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Greenhouse gas emission accounting approaches in electricity 28 

generation systems: a review 29 

 30 

 31 

Abstract 32 

Globally, electricity systems are responsible for two-thirds of total greenhouse gas (GHG) 33 

emissions. This area has become one of the main focuses for a wide range of scientific 34 

communities, and a large number of articles have been published that reported GHG 35 

emissions from the electricity sector using different approaches. Even though some review 36 

articles have been published on particular GHG emissions approaches, such as life cycle 37 

assessment (LCA), studies that investigated overall approaches are much rarer. A scoping 38 

review of these GHG emissions accounting approaches has thus been conducted in this study 39 

to explore their limitations and indicate possible future scope. From the review, it was found 40 

that the majority of the studies considered the LCA approach to investigate GHG emissions 41 

from electricity systems. Although the time-varying carbon intensity approach has potential 42 

features, it has received less attention. Furthermore, this review has highlighted some issues 43 

that need to be addressed by any new or existing approach that would deal with GHG 44 

emissions accounting in the near future. In addition, this review would be helpful for 45 

policymakers and electricity authorities when selecting appropriate approaches in accounting 46 

GHG emissions from the electricity system. 47 

 48 

 49 

Keywords: GHG emission accounting; Methods and approaches; Electricity systems; Carbon 50 

intensity; Emissions and atmosphere. 51 

 52 

 53 

 54 
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1. Introduction 56 

In recent years, focus on greenhouse gas (GHG) emissions reduction has increased 57 

dramatically, involving scientists, academics, policymakers, and industry, and in particular, 58 

the electricity industry, as electricity generation systems are the largest single source of GHG 59 

emissions globally (Bazán et al., 2018; Cellura et al., 2018; Howard et al., 2017; Garcia and 60 

Freire, 2016; Atilgan and Azapagic, 2015). It was also found that compared to many other 61 

sectors, electricity generation systems is the one where decarbonisation can be achieved at an 62 

acceptable pace (Staffell, 2017; Vedachalam et al., 2017; Morvaj et al., 2017). Although the 63 

potential of GHG emissions reduction has been proven to overcome the negative impacts of 64 

climate change, as well as to ensure a sustainable global low-carbon future, the measures that 65 

have been taken for such reduction seem limited in scale (Hu et al., 2018; Foster et al., 2017; 66 

Williams et al., 2012). One reason is the appropriate monitoring, reporting, and verification 67 

(MRV) process, particularly, monitoring and reporting as identified by the  International 68 

Energy Agency Greenhouse Gas Research and Development (IEA-GHG R&D) programme 69 

(IEA-GHG R&D, 2018). Due to diverse GHG emissions accounting methodologies, none of 70 

the present approaches is well suited for GHG emissions accounting (Bruckner et al., 2014). 71 

For example, the IEA-GHG R&D programme has reported that there is uncertainty towards 72 

the deployment of CO2 capture and utilisation (CCU) technology with respect to GHG 73 

emissions reductions due to the lack of appropriate accounting methods and MRV processes 74 

in place, which are necessary to track, calculate, and report the benefits that would be 75 

achieved by deploying CCU technology (IEA-GHG R&D, 2018). Therefore, a review is 76 

indispensable in order to identify the available approaches of GHG emissions accounting in 77 

the electricity generation systems. 78 

 79 

Essentially, a country’s ability to monitor, measure, and review GHG emissions from the 80 

electricity generation sector enables it to engage and act accordingly towards a national as 81 

well as a global low-carbon future, as two-thirds of global GHG emissions is the consequence 82 

of the energy sector’s activities, which includes the electricity generation systems (IEA, 83 

2017). Hence, an informative and robust GHG emissions reporting approach needs to be 84 

developed along with proper methodology (Bruckner et al., 2014). However, despite the 85 

evidence that GHG emissions can vary considerably according to the time of day or season 86 

(Khan et al., 2018), methods of assessing GHG emissions from electricity generation do not 87 

currently account for variance over time. According to the IEA-GHG R&D programme’s 88 

latest report, GHG emissions accounting considers two approaches: ex ante-assessment and 89 
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ex post-assessment (IEA-GHG R&D, 2018). Ex ante-assessment involves the estimation of 90 

the full range of GHG emissions, which includes extraction, manufacture, transport, 91 

construction, and end of life associated with the product or activity. On the other hand, ex 92 

post-assessment, referred to as the MRV method, involves real-time estimation of GHG 93 

emissions over a certain period of time (e.g., annually). The latter approach is used towards 94 

carbon abatement-related policymaking and international reporting. However, due to the use 95 

of inappropriate emission factors, taking into account different activities that cause emissions, 96 

the nature of emissions, and difficulties in defining the boundaries have made emissions 97 

calculation a challenging task.  98 

 99 

Apart from this, approaches used in the scientific studies that considered GHG emissions 100 

from the electricity sector varied significantly, which may result in different findings even 101 

though they might have used the same datasets (Amponsah et al., 2014; Soimakallio et al., 102 

2011). A literature search reveals that there are some studies that reviewed a particular 103 

method of assessments such as life cycle assessment (LCA) for GHG emissions analysis in 104 

electricity systems (Muench, 2015; Turconi et al., 2013; Soimakallio et al., 2011; Lenzen, 105 

2008). Nevertheless, it seems that no previous studies have considered reviewing overall 106 

approaches that are used to assess GHG emissions in the electricity sectors, in particular, 107 

electricity generation. The objective of this paper is thus to review available methods and 108 

methodologies that have been used to assess GHG emissions from the electricity sector and 109 

explore the methodological knowledge gap that may exist in the literature.  110 

 111 

The rest of the paper is organized as follows: section 2 describes the methodology used for 112 

this review. Section 3 discusses international rules of GHG emissions accounting. Section 4 113 

presents available approaches that have been used in the literature to report GHG emissions 114 

from the electricity sector. Section 5 discusses the findings and identifies potential areas that 115 

need to be explored in future research. The final section concludes the paper. 116 

 117 

2. Methodology 118 

This is a scoping review (Grant and Booth, 2009), thus, it has considered a range of published 119 

peer-reviewed journal and conference articles to make a preliminary assessment of the overall 120 

GHG emissions accounting approaches that have been used in the literature to report 121 

electricity generation- related emissions. Consequently it indicates the scope of future 122 
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research. A standard six step scoping review methodology (Peterson et al., 2017) was 123 

followed, illustrated in Fig. 1.  124 

Identifying the research 

question/topic

Identifying the 

relevant studies
(N=155)

Study selection
(N=120)

Charting the data/

Analysis

Collating, 

summarizing, and 

reporting

Consultation/Discussion

GHG Emissions Accounting Approaches

Not Directly Related, Removed=35

GHG Emissions from Electricity Systems

Approaches Identified

Advantages, Limitations and Future Scope for Identified Approaches

 125 

Fig. 1. Methodology used for this scoping review. 126 
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 127 

The review process began by exploring the topic in the scientific literature through 128 

sciencedirect.com, using relevant keywords. The keywords used for the search were: 129 

greenhouse gas emissions and electricity; greenhouse gas and electricity; GHG and 130 

electricity; emissions and electricity; greenhouse gas, electricity; GHG methods and 131 

electricity; carbon intensity and electricity. 132 

 133 

While searching, the word ‘electricity’ was kept constant as the review is focused on GHG 134 

emissions from the electricity sector only. The search resulted in 155 studies; during the 135 

selection step, it was found that 35 studies were not directly associated with the electricity 136 

generation, and were removed from the analysis, leaving a total of 120 studies that were 137 

considered for this review. After completion of the review process, findings are presented and 138 

discussed. 139 

 140 

3. GHG emissions accounting 141 

There are two types of emissions in the electricity sector: direct and indirect emissions. 142 

According to the GHG Protocol1, “the emissions from the sources that are owned or 143 

controlled by the reporting entity” are known as direct emissions, while “emissions that are a 144 

consequence of the activities of the reporting entity, but occur at sources owned or controlled 145 

by another entity” are indirect emissions. These direct and indirect emissions are further 146 

categorized as scope-1, scope-2, and scope-3. Direct GHG emissions, electricity indirect 147 

GHG emissions, and other indirect GHG emissions are associated with scope-1, scope-2, and 148 

scope-3, respectively2. 149 

 150 

                                                           
1,2 https://ghgprotocol.org/ 
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 151 

Fig. 2. Overall electricity system and GHG emissions accounting scopes. Dotted lines 152 

indicate no transportation. 153 

 154 

Electricity systems include both scope-1 and scope-2 emissions, as shown in Fig. 2. 155 

Exploration and mining of any new fossil fuel or uranium, building geothermal or hydro 156 

plants are within scope-1, direct emissions. Manufacturing of generation technologies such as 157 

solar PV and wind turbines is also within scope-1 emissions, as is transportation that is 158 

involved either to carry fuel to the plant or import it from other countries. Part of the 159 

electricity generation process (i.e., fuel combustion) is within scope-1 and the remainder of 160 

the processes which include generation, transmission, distribution, and consumption are 161 

within scope-2 emissions.  162 

Although there are a number of GHGs that are emitted from the electricity generation 163 

process, in general, carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) are 164 

regarded as the major GHGs (Bauer et al., 2018; Kumar and Sharma, 2017; IPCC, 2014). To 165 

consider all these three GHGs together, carbon dioxide equivalent (CO2-e) is used as the unit 166 

of overall emissions, which is usually obtained by multiplying the actual amount of 167 

individual emitted gas with the global warming potentials (GWP, 100-year)3 of 1, 28, and 168 

                                                           
3 GWP provides a relative measure of the heat that can be trapped in the atmosphere due to a GHG. 
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265 for CO2, CH4, and N2O, respectively, and finally, adding them together (IEA, 2017; 169 

IPCC, 2014).  170 

 171 

4. Electricity associated emissions accounting approaches 172 

4.1 Absolute emissions approach 173 

Absolute emissions refer to quantification of the total amount of GHGs that has been emitted 174 

(in tonnes of CO2-e) to the atmosphere over a certain period (e.g. annually) through activities 175 

such as electricity generation. Most governments and environmental organizations, as well as 176 

international bodies such as the International Energy Agency (IEA) and Intergovernmental 177 

Panel on Climate Change (IPCC) use absolute emissions for national GHG inventories, 178 

policymaking and regulatory efforts in relation to GHG emissions reduction (IEA, 2018; 179 

IPCC, 2018). Absolute emissions from electricity generation can be calculated using Eq. (1) 180 

(IEA, 2017). 181 

 182 

���	�������	� =
��
∗��
∗��

ɳ
    (1) 183 

 184 

Where: 185 

GHG Emissions:  Total emissions from electricity generation (in kg CO2-e). 186 

CIF: Carbon intensity of the fossil fuel mix (kgCO2-e/kWh). 187 

SEF: Share of electricity generated from fossil fuels. 188 

TE: Total generated electricity from the system (in kWh). 189 

ɳ : Fossil fuelled power plant efficiencies. 190 

 191 

In the academic literature, a number of previous studies have reported GHG emissions from 192 

electricity generation using an absolute emissions approach (Kachoee et al., 2018; Castrejón 193 

et al., 2018; Squalli, 2017; Niet et al., 2017; Kusumadewi et al., 2017; Staffell, 2017; 194 

Vedachalam et al., 2017; Ozcan, 2016). This has often been used to evaluate emission 195 

reduction potential. Kachoee et al. (2018) found that adoption of renewable generation in the 196 

Iranian electricity systems could reduce GHG emissions by 294.6 million tonnes. A study in 197 

the USA investigated CH4 emissions from the electricity system and found that only 0.26% 198 

CH4 could be reduced by increasing the renewable share to 10% in the electricity system 199 

(Squalli, 2017). The dramatic increase in the renewable share along with some other factors 200 
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in the British electricity sector resulted in a 46% reduction in absolute emissions for the 201 

period 2013 to 2016 (Staffell, 2017).  202 

Absolute emissions approaches have also been used in studies on the potential for carbon 203 

capture and storage (CCS) technologies to reduce GHG emissions (Castrejón et al., 2018; 204 

Hanson and Schmalzer, 2013; Hammond et al., 2011). In Mexico, Castrejon et al. (2018) 205 

considered carbon abatement options through different scenarios in the energy sector and 206 

found that deployment of CCS technologies could potentially reduce GHG emissions in the 207 

electricity sector. Ding et al., (2017), Ozcan (2016) and Taseska et al., (2011) estimated GHG 208 

emissions from the electricity sector using this approach for China, Turkey and Macedonia. 209 

India’s future grid expansion plan and future CO2 emission scenarios have also been assessed 210 

using absolute emissions (Shearer et al., 2017). Other studies also used the absolute emissions 211 

method in the electricity sectors in a variety of different contexts (Pleßmann and Blechinger, 212 

2017; Grande-Acosta and Islas-Samperio, 2017; Usubiaga et al., 2017; Khondaker et al., 213 

2016; Guemene Dountio et al., 2016; Cho et al., 2016; Clancy et al., 2015).  214 

In summary, the absolute emissions assessment approach has been used in many studies to 215 

track emissions changes, compare scenarios and assess GHG emissions abatement options.  216 

 217 

4.2 Life cycle assessment approach 218 

A large and growing body of literature has investigated GHG emissions from electricity 219 

generation systems using life cycle assessment (LCA) (Q. Song et al., 2018; Chen et al., 220 

2017; Rajaeifar et al., 2017; Li et al., 2017; Walker et al., 2017; Xu et al., 2016; Su and 221 

Zhang, 2016; Thornley et al., 2015; Muench, 2015; Hardisty et al., 2012; Martínez et al., 222 

2012; El Hanandeh and El Zein, 2011). LCA is an environmental assessment method that 223 

includes all the environmental impacts associated with the product’s entire life, that is, raw 224 

material extraction to waste materials deposition after its life expiration as shown in Fig. 3 225 

(Bauer et al., 2018). The LCA method considers either absolute emissions [as per Eq. (1)] or 226 

average emission intensity, or often both. When applied to electricity generation systems, 227 

emission intensity (in gCO2-e/kWh) is defined as the amount of emissions per unit of 228 

electricity generation over a fixed period of time (e.g., annually) (IEA, 2017). This is shown 229 

in Eq. (2). 230 

 231 

 232 

 233 
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     (2) 234 

 235 

 236 

Fig. 3. Life cycle assessment method for electricity system. 237 

 238 

In the electricity sector, LCA has often been used to compare different generation 239 

technologies and their associated GHG emissions. For example, in some early studies, Hondo 240 

(2005) and Weisser (2007) evaluated GHG emissions from different generation technologies, 241 

which included fossil fuel, nuclear, and renewable generations. In particular, Hondo (2005) 242 

assessed GHG emissions from nuclear, wind, and solar photovoltaic technologies and 243 

compared these with different fossil fuelled technologies. In line with Hondo (2005), Weisser 244 

(2007) conducted similar GHG emission assessment through LCA for different generation 245 

technologies along with carbon capture and storage and energy storage systems. Sovacool 246 

(2008) assessed GHG emissions from nuclear power plants. On the other hand, emissions 247 

from hydro and wind power generation were investigated and compared with other renewable 248 

and non-renewable generation technologies by Raadal et al., (2011). Two recent studies 249 

accounted electricity generation and related GHG emissions from municipal solid waste 250 

(MSW) in Macau, China and Iran (Q. Song et al., 2018; Rajaeifar et al., 2017). Li et al., 251 

(2016) and Ding et al., (2013) used the LCA approach to consider the contribution of 252 
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synthetic natural gas (SNG) as a source of electricity generation towards possible carbon cuts 253 

in China. 254 

The LCA has also been used to investigate emissions in renewable generation systems. For 255 

instance, potential solar PV deployment and associated GHG emissions reduction 256 

opportunities have been assessed in Peru (Bazán et al., 2018). Life cycle GHG emissions 257 

from on and off-shore wind turbines were estimated in Denmark (Sacchi et al., 2019). 258 

Briones Hidrovo et al., (2017) investigated the GHG emissions from two types of hydro 259 

reservoir, namely dam and run-of-river, and found that the latter is better with respect to 260 

GHG emissions if a full life cycle is accounted for. However, the results might vary due to 261 

various uncertainties associated with the reservoirs (Kumar et al., 2016). A recent study has 262 

investigated GHG emissions from 12 hydropower reservoirs in China and found that these 263 

systems emit more GHGs than the global estimated emissions for hydroelectricity generation 264 

(Kumar et al., 2019). Similar studies were also conducted for hydro power systems in India 265 

and the USA (Kumar et al., 2018; Song et al., 2018; Kumar and Sharma, 2016a; Kumar and 266 

Sharma, 2016b). 267 

Other studies have used the LCA method in different contexts, including assessing emissions 268 

from electricity consumption (To and Lee, 2017), GHG emissions as a function of site 269 

condition (Reimers et al., 2014), emissions reduction through CCS technologies (Schreiber et 270 

al., 2012), and assessment of GHG emissions from electricity trading (Amor et al., 2011).  271 

In view of all the studies mentioned so far, it is evident that the LCA approach has been 272 

widely used in the literature to report GHG emissions in a number of applications to 273 

electricity systems. Differing from these, some studies used well-to-wheel, well-to-wire, and 274 

well-to-meter methodologies in conjunction with LCA approach to assess GHG emissions 275 

(Moro and Lonza, 2017; Woo et al., 2017; Raj et al., 2016; Ou et al., 2011). 276 

  277 

In terms of review studies, most of the studies focused on a particular generation technology 278 

or area, and then compared variations in GHG emissions using LCA as the method of 279 

assessment. These included electricity and heat generation from renewable energy 280 

technologies (Amponsah et al., 2014), electricity generation from renewable and fossil fuel 281 

technologies (Turconi et al., 2013), emissions from coal-fired electricity generation 282 

(Whitaker et al., 2012), emissions due to grid electricity consumption (Soimakallio et al., 283 

2011), and emissions associated with nuclear power plants (Sovacool, 2008). 284 

 285 

4.3 Marginal emissions approach 286 
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Marginal emissions refer to the GHG emissions that occur in electricity generation systems as 287 

a result of an additional unit of generation.  For example, gas-fired power plants are often 288 

used to supply peaks in demand, and the amounts of GHGs that would be emitted due to an 289 

extra unit of generation is referred to as marginal emissions. Marginal emissions assessment 290 

explores the relationship between changes in system demand and associated GHG emissions, 291 

and this is measured by marginal carbon intensity (generally in kgCO2-e/kWh). Marginal 292 

emissions accounting can be considered on an annual, seasonal, monthly or even hourly basis 293 

(Farhat and Ugursal, 2010; Gordon and Fung, 2009; Hitchin and Pout, 2002). Marginal 294 

carbon intensity can be defined (Rudkevich, 2009) as- 295 

 296 

+,�(�) =
∆��(')

∆0(')
       (3) 297 

 298 

Where: 299 

MCI: Marginal carbon intensity at time t. 300 

∆,�(�): Change in carbon intensity at time t. 301 

∆1(�): Change in the electricity demand at time t. 302 

 303 

Numerous studies have investigated GHG emissions from electricity generation systems 304 

using a marginal emissions assessment method (Thomson et al., 2017; Howard et al., 2017; 305 

Thomson et al., 2017; McKenna et al., 2016; Olkkonen and Syri, 2016; Zhou et al., 2015; 306 

Graff Zivin et al., 2014; Kim and Rahimi, 2014; Hawkes, 2014; Hawkes, 2010; Ruiz and 307 

Rudkevich, 2010). A number of studies have used the marginal emissions assessment 308 

approach to assess future GHG emissions scenarios from the electricity sector. Howard et al. 309 

(2017), for instance, assessed future GHG emissions reduction potential for New York City 310 

for different generation scenarios; Kim and Rahimi (2014) found that an increase in plug-in 311 

electric vehicles in the city of Los Angeles due to current ‘time-of-use’ pricing would result 312 

in greater GHG emissions (average marginal emissions) than current levels; a similar result 313 

was also obtained for California (McCarthy and Yang, 2010). Thomas (2012), in contrast, 314 

estimated the change in GHG emissions due to increases in the number of electric vehicles 315 

(EV) in the USA and found that battery EV will produce more GHG emissions than gasoline 316 

hybrid EV. In a similar fashion, in Portugal, the EV uptake and associated GHG emissions in 317 

the near future was estimated by Garcia and Freire (2016) and found similar results to the 318 

USA, that is, an increase of GHG emissions. Apart from these, Carson and Novan (2013) 319 
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estimated the peak and off-peak time marginal GHG emissions rate for the electricity sector 320 

from an economic point of view in Texas, USA.  321 

 322 

In the UK electricity system, Thomson et al. (2017) investigated marginal emissions change 323 

due to changes in the total wind power in relation to the change in total system load, and 324 

found that increasing wind power was an effective option for GHG emissions reduction from 325 

the electricity sector. Structural change in the power systems and associated impacts on 326 

emissions was explored through long-run marginal emissions factor by Hawkes (2014). In an 327 

earlier work, Hawkes (2010) used this marginal emissions factor to estimate marginal 328 

emissions from UK electricity systems.  329 

Collectively, these studies outline the critical role of marginal emissions approach in 330 

assessing emissions in the electricity sector all over the world. However, emissions taken into 331 

account are at the margins, which is the result of generation changes in the electricity system 332 

at the margins due to increases or decreases in electricity demand at a particular time. On the 333 

other hand, comparing marginal and average emissions factors revealed that the average 334 

emission factor misestimates the emissions that can be avoided from an intervention (Siler-335 

Evans et al., 2012).  336 

 337 

4.4 Index decomposition analysis approach 338 

Divisia decomposition of CO2 intensity (Shrestha and Timilsina, 1996) or  index 339 

decomposition analysis (IDA) is another GHG emissions analysis approach used in the 340 

electricity sector (Xu and Ang, 2013; Ang et al., 2009). In this approach, change in carbon 341 

intensity in the electricity sector is decomposed into three components, namely fuel intensity 342 

effect, generation mix effect, and fuel quality effect, as shown in Eq. (4) (Shrestha and 343 

Timilsina, 1996). Logarithmic mean divisia (LMDI) is another form of IDA proposed by Ang 344 

(2004).  345 

Detail mathematical calculation for IDA (i.e. divisia decomposition) can be found in 346 

(Shrestha and Timilsina, 1996). In general, IDA can be represented mathematically as- 347 

 348 

∆,� = ∆2� + ∆� + ∆24       (4) 349 

 350 

Where: 351 

∆,�: Change in carbon intensity (in kgCO2/kWh). 352 
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∆2�: Change in fuel intensities. 353 

∆�: Change in generation mix. 354 

∆24: Change in fuel qualities. 355 

 356 

Several studies have used the IDA approach to compare GHG emissions from the electricity 357 

sector. For example Ang and Su (2016) estimated the change in aggregated carbon intensity 358 

(the level of carbon dioxide emissions for each unit of electricity produced) in the electricity 359 

production sector for 124 countries (Ang and Su, 2016). IDA was also used to investigate the 360 

drivers of aggregate carbon intensity  in ten ASEAN (Association of Southeast Asian 361 

Nations) member countries (Ang and Goh, 2016). Many other studies also used this approach 362 

to investigate electricity sector emissions (Peng and Tao, 2018; Liu et al., 2017; Meng et al., 363 

2017; Karmellos et al., 2016; Yan et al., 2016; Yang and Lin, 2016; Zhou et al., 2014; Zhang 364 

et al., 2013; Steenhof and Weber, 2011; Shrestha et al., 2009; Steenhof, 2007).  365 

 366 

4.5 Pinch analysis approach 367 

Pinch analysis has been used to support emissions reduction targeting and planning at a 368 

macro-level. Pinch analysis is an extended version of thermal and mass analysis, and a 369 

graphical approach (Tan and Foo, 2007). Although the analysis is graphical, it accounts 370 

absolute emissions of GHGs. Pinch analysis involves an interplay between electricity 371 

demand, supply and GHG emissions limit. This process is illustrated in Fig. 4 (Rokni, 2016). 372 

Based on related data availability such as the emission factor, electricity demand, supply, and 373 

emission limit this process involves two steps: (i) plotting of electricity cumulative curve 374 

(i.e., demand and supply curves) against cumulative GHG emissions; (ii) identification of 375 

carbon pinch point by adjusting the curves in relation to the emission limit that needs to be 376 

met (Jia et al., 2010). 377 

 378 
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 379 

 380 

Fig. 4. Pinch analysis approach for electricity systems’ emission accounting. 381 

 382 

Previous studies have used pinch analysis to assess GHG emissions from the electricity sector 383 

(Walmsley et al., 2018; Atkins et al., 2010; Jia et al., 2010; Tan et al., 2009; Crilly and 384 

Zhelev, 2008; Tan and Foo, 2007). For instance, this approach has been applied to the New 385 

Zealand (Atkins et al., 2010) and Irish (Crilly and Zhelev, 2008) electricity sectors to identify 386 

possible GHG emissions reduction opportunities. The potential of CCS technology 387 

deployment in the electricity sector and associated GHG emissions abatement options were 388 

analysed through pinch analysis for the Philippine’s electricity systems (Tan et al., 2009).  In 389 

a recent study this approach has been used to assess the emissions and plan future electricity 390 

generation systems in the United Arab Emirates (Lim et al., 2018).  391 

 392 

4.6 Time-varying carbon intensity approach 393 

A time-varying carbon intensity approach considers temporal variations in GHG emissions 394 

[in gCO2-e/kWh (t)] from electricity generation systems as a result of changes in the 395 

generation fuel mix. In any system involving a mix of renewable and fossil fuel generation, 396 

GHG emissions will vary significantly over time, and investigations at different time-scales 397 

(e.g. half-hourly, hourly, daily, weekly, monthly, seasonal, annual) can provide a detailed 398 

understanding of this variability. So far this assessment approach has been applied in just a 399 

few studies in different contexts (Khan et al., 2018; Khan, 2018a; Khan, 2018b; 400 

Kopsakangas-Savolainen et al., 2017; Roux et al., 2016; Gordon and Fung, 2009; 401 

MacCracken, 2006). Gordon and Fung (2009) applied this approach to the electricity systems 402 

of Ontario, Canada to explore potential options towards GHG emissions abatement through 403 

renewable generation. The study considered an hourly interval as the minimum to report 404 
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GHG emissions. In two very recent studies, a similar approach was also employed to identify 405 

emissions reduction opportunities for New Zealand’s and Bangladesh’s electricity generation 406 

systems (Khan et al., 2018; Khan, 2018a). Two other studies, in California, USA and Finland 407 

also used a time-varying assessment approach, but considered hourly consumption scenarios 408 

rather than generation (Kopsakangas-Savolainen et al., 2017; MacCracken, 2006). Roux et al. 409 

(2016) assessed the temporal variability of global warming potential per kWh for the 410 

electricity system in France. These studies used specific temporal time-blocks; however, 411 

much less attention has been paid to comparing GHG emissions at different time-scales or 412 

using it to contrast GHG emissions at peak and off-peak hours. 413 

 414 

 415 

 416 

4.7 Other approaches 417 

A few studies have used other approaches to estimate GHG emissions from the electricity 418 

sector. For instance, Santos et al. (2017) used a net emissions approach, investigating the 419 

difference between post-impoundment and pre-impoundment emissions from the hydro 420 

reservoirs. Structural decomposition analysis (SDA) along with aggregate intensity of CO2 421 

emissions, which is defined as CO2 per unit of gross domestic product (GDP) has been used 422 

to investigate the relationship between energy (emissions) and GDP (Wang et al., 2017; Su 423 

and Ang, 2017). Soimakallio and Saikku (2012) considered production-based and 424 

consumption-based GHG emissions intensity in the OECD countries. It was found that 425 

consumption-based emission intensity accounting is more accurate for life cycle assessment 426 

than production-based emission intensity. 427 

A study in Poland used total absolute emissions of different European countries and 428 

conducted cluster analysis based on a k-means algorithm to identify different clusters of 429 

countries that have similar emissions profiles (Kijewska and Bluszcz, 2016). Ji et al. (2016) 430 

proposed a ‘Boundary-III’ framework as an alternative GHG emissions accounting model, 431 

which considers electricity trading and accounts for direct and indirect emissions (Ji et al., 432 

2016). Another estimation framework for GHG emissions accounting based on cross-border 433 

electricity trade within Europe has been introduced in (Zafirakis et al., 2015).  A simple 434 

benchmarking approach was used in (Ang et al., 2011) to find potential global carbon 435 

emissions cut from the electricity sector. In an earlier study, Foo et al. (2008) presented a 436 

cascade analysis approach to consider energy planning that accounts emissions constraints. 437 

 438 
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5. Discussion and future scope 439 

Together these studies provide important insights into the approaches that have been 440 

developed to date for GHG emissions accounting as applied to the electricity sector. A 441 

considerable amount of the literature is based on the LCA approach. While LCA is a 442 

comprehensive method, in that it considers all the stages associated with electricity 443 

generation (as shown in Fig. 3) to estimate GHG emissions, it has limitations. Life cycle data 444 

sourcing can be complex and produce uncertain data, and it is also difficult to deal with 445 

variations over time, so results obtained from the LCA approach need to be supported by 446 

other decision-making tools (Amponsah et al., 2014; Klöpffer, 2014).  The same is true for 447 

the IDA approach, as it considers different decomposed steps of emissions changes.  448 

 449 

 450 

Absolute emissions assessments are commonly used in national and international GHG 451 

emissions reporting, but this approach seems less effective than emission intensity when 452 

emissions are compared over time and compared between two countries with distinct sizes 453 

and economic conditions. A study on absolute versus intensity approaches to account GHG 454 

emissions was conducted jointly by the Center for Global Change Science (CGCS) and the 455 

Center for Energy and Environmental Policy Research (CEEPR) at MIT.  Empirical tests 456 

found “...that intensity caps are preferable for a broad range of emission reduction 457 

commitments. This finding is robust for developing countries, but is more equivocal for 458 

developed economies” (Wing et al., 2006).  459 

Emission intensity can be assessed either as average emission intensity (or aggregate 460 

emission intensity) or marginal emission intensity, but these are defined differently and have 461 

different applications. Average emission intensity is defined as the ratio of total emissions 462 

from electricity generation to the total generation for a certain period of time (e.g., annual); 463 

whereas marginal emission intensity is the rate at which emissions would change as a 464 

consequence of small changes to the electricity demands at the margin. In general, marginal 465 

emission intensity is mostly used for economic analysis associated with GHG emissions 466 

(Carson and Novan, 2013). In contrast, average emissions intensity is used for policy-related 467 

decision making such as demand-side management (DSM) with respect to GHG emissions. 468 

However, it is a single-value quantity, which does not provide any temporal information 469 

about GHG emissions. The same is true for carbon emissions pinch analysis, which is a 470 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Page 18 of 34 

 

relatively complex graphical approach and does not provide any detailed insight about the 471 

temporal variability of emissions. 472 

 473 

On the other hand, time-varying carbon intensity approaches account for temporal variations 474 

arising from changes in generation at all levels, for instance, from base load to peak load. A 475 

temporal carbon intensity approach could be an effective tool to assess GHG emissions from 476 

the electricity sector that would deal with both renewable and non-renewable generation as 477 

identified by Gordon and Fung (2009): “Due to the divergence between when electricity can 478 

be generated and when it is required, an hourly GHG emission analysis is needed to truly 479 

understand the impact that these renewable technologies have on emissions”. However, far 480 

too little attention has been paid to this approach, in particular, emission variability during the 481 

hours of peak demand, which could potentially inform exploration of emissions reduction 482 

opportunities at peaks.  483 

 484 

All the approaches that have been identified in this review are illustrated in Fig. 5. It can be 485 

seen that LCA is the only approach that has been extensively used for GHG emissions 486 

reporting in the published literature, which is about 37% of the publications reviewed. The 487 

next approach was absolute emissions, followed by IDA approaches with the percentages of 488 

23% and 13%, respectively. Use of pinch analysis and other approaches were found to be 5% 489 

and 8%, respectively. On the other hand, in total, marginal and temporal emission assessment 490 

approaches were used in 15% of studies, of which the marginal approach was the maximum 491 

(12%) followed by the temporal approach (3%). Notably, marginal emissions deal with 492 

emissions from the electricity generation system at the margin; in contrast, the time-varying 493 

emissions approach considers emissions from the entire generation system. 494 

 495 

The units of measure in different approaches were either in tonnes of CO2-e (or kt CO2-e or 496 

mt CO2-e) or in gCO2-e/kWh (or kg CO2-e/kWh or tCO2-e/MWh). Often both were used; for 497 

instance, in the LCA approach. Conversely, time-varying carbon intensity and marginal 498 

emissions were measured in gCO2-e/kWh. Most of the approaches have considered the GHGs 499 

to be CO2, CH4, and N2O. However, a few other studies have also taken into account other 500 

gases such as SO2 and NO (Gordon and Fung, 2009). These are summarized in Fig. 6. 501 

  502 
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 503 

Fig. 5. Approaches used in assessing GHG emissions in the electricity sector. 504 

 505 

Fig. 6. GHGs, units of measure, and approaches found in the literature (Source: references 506 

mentioned in section 4). 507 

 508 
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Effective and accurate accounting of GHG emissions reveals a number of different 509 

opportunities for emissions control measures. Although LCA, IDA, absolute emissions and 510 

marginal emissions approaches are useful, they have certain limitations including the 511 

accountability of the time-varying nature of emissions intensity, which might be a significant 512 

matter for future electricity systems for a number of reasons, as follows. 513 

 514 

(i) 100% Renewable generation: Globally, electricity generation systems are moving 515 

towards more renewable options to cope with negative climate change (Blakers et al., 2017). 516 

Nevertheless, 100% renewable electricity generation system might not be feasible due to 517 

technology limitations for a few more years (Heard et al., 2017). Electricity generation 518 

systems will thus have to deal with a considerable share of renewable and fossil fuelled 519 

generation, which would be challenging due to the intermittent nature of renewable 520 

generation (Olkkonen and Syri, 2016; APS, 2010). It was also found that- “Ambitious plans 521 

of 30–50% renewable generation are, however, already raising concerns about the 522 

challenges of managing grids with a mix of renewable generation, with much higher levels of 523 

supply variability and geographically dispersed generation” (Stephenson et al., 2018). Hydro 524 

generation, for example, varies from month to month; solar is diurnal, and wind strength 525 

varies from minute to minute. Fossil fuelled generation, in contrast, can be used as baseload 526 

generation or to meet peaks in demand, when there is a shortfall of renewable generations. 527 

Hence, the question is how to most effectively measure and mitigate the GHG emissions that 528 

have a time-varying nature due to the combination of fossil and non-fossil generation 529 

capacity in the generation fleet. 530 

 531 

(ii) Generation fuel optimization: To ensure minimum GHG emissions from the generation 532 

fleet, including renewable and non-renewable capacities, it is essential to identify the 533 

optimum generation fuel mix that would  ensure minimum emissions (Khan et al., 2017). 534 

 535 

(iii) Demand-side management: It seems that time-varying carbon intensity assessment 536 

would be able to identify the carbon-intensive hours. This is important because if these hours 537 

coincide with peak demand hours, then demand-side management might be an effective 538 

option to reduce demand as well as GHG emissions. Subsequently, carbon abatement through 539 

on-site energy conservation measures and distributed renewable generations would be 540 

achievable through time-variable accounting of the carbon intensity. Furthermore, it would be 541 
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a useful supporting tool to plan future grid expansion in relation to GHG emissions reduction 542 

(Khan, 2018a). 543 

 544 

(iv) CCS/CCU technology evaluation: At present, CCS technologies have not been 545 

effectively implemented in electricity generation systems as one of the schemes of carbon 546 

abatement options due to the lack of efficient GHG emissions accounting and MRV rules. In 547 

a recent report, the IEA-GHG R&D programme reported that “….there is genuine 548 

uncertainty about whether CCU technologies do actually deliver net GHG emission 549 

reductions, and whether they can be scaled up to create deep cuts in global GHG emissions 550 

over the medium term” (IEA-GHG R&D, 2018). The time-varying carbon intensity 551 

assessment approach could possibly be an effective MRV tool to assess GHG emission cuts 552 

through CCU technology, but this needs further exploration. 553 

 554 

(v) Carbon price: In a recent study, Chen et al. (2018) ascertain the need of a dynamic time-555 

varying carbon pricing scheme as- “Similar to electricity price, future carbon price changes 556 

daily or even hourly, while existing literature usually considers it as yearly constant value. 557 

Power generation companies will respond to the dynamic carbon price just like demand 558 

response to the electricity price. Consequently, dynamic carbon pricing mechanism is worth 559 

further research.” (Chen et al., 2018). 560 

In addition, a recent report found that 90% of carbon emissions were not priced at the 561 

minimum level for 41 OECD and G20 countries and the electricity sector was found to be 562 

one source of these emissions (OECD, 2016; Mideksa and Kallbekken, 2014). Notably, those 563 

carbon pricing schemes were based on absolute emissions. Therefore, time-varying carbon 564 

price could be an effective option towards GHG emissions cuts through monetary action 565 

(Khan, 2018a). Overall, it seems that temporal carbon intensity assessment might be an 566 

effective option towards GHG emissions abatement, particularly from electricity generation 567 

system, but this requires further exploration.  568 

 569 

Although emissions from electricity transmission and distribution were not extensively 570 

covered in this review, it is worthwhile mentioning that another potential fluorinated GHG, 571 

sulphur hexafluoride (SF6) has been underestimated towards GHG emissions accounting in 572 

the electricity sector. It is important to account SF6, as this gas is used in electrical 573 

transmission equipment (e.g., circuit breakers) (Zhang et al., 2017), which has GWP of 23500 574 
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(GHG Protocol, 2018), and the IPCC has also highlighted this gas in emissions accounting 575 

(US EPA, 2018). 576 

 577 

6. Conclusion 578 

A review of the electricity sector’s GHG emissions accounting approaches has been 579 

conducted in this study. In particular, emissions from electricity generation was considered, 580 

however, emissions from transmission and distribution were also considered, where relevant.  581 

A total of 120 recent articles were found directly related to electricity and GHG emissions. A 582 

range of GHG emissions accounting approaches was identified, including life cycle 583 

assessment, absolute emissions analysis, index decomposition analysis, marginal emissions 584 

approach, pinch analysis, and the time-varying carbon intensity approach. Much of the 585 

published literature reviewed here paid particular attention to the life cycle assessment 586 

approach, with a 37% share, followed by absolute emissions and index decomposition 587 

analysis with the shares of 23% and 13%, respectively. Less attention has been paid to time-588 

varying carbon intensity approach (3%).  589 

Although the life cycle assessment approach was used predominantly in the literature in 590 

accounting GHG emissions from the electricity generation sector, it has limitations, such as 591 

data uncertainty. The same is true for index decomposition analysis. On the other hand, 592 

absolute emission and pinch analysis seem less useful when comparing emissions of different 593 

entities with different characteristics (e.g., economic conditions of a country). In addition, 594 

pinch analysis is a complex graphical approach. Overall, these approaches are unable to 595 

account temporal variability of GHG emissions on different scales. Apart from these, 596 

marginal and time-varying approaches are useful in accounting temporal variability of 597 

emissions. However, the marginal emission approach only accounts emissions at the margin 598 

of the generation system. In contrast, the time-varying approach is capable of accounting 599 

temporal variability of emissions over different time scales. Nevertheless, the time-varying 600 

approach is unable to account indirect emissions from renewable sources due to the 601 

unavailability of proper emission factors. 602 

Since renewable integration in the electricity sector is becoming significant in order to ensure 603 

a global low-carbon future, time-variability of generation (from fossil fuels and renewables) 604 

and associated GHG emissions would be a common but challenging phenomenon for future 605 

electricity generation systems to deal with. Therefore, the time-variable carbon intensity 606 

approach in relation to GHG emissions accounting could make a potential contribution 607 
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towards the monitoring, reporting, and verification process. Moreover, this approach would 608 

be able to explore demand-side management opportunities with respect to GHG emission 609 

reduction scopes at different time scales. However, further research is essential to explore this 610 

approach in detail. 611 

  612 

In the light of this review, future research could explore the options of using time-varying 613 

carbon intensity analysis approach: 614 

• To optimize the generation fuel mix (i.e. renewable and non-renewable) to maintain 615 

minimal emissions from electricity generation. In addition, this would help to plan 616 

future grid expansion by maintaining a low-carbon grid. 617 

•  To reduce GHG emissions during peak demand times through different demand 618 

response schemes.  619 

• In assessing the performance of new CCS/CCU technology towards GHG emission 620 

reductions from the electricity sector. 621 

• In exploring time-varying carbon prices schemes to ensure emission reduction from 622 

different entities including electricity generation systems. 623 

 624 

  625 
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