, the measures that
have been taken for such reduction seem limitetate (Hu et al., 2018; Foster et al., 2017,
Williams et al., 2012). One reason is the appra@raonitoring, reporting, and verification
(MRV) process, particularly, monitoring and repogtias identified by the International
Energy Agency Greenhouse Gas Research and DevalbgfB&-GHG R&D) programme
(IEA-GHG R&D, 2018). Due to diverse GHG emissiomsa@unting methodologies, none of
the present approaches is well suited for GHG eamissaccounting (Bruckner et al., 2014).
For example, the IEA-GHG R&D programme has repotted there is uncertainty towards
the deployment of COcapture and utilisation (CCU) technology with respto GHG
emissions reductions due to the lack of appropaat®ounting methods and MRV processes
in place, which are necessary to track, calculate] report the benefits that would be
achieved by deploying CCU technology (IEA-GHG R&P018). Therefore, a review is
indispensable in order to identify the availabl@raaches of GHG emissions accounting in
the electricity generation systems.

Essentially, a country’s ability to monitor, measuand review GHG emissions from the
electricity generation sector enables it to engage act accordingly towards a national as
well as a global low-carbon future, as two-thirdglmbal GHG emissions is the consequence
of the energy sector’'s activities, which includée telectricity generation systems (IEA,
2017). Hence, an informative and robust GHG emmssieeporting approach needs to be
developed along with proper methodology (Brucknerle 2014). However, despite the
evidence that GHG emissions can vary consideratiprding to the time of day or season
(Khan et al., 2018), methods of assessing GHG @mns$rom electricity generation do not
currently account for variance over time. Accordiogthe IEA-GHG R&D programme’s
latest report, GHG emissions accounting considecsdpproaches: ex ante-assessment and
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ex post-assessment (IEA-GHG R&D, 2018). Ex antessssent involves the estimation of
the full range of GHG emissions, which includes rastion, manufacture, transport,
construction, and end of life associated with thedpct or activity. On the other hand, ex
post-assessment, referred to as the MRV methodlves real-time estimation of GHG
emissions over a certain period of time (e.g., afiwu The latter approach is used towards
carbon abatement-related policymaking and inteonatireporting. However, due to the use
of inappropriate emission factors, taking into acddifferent activities that cause emissions,
the nature of emissions, and difficulties in defmithe boundaries have made emissions

calculation a challenging task.

Apart from this, approaches used in the sciensfiedies that considered GHG emissions
from the electricity sector varied significantlyhieh may result in different findings even
though they might have used the same datasets (Asapoet al., 2014; Soimakallio et al.,
2011). A literature search reveals that there @messtudies that reviewed a particular
method of assessments such as life cycle assesg$b@@h) for GHG emissions analysis in
electricity systems (Muench, 2015; Turconi et 2D13; Soimakallio et al., 2011; Lenzen,
2008). Nevertheless, it seems that no previousieguldave considered reviewing overall
approaches that are used to assess GHG emissidhe glectricity sectors, in particular,
electricity generation. The objective of this papethus to review available methods and
methodologies that have been used to assess GH&&iens from the electricity sector and

explore the methodological knowledge gap that mast @ the literature.

The rest of the paper is organized as follows:iee@ describes the methodology used for
this review. Section 3 discusses internationalswieGHG emissions accounting. Section 4
presents available approaches that have been mghd literature to report GHG emissions
from the electricity sector. Section 5 discussesfihdings and identifies potential areas that

need to be explored in future research. The fieetien concludes the paper.

2. M ethodol ogy

This is a scoping review (Grant and Booth, 200@)st it has considered a range of published
peer-reviewed journal and conference articles tkengapreliminary assessment of the overall
GHG emissions accounting approaches that have heed in the literature to report

electricity generation- related emissions. Consetiyeit indicates the scope of future
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123  research. A standard six step scoping review melbggt (Peterson et al., 2017) was

124  followed, illustrated in Fig. 1.

Identifying the research
question/topic

GHG Emissions Accounting Approaches

Identifying the
relevant studies
(N=155)

Not Directly Related, Removed=35

Study selection
(N=120)

GHG Emissions from Electricity Systems

Charting the data/
Analysis

Approaches ldentified

Collating,
summarizing, and
reporting

Advantages, Limitations and Future Scope for ldentified Approaches

Consultation/Discussion

125
126 Fig. 1. Methodology used for this scoping review.
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The review process began by exploring the topictha scientific literature through
sciencedirect.com, using relevant keywords. Thewkegls used for the search were:
greenhouse gas emissions and electricity; greeeh@as and electricity;, GHG and
electricity; emissions and electricity; greenhougas, electricity; GHG methods and

electricity; carbon intensity and electricity.

While searching, the word ‘electricity’ was keptnstant as the review is focused on GHG
emissions from the electricity sector only. Therskearesulted in 155 studies; during the
selection step, it was found that 35 studies wertedirectly associated with the electricity
generation, and were removed from the analysisjrigaa total of 120 studies that were
considered for this review. After completion of leiew process, findings are presented and

discussed.

3. GHG emissions accounting

There are two types of emissions in the electrisiggtor: direct and indirect emissions.
According to the GHG Protochl “the emissions from the sources that are owned or
controlled by the reporting entityare known as direct emissions, wHikmissions that are a
consequence of the activities of the reportingtgnbiut occur at sources owned or controlled
by another entity are indirect emissions. These direct and indirectissions are further
categorized as scope-1, scope-2, and scope-3.t0REEG emissions, electricity indirect
GHG emissions, and other indirect GHG emissionsaaseciated with scope-1, scope-2, and

scope-3, respectively

12 https://ghgprotocol.org/
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Fig. 2. Overall electricity system and GHG emissions aotiog scopes. Dotted lines

indicate no transportation.

Electricity systems include both scope-1 and s@pemissions, as shown in Fig. 2.
Exploration and mining of any new fossil fuel oranium, building geothermal or hydro
plants are within scope-1, direct emissions. Mactufang of generation technologies such as
solar PV and wind turbines is also within scopenlissions, as is transportation that is
involved either to carry fuel to the plant or impar from other countries. Part of the
electricity generation process (i.e., fuel comharstiis within scope-1 and the remainder of
the processes which include generation, transmmissicstribution, and consumption are
within scope-2 emissions.

Although there are a number of GHGs that are ediiftem the electricity generation
process, in general, carbon dioxide @Omethane (Ck), and nitrous oxide (pD) are
regarded as the major GHGs (Bauer et al., 2018;&wand Sharma, 2017; IPCC, 2014). To
consider all these three GHGs together, carbonidioequivalent (C@e) is used as the unit
of overall emissions, which is usually obtained tltiplying the actual amount of
individual emitted gas with the global warming putals (GWP, 100-yeat)of 1, 28, and

¥ GWP provides a relative measure of the heat tmabe trapped in the atmosphere due to a GHG.
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265 for CQ, CH,;, and NO, respectively, and finally, adding them togetfi&A, 2017;
IPCC, 2014).

4. Electricity associated emissions accounting appr oaches

4.1 Absolute emissions approach

Absolute emissions refer to quantification of tbeat amount of GHGs that has been emitted
(in tonnes of C@e) to the atmosphere over a certain period (eugually) through activities
such as electricity generation. Most governmentsearvironmental organizations, as well as
international bodies such as the International gnekgency (IEA) and Intergovernmental
Panel on Climate Change (IPCC) use absolute emsdior national GHG inventories,
policymaking and regulatory efforts in relation ®@HG emissions reduction (IEA, 2018;
IPCC, 2018). Absolute emissions from electricitygetion can be calculated using Eq. (1)
(IEA, 2017).

GHG Emissions = @ (1)

Where:

GHG Emissions: Total emissions from electricitpggtion (in kg C@e).
CIF: Carbon intensity of the fossil fuel mix (kg&@&/kwh).

SEF: Share of electricity generated from fossildue

TE: Total generated electricity from the systemkiiih).

n : Fossil fuelled power plant efficiencies.

In the academic literature, a number of previousliss have reported GHG emissions from
electricity generation using an absolute emissap@oach (Kachoee et al., 2018; Castrejon
et al.,, 2018; Squalli, 2017; Niet et al., 2017; Hosdewi et al., 2017; Staffell, 2017,
Vedachalam et al., 2017; Ozcan, 2016). This hasnolieen used to evaluate emission
reduction potential. Kachoee et al. (2018) fourat eidoption of renewable generation in the
Iranian electricity systems could reduce GHG enoissiby 294.6 million tonnes. A study in
the USA investigated CHemissions from the electricity system and fourat timly 0.26%
CH, could be reduced by increasing the renewable dioad®% in the electricity system

(Squalli, 2017). The dramatic increase in the raaide share along with some other factors
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in the British electricity sector resulted in a 46%guction in absolute emissions for the
period 2013 to 2016 (Staffell, 2017).

Absolute emissions approaches have also been ossidies on the potential for carbon
capture and storage (CCS) technologies to reduc& @Hissions (Castrejon et al., 2018;
Hanson and Schmalzer, 2013; Hammond et al., 20@1)lexico, Castrejon et al. (2018)
considered carbon abatement options through diffeseenarios in the energy sector and
found that deployment of CCS technologies couleepimally reduce GHG emissions in the
electricity sector. Ding et al., (2017), Ozcan (@Pand Taseska et al., (2011) estimated GHG
emissions from the electricity sector using thiprapch for China, Turkey and Macedonia.
India’s future grid expansion plan and future £Z&gmission scenarios have also been assessed
using absolute emissions (Shearer et al., 201 RerGtudies also used the absolute emissions
method in the electricity sectors in a variety dfedent contexts (Pleimann and Blechinger,
2017; Grande-Acosta and Islas-Samperio, 2017; dgabet al., 2017; Khondaker et al.,
2016; Guemene Dountio et al., 2016; Cho et al.62Clancy et al., 2015).

In summary, the absolute emissions assessmentagbphas been used in many studies to
track emissions changes, compare scenarios anssadSsHs emissions abatement options.

4.2 Life cycle assessment approach

A large and growing body of literature has investsyl GHG emissions from electricity
generation systems using life cycle assessment JL@A Song et al., 2018; Chen et al.,
2017; Rajaeifar et al., 2017; Li et al., 2017; Waillet al., 2017; Xu et al., 2016; Su and
Zhang, 2016; Thornley et al., 2015; Muench, 201&rdisty et al., 2012; Martinez et al.,
2012; El Hanandeh and El Zein, 2011). LCA is anirammental assessment method that
includes all the environmental impacts associatédd the product’'s entire life, that is, raw
material extraction to waste materials deposititiarats life expiration as shown in Fig. 3
(Bauer et al., 2018). The LCA method considersegeidbsolute emissions [as per Eq. (1)] or
average emission intensity, or often both. Whenliago electricity generation systems,
emission intensity (in gC&e/kWh) is defined as the amount of emissions pat of
electricity generation over a fixed period of tifeeg., annually) (IEA, 2017). This is shown
in EQ. (2).
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Fig. 3. Life cycle assessment method for electricity syste

In the electricity sector, LCA has often been udedcompare different generation
technologies and their associated GHG emissionseXample, in some early studies, Hondo
(2005) and Weisser (2007) evaluated GHG emissiams tlifferent generation technologies,
which included fossil fuel, nuclear, and renewalpdmerations. In particular, Hondo (2005)
assessed GHG emissions from nuclear, wind, andr gaflatovoltaic technologies and
compared these with different fossil fuelled tedbgaes. In line with Hondo (2005), Weisser
(2007) conducted similar GHG emission assessmeatigh LCA for different generation
technologies along with carbon capture and stoeagk energy storage systems. Sovacool
(2008) assessed GHG emissions from nuclear poveertslOn the other hand, emissions
from hydro and wind power generation were inveséigaand compared with other renewable
and non-renewable generation technologies by Raetdal., (2011). Two recent studies
accounted electricity generation and related GHGss&ons from municipal solid waste
(MSW) in Macau, China and Iran (Q. Song et al., @0Rajaeifar et al., 2017). Li et al.,
(2016) and Ding et al., (2013) used the LCA appnosx consider the contribution of

Page 10 of 34



253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286

synthetic natural gas (SNG) as a source of elégtgeneration towards possible carbon cuts
in China.

The LCA has also been used to investigate emissionsnewable generation systems. For
instance, potential solar PV deployment and astmtiaGHG emissions reduction
opportunities have been assessed in Peru (Bazah, &018). Life cycle GHG emissions
from on and off-shore wind turbines were estimateddenmark (Sacchi et al., 2019).
Briones Hidrovo et al., (2017) investigated the Gld@issions from two types of hydro
reservoir, namely dam and run-of-river, and fouhdt tthe latter is better with respect to
GHG emissions if a full life cycle is accounted.fbtowever, the results might vary due to
various uncertainties associated with the resesumar et al., 2016). A recent study has
investigated GHG emissions from 12 hydropower rases in China and found that these
systems emit more GHGs than the global estimatads@amns for hydroelectricity generation
(Kumar et al., 2019). Similar studies were alsodranted for hydro power systems in India
and the USA (Kumar et al., 2018; Song et al., 2Ku8nar and Sharma, 2016a; Kumar and
Sharma, 2016b).

Other studies have used the LCA method in diffecemtexts, including assessing emissions
from electricity consumption (To and Lee, 2017), GHmissions as a function of site
condition (Reimers et al., 2014), emissions reducthrough CCS technologies (Schreiber et
al., 2012), and assessment of GHG emissions freoirity trading (Amor et al., 2011).

In view of all the studies mentioned so far, itedent that the LCA approach has been
widely used in the literature to report GHG emissian a number of applications to
electricity systems. Differing from these, somedsta used well-to-wheel, well-to-wire, and
well-to-meter methodologies in conjunction with LG#proach to assess GHG emissions
(Moro and Lonza, 2017; Woo et al., 2017; Raj et2016; Ou et al., 2011).

In terms of review studies, most of the studiesi$ecl on a particular generation technology
or area, and then compared variations in GHG eamssusing LCA as the method of
assessment. These included electricity and heaerggéon from renewable energy
technologies (Amponsah et al., 2014), electriceyeration from renewable and fossil fuel
technologies (Turconi et al., 2013), emissions frawmal-fired electricity generation
(Whitaker et al., 2012), emissions due to grid teleity consumption (Soimakallio et al.,
2011), and emissions associated with nuclear pplaets (Sovacool, 2008).

4.3 Marginal emissions approach
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Marginal emissions refer to the GHG emissions t¢lcaur in electricity generation systems as
a result of an additional unit of generation. Esample, gas-fired power plants are often
used to supply peaks in demand, and the amour@H&s that would be emitted due to an
extra unit of generation is referred to as margeralssions. Marginal emissions assessment
explores the relationship between changes in sydamand and associated GHG emissions,
and this is measured by marginal carbon intengignérally in kgC@e/kWh). Marginal
emissions accounting can be considered on an grsaadonal, monthly or even hourly basis
(Farhat and Ugursal, 2010; Gordon and Fung, 200&hid and Pout, 2002). Marginal
carbon intensity can be defined (Rudkevich, 20@9) a

ACI(t)

MCI(t) = 5 2

3)

Where:
MCI: Marginal carbon intensity at time t.
ACI(t): Change in carbon intensity at time t.

AD(t): Change in the electricity demand at time t.

Numerous studies have investigated GHG emissiom® felectricity generation systems
using a marginal emissions assessment method (Tdmetsal., 2017; Howard et al., 2017,
Thomson et al., 2017; McKenna et al., 2016; Olkkoaad Syri, 2016; Zhou et al., 2015;
Graff Zivin et al., 2014; Kim and Rahimi, 2014; Hess, 2014; Hawkes, 2010; Ruiz and
Rudkevich, 2010). A number of studies have used rttagginal emissions assessment
approach to assess future GHG emissions scenamiostiie electricity sector. Howard et al.
(2017), for instance, assessed future GHG emissmahsction potential for New York City
for different generation scenarios; Kim and Rah{g014) found that an increase in plug-in
electric vehicles in the city of Los Angeles duectorent ‘time-of-use’ pricing would result
in greater GHG emissions (average marginal emisyitiran current levels; a similar result
was also obtained for California (McCarthy and Ya@810). Thomas (2012), in contrast,
estimated the change in GHG emissions due to iseseen the number of electric vehicles
(EV) in the USA and found that battery EV will proge more GHG emissions than gasoline
hybrid EV. In a similar fashion, in Portugal, th¥ Hptake and associated GHG emissions in
the near future was estimated by Garcia and F(2D&6) and found similar results to the

USA, that is, an increase of GHG emissions. Apaninfthese, Carson and Novan (2013)
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estimated the peak and off-peak time marginal GiH&sons rate for the electricity sector

from an economic point of view in Texas, USA.

In the UK electricity system, Thomson et al. (20iR)estigated marginal emissions change
due to changes in the total wind power in relatiorthe change in total system load, and
found that increasing wind power was an effectiggom for GHG emissions reduction from
the electricity sector. Structural change in thev@o systems and associated impacts on
emissions was explored through long-run marginassions factor by Hawkes (2014). In an
earlier work, Hawkes (2010) used this marginal sioiss factor to estimate marginal
emissions from UK electricity systems.

Collectively, these studies outline the criticallercof marginal emissions approach in
assessing emissions in the electricity sectonadt the world. However, emissions taken into
account are at the margins, which is the resuffenferation changes in the electricity system
at the margins due to increases or decreasesdtnieltly demand at a particular time. On the
other hand, comparing marginal and average emsdiactors revealed that the average
emission factor misestimates the emissions thatbeaavoided from an intervention (Siler-
Evans et al., 2012).

4.4 Index decomposition analysis approach

Divisia decomposition of C© intensity (Shrestha and Timilsina, 1996) or index
decomposition analysis (IDA) is another GHG emissi@nalysis approach used in the
electricity sector (Xu and Ang, 2013; Ang et al002). In this approach, change in carbon
intensity in the electricity sector is decomposet three components, namely fuel intensity
effect, generation mix effect, and fuel qualityeetf as shown in Eq. (4) (Shrestha and
Timilsina, 1996). Logarithmic mean divisia (LMDB another form of IDA proposed by Ang
(2004).

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

ACI = AFI + AG + AFQ (4)

Where:
ACI: Change in carbon intensity (in kg@&wh).
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AFI: Change in fuel intensities.
AG: Change in generation mix.

AFQ: Change in fuel qualities.

Several studies have used the IDA approach to campBG emissions from the electricity
sector. For example Ang and Su (2016) estimatedhhage in aggregated carbon intensity
(the level of carbon dioxide emissions for each ohielectricity produced) in the electricity
production sector for 124 countries (Ang and SU,&0IDA was also used to investigate the
drivers of aggregate carbon intensity in ten ASEMsociation of Southeast Asian
Nations) member countries (Ang and Goh, 2016). Mathgr studies also used this approach
to investigate electricity sector emissions (Pemd) &ao, 2018; Liu et al., 2017; Meng et al.,
2017; Karmellos et al., 2016; Yan et al., 2016; yand Lin, 2016; Zhou et al., 2014; Zhang
et al., 2013; Steenhof and Weber, 2011; Shrestah, &009; Steenhof, 2007).

4.5 Pinch analysis approach

Pinch analysis has been used to support emissamhgtion targeting and planning at a
macro-level. Pinch analysis is an extended versibthermal and mass analysis, and a
graphical approach (Tan and Foo, 2007). Although dhalysis is graphical, it accounts
absolute emissions of GHGs. Pinch analysis involaesinterplay between electricity
demand, supply and GHG emissions limit. This predgsllustrated in Fig. 4 (Rokni, 2016).
Based on related data availability such as the samdactor, electricity demand, supply, and
emission limit this process involves two steps:plgtting of electricity cumulative curve
(i.e., demand and supply curves) against cumula@t#s emissions; (ii) identification of
carbon pinch point by adjusting the curves in refato the emission limit that needs to be
met (Jia et al., 2010).
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Previous studies have used pinch analysis to a&é¢&semissions from the electricity sector
(Walmsley et al., 2018; Atkins et al., 2010; Jiaaét 2010; Tan et al., 2009; Crilly and
Zhelev, 2008; Tan and Foo, 2007). For instancs, dpproach has been applied to the New
Zealand (Atkins et al., 2010) and Irish (Crilly addelev, 2008) electricity sectors to identify
possible GHG emissions reduction opportunities. Tgwential of CCS technology
deployment in the electricity sector and associ&étls emissions abatement options were
analysed through pinch analysis for the Philipmnadectricity systems (Tan et al., 2009). In
a recent study this approach has been used tesabgesmissions and plan future electricity
generation systems in the United Arab Emirates (&iral., 2018).

4.6 Time-varying carbon intensity approach

A time-varying carbon intensity approach considersporal variations in GHG emissions
[in gCO,-e/kWh (t)] from electricity generation systems asresult of changes in the
generation fuel mix. In any system involving a moixrenewable and fossil fuel generation,
GHG emissions will vary significantly over time,damvestigations at different time-scales
(e.g. half-hourly, hourly, daily, weekly, monthlgeasonal, annual) can provide a detailed
understanding of this variability. So far this essaent approach has been applied in just a
few studies in different contexts (Khan et al., 01Khan, 2018a; Khan, 2018b;
Kopsakangas-Savolainen et al., 2017; Roux et @162 Gordon and Fung, 2009;
MacCracken, 2006). Gordon and Fung (2009) apphedapproach to the electricity systems
of Ontario, Canada to explore potential optionsamms GHG emissions abatement through

renewable generation. The study considered an yhaoterval as the minimum to report
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GHG emissions. In two very recent studies, a singifgproach was also employed to identify
emissions reduction opportunities for New Zealaratid Bangladesh’s electricity generation
systems (Khan et al., 2018; Khan, 2018a). Two othaties, in California, USA and Finland
also used a time-varying assessment approachohsidered hourly consumption scenarios
rather than generation (Kopsakangas-Savolaineh, @047; MacCracken, 2006). Roux et al.
(2016) assessed the temporal variability of glowarming potential per kWh for the
electricity system in France. These studies usestip temporal time-blocks; however,
much less attention has been paid to comparing @hki3sions at different time-scales or

using it to contrast GHG emissions at peak ange#k hours.

4.7 Other approaches

A few studies have used other approaches to esti@BG emissions from the electricity
sector. For instance, Santos et al. (2017) usedt @&missions approach, investigating the
difference between post-impoundment and pre-impmamd emissions from the hydro
reservoirs. Structural decomposition analysis (SRNg with aggregate intensity of €O
emissions, which is defined as g€@er unit of gross domestic product (GDP) has hessul

to investigate the relationship between energy ¢sioins) and GDP (Wang et al., 2017; Su
and Ang, 2017). Soimakallio and Saikku (2012) cdesed production-based and
consumption-based GHG emissions intensity in theCDEcountries. It was found that
consumption-based emission intensity accountingase accurate for life cycle assessment
than production-based emission intensity.

A study in Poland used total absolute emissionsdifferent European countries and
conducted cluster analysis based on a k-meansitalgoto identify different clusters of
countries that have similar emissions profiles €kiigka and Bluszcz, 2016). Ji et al. (2016)
proposed a ‘Boundary-III' framework as an altematGHG emissions accounting model,
which considers electricity trading and accountsdiwect and indirect emissions (Ji et al.,
2016). Another estimation framework for GHG emissi@ccounting based on cross-border
electricity trade within Europe has been introduaedZafirakis et al., 2015). A simple
benchmarking approach was used in (Ang et al., P@d1find potential global carbon
emissions cut from the electricity sector. In anieastudy, Foo et al. (2008) presented a

cascade analysis approach to consider energy platimat accounts emissions constraints.
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5. Discussion and futur e scope

Together these studies provide important insight® ithe approaches that have been
developed to date for GHG emissions accounting pdieel to the electricity sector. A
considerable amount of the literature is based fen UCA approach. While LCA is a
comprehensive method, in that it considers all #tages associated with electricity
generation (as shown in Fig. 3) to estimate GHGssimins, it has limitations. Life cycle data
sourcing can be complex and produce uncertain dad,it is also difficult to deal with
variations over time, so results obtained from @A approach need to be supported by
other decision-making tools (Amponsah et al., 20ldpffer, 2014). The same is true for
the IDA approach, as it considers different decosepcsteps of emissions changes.

Absolute emissions assessments are commonly usettional and international GHG
emissions reporting, but this approach seems |#sstige than emission intensity when
emissions are compared over time and compared betived countries with distinct sizes
and economic conditions. A study on absolute venmsiensity approaches to account GHG
emissions was conducted jointly by the Center fmb@ Change Science (CGCS) and the
Center for Energy and Environmental Policy Resed@BEPR) at MIT. Empirical tests
found “...that intensity caps are preferable for a broadnge of emission reduction
commitments. This finding is robust for developooyntries, but is more equivocal for
developed economie@Ning et al., 2006).

Emission intensity can be assessed either as avezagssion intensity (or aggregate
emission intensity) or marginal emission intensiyt these are defined differently and have
different applications. Average emission intensitydefined as the ratio of total emissions
from electricity generation to the total generatfona certain period of time (e.g., annual);
whereas marginal emission intensity is the ratevhich emissions would change as a
consequence of small changes to the electricityathels at the margin. In general, marginal
emission intensity is mostly used for economic gsial associated with GHG emissions
(Carson and Novan, 2013). In contrast, averagesaonis intensity is used for policy-related
decision making such as demand-side management D&kl respect to GHG emissions.
However, it is a single-value quantity, which doest provide any temporal information

about GHG emissions. The same is true for carboisstons pinch analysis, which is a
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relatively complex graphical approach and doespmovide any detailed insight about the

temporal variability of emissions.

On the other hand, time-varying carbon intensitgrapches account for temporal variations
arising from changes in generation at all levads,ifistance, from base load to peak load. A
temporal carbon intensity approach could be arc¥ie tool to assess GHG emissions from
the electricity sector that would deal with botimewable and non-renewable generation as
identified by Gordon and Fung (2009Pue to the divergence between when electricity can
be generated and when it is required, an hourly GetGission analysis is needed to truly
understand the impact that these renewable teclgiedohave on emissidndHowever, far

too little attention has been paid to this approatiparticular, emission variability during the
hours of peak demand, which could potentially infoexploration of emissions reduction

opportunities at peaks.

All the approaches that have been identified is thview are illustrated in Fig. 5. It can be
seen that LCA is the only approach that has bedensively used for GHG emissions
reporting in the published literature, which is ab87% of the publications reviewed. The
next approach was absolute emissions, followedD#y approaches with the percentages of
23% and 13%, respectively. Use of pinch analystsaher approaches were found to be 5%
and 8%, respectively. On the other hand, in tosaltginal and temporal emission assessment
approaches were used in 15% of studies, of whiehrtarginal approach was the maximum
(12%) followed by the temporal approach (3%). Nbtalnarginal emissions deal with
emissions from the electricity generation systerthatmargin; in contrast, the time-varying
emissions approach considers emissions from tlhie g@neration system.

The units of measure in different approaches weherein tonnes of C@e (or kt CQ-e or
mt CQO-e) or in gCQ-e/kWh (or kg CQ@-e/kWh or tCQ-e/MWh). Often both were used; for
instance, in the LCA approach. Conversely, timesavay carbon intensity and marginal
emissions were measured in g&kWh. Most of the approaches have considereGthés
to be CQ, CH;, and NO. However, a few other studies have also takem actount other
gases such as $@nd NO (Gordon and Fung, 2009). These are sumeahirizFig. 6.
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509 Effective and accurate accounting of GHG emissioegeals a number of different
510 opportunities for emissions control measures. Algio LCA, IDA, absolute emissions and
511 marginal emissions approaches are useful, they lav&ain limitations including the
512  accountability of the time-varying nature of emis® intensity, which might be a significant
513  matter for future electricity systems for a numbgreasons, as follows.

514

515 (i) 100% Renewable generation: Globally, electricity generation systems are mgvin
516 towards more renewable options to cope with negativnate change (Blakers et al., 2017).
517 Nevertheless, 100% renewable electricity generasiggstem might not be feasible due to
518 technology limitations for a few more years (Heatdal.,, 2017). Electricity generation
519 systems will thus have to deal with a considerablare of renewable and fossil fuelled
520 generation, which would be challenging due to théerimittent nature of renewable
521  generation (Olkkonen and Syri, 2016; APS, 2010yvds also found that-Ambitious plans
522 of 30-50% renewable generation are, however, aleadising concerns about the
523  challenges of managing grids with a mix of renewaj®#neration, with much higher levels of
524  supply variability and geographically dispersed gatiori’ (Stephenson et al., 2018). Hydro
525 generation, for example, varies from month to mpstiar is diurnal, and wind strength
526  varies from minute to minute. Fossil fuelled getierg in contrast, can be used as baseload
527 generation or to meet peaks in demand, when tiseseshortfall of renewable generations.
528 Hence, the question is how to most effectively meagand mitigate the GHG emissions that
529 have a time-varying nature due to the combinatibrfogsil and non-fossil generation
530 capacity in the generation fleet.

531

532  (ii) Generation fuel optimization: To ensure minimum GHG emissions from the genaratio
533 fleet, including renewable and non-renewable cdjgsciit is essential to identify the
534  optimum generation fuel mix that would ensure mimmn emissions (Khan et al., 2017).

535

536 (iii) Demand-side management: It seems that time-varying carbon intensity assess
537 would be able to identify the carbon-intensive Isodris is important because if these hours
538 coincide with peak demand hours, then demand-sideagement might be an effective
539  option to reduce demand as well as GHG emissianssefjuently, carbon abatement through
540 on-site energy conservation measures and distdbuémewable generations would be

541 achievable through time-variable accounting ofdagon intensity. Furthermore, it would be
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a useful supporting tool to plan future grid expansn relation to GHG emissions reduction
(Khan, 2018a).

(iv) CCS/ICCU technology evaluation: At present, CCS technologies have not been
effectively implemented in electricity generatiopsms as one of the schemes of carbon
abatement options due to the lack of efficient Gét@ssions accounting and MRV rules. In
a recent report, the IEA-GHG R&D programme reportia@t “...there is genuine
uncertainty about whether CCU technologies do dbttuaeliver net GHG emission
reductions, and whether they can be scaled up¢aterdeep cuts in global GHG emissions
over the medium term(IEA-GHG R&D, 2018). The time-varying carbon imi&ty
assessment approach could possibly be an effedirR tool to assess GHG emission cuts
through CCU technology, but this needs further esgilon.

(v) Carbon price: In a recent study, Chen et al. (2018) ascertam#ed of a dynamic time-
varying carbon pricing scheme as$itilar to electricity price, future carbon pricé@&nges
daily or even hourly, while existing literature adly considers it as yearly constant value.
Power generation companies will respond to the dyisacarbon price just like demand
response to the electricity price. Consequentlyadyic carbon pricing mechanism is worth
further researcli (Chen et al., 2018).

In addition, a recent report found that 90% of oarlemissions were not priced at the
minimum level for 41 OECD and G20 countries and efetricity sector was found to be
one source of these emissions (OECD, 2016; MidakdaKallbekken, 2014). Notably, those
carbon pricing schemes were based on absolute iengss herefore, time-varying carbon
price could be an effective option towards GHG amiss cuts through monetary action
(Khan, 2018a). Overall, it seems that temporal @marintensity assessment might be an
effective option towards GHG emissions abatemeatiqularly from electricity generation

system, but this requires further exploration.

Although emissions from electricity transmissiondadistribution were not extensively
covered in this review, it is worthwhile mentionitigat another potential fluorinated GHG,
sulphur hexafluoride (Sl has been underestimated towards GHG emissiormiaitieg in
the electricity sector. It is important to accousls, as this gas is used in electrical
transmission equipment (e.g., circuit breakersk(ighet al., 2017), which has GWP of 23500
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(GHG Protocol, 2018), and the IPCC has also hipidid this gas in emissions accounting
(US EPA, 2018).

6. Conclusion

A review of the electricity sector's GHG emissioascounting approaches has been
conducted in this study. In particular, emissiorsrf electricity generation was considered,
however, emissions from transmission and distrdvutvere also considered, where relevant.
A total of 120 recent articles were found directyated to electricity and GHG emissions. A
range of GHG emissions accounting approaches waatifiéd, including life cycle
assessment, absolute emissions analysis, indexngesttion analysis, marginal emissions
approach, pinch analysis, and the time-varying aarimtensity approach. Much of the
published literature reviewed here paid particidtention to the life cycle assessment
approach, with a 37% share, followed by absolutesgions and index decomposition
analysis with the shares of 23% and 13%, respdygtilzess attention has been paid to time-
varying carbon intensity approach (3%).

Although the life cycle assessment approach wasd psedominantly in the literature in
accounting GHG emissions from the electricity gatien sector, it has limitations, such as
data uncertainty. The same is true for index deasitipn analysis. On the other hand,
absolute emission and pinch analysis seem lesalwgleén comparing emissions of different
entities with different characteristics (e.g., emmic conditions of a country). In addition,
pinch analysis is a complex graphical approach.r@lethese approaches are unable to
account temporal variability of GHG emissions orifeldent scales. Apart from these,
marginal and time-varying approaches are usefuhénounting temporal variability of
emissions. However, the marginal emission appraad accounts emissions at the margin
of the generation system. In contrast, the timeiwar approach is capable of accounting
temporal variability of emissions over differentng scales. Nevertheless, the time-varying
approach is unable to account indirect emissiommsn frenewable sources due to the
unavailability of proper emission factors.

Since renewable integration in the electricity sec becoming significant in order to ensure
a global low-carbon future, time-variability of gaation (from fossil fuels and renewables)
and associated GHG emissions would be a commogHhalienging phenomenon for future
electricity generation systems to deal with. Theref the time-variable carbon intensity

approach in relation to GHG emissions accountinglcconake a potential contribution
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towards the monitoring, reporting, and verificatiprocess. Moreover, this approach would
be able to explore demand-side management oppbesinith respect to GHG emission
reduction scopes at different time scales. Howduether research is essential to explore this
approach in detail.

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

* To optimize the generation fuel mix (i.e. renewadtel non-renewable) to maintain
minimal emissions from electricity generation. ldddion, this would help to plan
future grid expansion by maintaining a low-carboial.g

* To reduce GHG emissions during peak demand tirhesugh different demand
response schemes.

* In assessing the performance of new CCS/CCU teoggwdiowards GHG emission
reductions from the electricity sector.

* In exploring time-varying carbon prices schemegnsure emission reduction from

different entities including electricity generatisystems.
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Highlights

* A review of available GHG emissions accounting methods in electricity systems.
* Explored the limitations and future research scope in GHG emissions accounting.

» Supports policymaking to select proper approach in accounting GHG emissions.
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