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Public introduction
M4ShaleGas stands for Measuring, monitoring, mitigating and managing the environmental impact of
shale gasand is funded by the European Union’s Horizon 2020 Research and Innovation Programme.
The main goal of the M4ShaleGas project is to study and evaluate potential risks and impacts of shale
gas exploration and exploitation.The focus lies on four main areas of potential impact: the subsurface,
the surface, the atmosphere, and social impacts.
The European Commission's Energy Roadmap 2050 identifies gas as a critical fuel for the
transformation of the energy system in the direction of lower CO2 emissions and more renewable
energy. Shale gas may contribute to this transformation.
Shale gas is – by definition – a natural gas found trapped in shale, a fine grained sedimentary rock
composed of mud. There are several concerns related to shale gas exploration and production, many of
them being associated with hydraulic fracturing operations that are performed to stimulate gas flow in
the shales. Potential risks and concerns include for example the fate of chemical compounds in the used
hydraulic fracturing and drilling fluids and theirpotential impact onshallow ground water. The fracturing
process may also induce small magnitude earthquakes. There is also an ongoing debate on greenhouse
gas emissions of shale gas (CO2 and methane) and its energy efficiency compared to other energy
sources
There is a strong need fora better European knowledge base on shale gas operationsand their
environmental impacts particularly, if shale gas shall play a role in Europe’s energy mix in the coming
decennia. M4ShaleGas’ main goal is to build such a knowledge base, including an inventory of best
practices that minimise risks and impacts of shale gas exploration and production in Europe, as well as
best practices for public engagement.
The M4ShaleGas project is carried out by 18 European research institutions and is coordinated by TNONetherlands Organization for Applied Scientific Research.

Executive Report Summary
This report represents the conclusion of a series of reports on climate impacts of shale gas. A previously
developed tool is used to assess the cumulative carbon footprint of using shale gas instead of other fossil
fuels in the European fossil electricity mix. The carbon footprint is defined as the sum of CO2 and CH4
over the life cycle of a fuel from extraction to electricity generation. For this summation kilograms of
methane are translated to CO2-equivalents using Global Warming Potentials (GWP 100), that express
the cumulated radiative forcing of a unit emission of these gases over 100 years. The cumulative carbon
footprint is derived as the sum over all electricity generation from a fuel from 2010 to 2050. Results are
presented for the European Union as a whole and for selected member states. In a reference scenario, the
cumulative carbon footprint summed up to 37 Gt – with a maximum reduction of about 8Gt if coal is
stepwise replaced by conventional or natural gas. With a 10% leakage rate of the gas (the highest
percentages reported in literature), these advantages would disappear. Relative advantages, however, can
be divers over member states, ranging from almost non-existent to more outspoken than the EU average.
These differences are mainly related to expected autonomous development and current origins in fossil
energy sources. Keeping leakage as low as possible, e.g. by preventing venting and fugitives from
flowback and use of highly efficient gas power plants is recommended to minimize carbon footprints of
shale gas.
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1

INTRODUCTION

1.1

Context of M4ShaleGas

Shale gas source rocks are widely distributed around the world and many countries have now
started to investigate their shale gas potential. Some argue that shale gas has already proved
to be a game changer in the U.S. energy market (EIA 2015 1). The European Commission's
Energy Roadmap 2050 identifies gas as a critical energy source for the transformation of the
energy system to a system with lower CO2 emissions that combines gas with increasing
contributions of renewable energy and increasing energy efficiency. It may be argued that in
Europe, natural gas replacing coal and oil will contribute to emissions reduction on the short
and medium terms.
There are, however, several concerns related to shale gas exploration and production, many
of them being associated with the process of hydraulic fracturing. There is also a debate on
the greenhouse gas emissions of shale gas (CO2 and methane) and its energy return on
investment compared to other energy sources. Questions are raised about the specific
environmental footprint of shale gas in Europe as a whole as well as in individual Member
States. Shale gas basins are unevenly distributed among the European Member States and are
not restricted within national borders, which makes close cooperation between the involved
Member States essential. There is relatively little knowledge on the footprint in regions with
a variety of geological and geopolitical settings as are present in Europe. Concerns and risks
are clustered in the following four areas: subsurface, surface, atmosphere and society. As the
European continent is densely populated, it is most certainly of vital importance to
understand public perceptions of shale gas and for European publics to be fully engaged in
the debate about its potential development.
Accordingly, Europe has a strong need for a comprehensive knowledge base on potential
environmental, societal and economic consequences of shale gas exploration and
exploitation. Knowledge needs to be science-based, needs to be developed by research
institutes with a strong track record in shale gas studies, and needs to cover the different
attitudes and approaches to shale gas exploration and exploitation in Europe. The
M4ShaleGas project is seeking to provide such a scientific knowledge base, integrating the
scientific outcome of 18 research institutes across Europe. It addresses the issues raised in the
Horizon 2020 call LCE 16 – 2014 on Understanding, preventing and mitigating the potential
environmental risks and impacts of shale gas exploration and exploitation.

1.2

Study objectives for this report

It may be argued that in Europe, natural gas replacing coal and oil will contribute to
emissions reduction on the short and medium terms. Due to a more beneficial heat per carbon
density and higher combustion efficiencies, greenhouse gas emissions for electricity
generation from gas are generally lower than those from oil and coal (e.g. IPCC, 2011
SSREN). This advantage has been confirmed in many life cycle assessments for the United

1

EIA (2015).Annual Energy Outlook 2015 with projections to 2040. U.S. Energy Information Administration
(www.eia.gov).
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States, considering a 100 year time horizon (Burnham et al., 2013; Dale et al., 2013; Heath et
al., 2014 (JUOGR); Hultman et al., 2011; Jiang et al., 2011; Laurenzi & Jersey, 2013;
Stephenson et al., 2013; (Weber &Clavin, 2012)), Cooper et al., 2016). However, uncertainty
remains on the losses of methane to the atmosphere during production and transport of gas
(Heath, et al., 2014b (review); (Weber and Clavin, 2012); Jiang et al., 2012), which also led
to the postulation that this leakage might offset the advantage of gas over coal (Howarth et
al., 2011;Wigley, 2001). Estimations of this trade-off point where life cycle GHG emissions
of gas fired electricity would be higher than those of coal due to emissions during fuel
provision range from 3%-15% of production volumes (e.g. Sanchez and Mays (2015);
Howarth et al. (2012); Qin et al., 2017). Part of the range can be explained by differences in
system boundaries and assumptions on power plant efficiencies.Another way of assessing
emissions is using top-down assessments. Top-down assessments are made by measuring
around and / or over a large production area and establishing an integrated overall source
strength. Literature suggests discrepancies between bottom-up and top-down approaches
might indicate uncertainties in methane emission inventories of 50-100% (Miller, et al., 2013;
Moore, et al., 2014).
Most studies concerned with the life cycle greenhouse gas emissions of shale gas exploitation
and use were conducted for the United States. Questions are raised about the specific
environmental footprint of shale gas in Europe as a whole as well as in individual Member
States. Few studies attempted to translate this knowledge to the European conditions
(Broderick et al., 2011; Foster & Perks, 2012;), or perform a life cycle assessment based on
this knowledge and few explorative measurements (Stamford &Azapagic, 2014; Tagliaferri
et al., 2017; Mackay & Stone, 2013). Others (e.g. Mackay & Stone, 2013; McGlade et al.,
2014) have assessed the potential of shale gas contribution to global greenhouse gas
emissions reductions in the short and medium term, taking into consideration also indirect
effects on coal use, e.g. via gas prices and export. None of them investigated how the total
fossil carbon footprint of electricity generation in various European countries would change if
shale gas was to replace other fossil sources. Aim of our research was to estimate the carbon
footprint of shale gas exploitation and combustion for electricity generation in Europe based
on existing knowledge and models and compare the carbon footprints from fossil electricity
generation with and without shale gas for Europe as a whole and for individual countries. For
this purpose, the life cycle assessment model GHGenius was applied and extended with
literature data on emissions related to shale gas operations, and several scenarios were
developed for the potential use of shale gas in Europe taking the EU reference scenario as a
starting point.

1.3

Aims of this report

Aim of this report is to be used in revised version as dissemination in form of a scientific
publication. It builds on the research presented in deliverables 15.1 and 15.2, and extends
those by adding a scenario analysis that investigates the climate change effects of production
and use of shale gas for electricity generation in Europe.
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A proper comparison of GHG emissions between shale gas and other energy sources,
specifically for Europe, will aid in assessing the CO2 footprint and potential impact on global
climate forcing. The main objective of M4ShaleGas WP15 is to provide recommendations for
mitigating the CO2 footprint of shale gas operations. Main topic therefore is to compare the
contributions of shale gas and other fossil fuels to global climate change by calculating the
CO2 footprint by fuel type for comparable applications like electricity production. To this
end, we compared emissions associated with the use of shale gas to conventional gas, oil, and
coal. The carbon footprint is calculated as the sum of the emissions of the greenhouse gases
CO2 and CH4 expressed as CO2 equivalents using Global Warming Potentials (GWP). GWPs
express the cumulated radiative forcing of greenhouse gases relative to that of CO2 over a
specified time horizon (usually 100 years). Therefore, the terms, carbon footprint, impact on
climate and impact on radiative forcing are considered equal in these reports.
A first step towards this objective was a review of current literature (Deliverable 15.1 Review
report on carbon footprint of shale gas exploitation with identified gaps in knowledge). That
report aimed to give a concise overview of the insights of these studies without repeating too
much of the extensive literature. The results of this review are summarized in Chapter 2.1.
In a second step, a tool was developed to estimate the carbon footprint of shale gas
exploitation and use in Europe and compare it to other fossil sources (Deliverable 15.2 Model
tool to calculate carbon footprint from shale gas and other fossil fuels). This was achieved by
adapting the life cycle assessment model GHGenius to include shale gas in Europe. The
model and adaptations are summarized in Chapter 2.2, results are presented in Chapter 3.1.
This report synthesis the work presented in these reports and extends on them by adding
estimations of carbon footprints of electricity generation from shale gas in Europe and
investigates the effect on the cumulative GHG emissions op to 2050 of using shale gas in the
fossil electricity mix in Europe in a number of scenarios. These calculations are presented in
Chapters 2.3 and 1.4 and the results are presented in Chapter 3.2. Overall conclusions are
drawn in Chapter 4.
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2

MATERIALS AND METHOD

2.1

Literature review

The carbon footprint is a way to quantify climate impact and in this report encompasses the
total emissions of the greenhouse gases (GHGs) carbon dioxide (CO2) and methane (CH4)
over all life cycle stages (from gas extraction to delivery and use). The available knowledge
on shale gas carbon footprint arises mostly from U.S. based studies and measurements. These
studies indicate the carbon footprint of generating electricity from shale gas ranges from 420850 g CO2-equivalents/kWh, close to the range reported for conventional gas (480-750 kg
CO2-equivalents/kWh) for the United States. In general, as combustion of gas in power plants
generally contributes to about 80% of total GHG emissions, differences in power plant
efficiencies (combined cycle vs. single cycle) are by far most important for the differences in
carbon footprints. As a result, combustion emissions of shale gas are indistinguishable from
emissions from conventional gas. Omitting the combustion phase GHG emissions range
between 7-27 g CO2-equivalents per MJ of gas delivered. Most of these emissions arise from
losses of gas during production (gas winning from wells) and preproduction (the preparation
of the wells). At the same time, these emissions are most uncertain over the gas life cycle
because measurements show a wide range. In addition, emission estimates derived bottom-up
(from equipment emission factors) or top-down differ and indicate large uncertainties. Topdown assessments are made by measuring around and / or over a large production area and
establishing an integrated overall source strength. For comparison with other fossil sources,
the fraction of shale gas from a producing well that is lost to the atmosphere is important. A
trade-off point is often suggested to be around 3% of well production. The total production of
a well is identified as one of the largest unknowns for the relative assessment of the carbon
footprint of shale gas. Mitigation options are available for most shale gas operations although
they are not always implemented (yet) due to cost constraints. The most prominent are
Reduced Emission or Green Completions (REC), where fugitive gas is captured and used
instead of vented to the atmosphere. A second option is flaring of the gas, that reduces
methane emissions by combustion to CO2.
A list of preliminary knowledge gaps had also be identified in this report.
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Table 1. List of knowledge gaps identified in Deliverable 15.1.
Knowledge gaps that prohibit a proper estimation of the carbon foot print of shale gas
exploration and exploitation in Europe
What are realistic ranges of production per well by shale formation in Europe (shown
important in all studies)?
What will be the depth and width of specific well in Europe;
How much water will be needed for fracking and how will it be transported to the well site and
from which source? Which type of water treatment will be chosen and what would be realistic
(ranges of) percentages of water reuse at European well sites?
Will information be available on which chemicals will be added to the fracking fluid and in
which amounts?
Should shale gas from European sources be considered or is it also expected to be imported
and how and from where?
Will the use of REC techniques be compulsory in all of Europe or if not, in which countries?
What are the gas compositions at various European plays?
How many Re-fracturing (workover) events will be employed on average or for a specific well
and what are the effects of these re-fractures on overall production?
What will be realistic ranges for the number of wells per pad? These will influence the
requirement of land and other possibly shared facilities.
How far will water, materials and gas be transported? These distances seem of low influence.
Which disposal will be chosen or mandated for drilling waste in European countries?

2.2

Carbon Footprint Modelling

Carbon Footprints were modelled in two steps: First, upstream GHG emissions per MJ
delivered to four European regions were calculated using the life cycle assessment model
GHGenius. Second, emissions from electricity generation were calculated for every European
country. To be able to derive upstream carbon footprints for all fossils in Europe, calculations
for shale gas and coal were added to the model. As the GHGenius model currently does not
include a European coal life cycle, the carbon footprint for electricity from coal in Europe
was taken from the life cycle inventory database ecoinvent 3. An important recommendation
of Deliverable 15.2 was to include updated GHG emissions arising from the delivery of coal
to Europe. A methodology to estimate emissions arising from the life cycle of coal
combusted in Europe as well as the carbon footprints of coal combusted in coal producing
countries in Europe is presented in the Appendix.
2.2.1

GHGenuis

GHGenius, a model for life cycle assessment of transportation fuels, was developed by
(S&T)2 Consultants Inc. commissioned by Natural Resources Canada. Use of fuels for heat
and electricity generation can also be calculated. Emissions are taken into account for several
GHGs (CO2, CH4, N2O) and for air pollutants. Details of the model are described in (S&T)2
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Consultants Inc (2013a). GHGenius 2 includes about 100 types of fossil and renewable fuels
to be used in several regions of Canada and the United States. Oil and conventional gas to be
used in four European regions (North, Central, Southwest and Southeast, see SI (Table S2)
for the countries per region) are also included. The production of fuels is modelled for all
countries worldwide that export to these regions.
For fossil fuels used for electricity generation, the upstream life cycle stages recovery,
transmission and treatment of the fuel are included. Energy use and GHG emissions for
production and processing are estimated on a country level using national statistics, mainly
energy balances and national GHG inventory reports. Transmission emissions have been
calculated from transport distances (from operators) and energy consumption rates. Data
sources are given (S&T)2 Consultants Inc (2013a,b) and COWI (2015).
2.2.2

Model adaptations

Calculations were performed with model version GHGenius 5.0 BETA 2c. Model structure
was kept in place as much as possible. Therefore, some existing production regions irrelevant
for Europe were replaced by the European shale gas plays. Consequently the adapted model
version should no longer be applied for modeling fuel emissions in North America. Upstream
emissions were calculated for ‘gas to power’. To transfer methane emissions to kg CO2equivalents, a GWP of 30 was applied (IPCC, 2013). New data were added to allow for all
plays to deliver to all European consumption regions. This means the inclusion of transport
distances that are currently not included. Transport distances influence gas leakage during
transportation and are therefore included for emissions estimations. See Supporting
Information for details on estimation of additional transport distances.
2.2.2.1 Shale gas
Realistic data for shale gas operations in Europe are scarce or non-existent as only few
explorative drillings have taken place (Cooper et al., 2016). In general, and for our modelling
exercise, it is assumed that shale gas is not fundamentally different from conventional gas,
except for some extra activities that are required, especially for (pre-) production of the gas.
As summarized earlier (e.g. Moore et al. 2014), these mainly are more drilling (horizontal
next to vertical) and (more) hydraulic fracturing during well completion and potentially refracturing during the well lifetime. Activities before actual start of production like well
preparation are referred to as pre-production. Finally, total production from a well is usually
unknown and estimations for European shale are scarce. Once gas is injected in high pressure
transmission pipelines, no distinction can be made any more. Based hereupon, for countries
included in GHGenius and all life cycle stages except (pre-) production, GHG emissions were
assumed equal to those of conventional natural gas. Extra emissions sources during
production were added, following the reasoning in earlier life cycle assessments (Broderick et
al., 2011; Qin et al., 2017; Tagliaferri et al., 2017). Data used to estimate shale gas production
in Europe and additional emissions are described below. The composition of raw gas and
pipeline gas was adapted to fit European average conditions based on a compilation by TNO
(Costa et al., 2016) and Altfeld and Schley (2012). The same conditions were assumed for

2

The model and reports can be downloaded from http://www.ghgenius.ca/.
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shale as for conventional gas from the same country. Emissions from the provision of
infrastructure for gas exploitation were not included.
Shale gas reserves
Selection of shale gas plays was taken from Costa et al. (2016). They identified nine major
shale gas plays in seven EU Member States. Maximum production (expected ultimate
recovery) per play was based on estimated technically recoverable reserves by EIA (2013).
The areas of the plays were calculated in Costa et al. (2016) using GIS and play contours by
EIA (2013). The estimated surface areas and reserves are shown in Table 1. Based on the
assumption that one well pad covers 25km2(a 5 x 5 km square) and that 25 (20-30) wells are
drilled in one pad and the area per play (Cremonese, 2016) the required number of wells per
play was deduced.
Table 1. Recoverable reserves and surface areas for shale gas plays in Europe (Costa et al, 2016).
Country
Play
Reserve (m3)
Surface (km2)
UK
Bowland Basin
7.1E+11
24,785
Poland
Lublin Basin
2.6E+11
28,626
Poland
Podlasie Basin
2.7E+11
9,436
Poland
Baltic Basin
2.9E+12
47,935
NetherlandsA
Geverik Member (Epen Formation)
9.3E+10
10,118
Denmark
Alum Shale
2.6E+11
15,731
Sweden
Alum Shale
9.0E+11
7,004
Germany
Posidonia Shale
2.8E+11
23,646
France
Paris Basin
4.8E+11
26,297
A: For the Netherlands, including the Dutch continental shelf, the estimated risked recoverable
reserve and SG play's contours according to EIA have been replaced by other more recent and
accurate data provided by petroleum geologists from TNO. Based on ongoing research at TNO (e.g.
Zijp et al., 2015) the SG data for the Netherlands is continuously updated and form the basis on which
TNO annually reports on the Dutch energy reserves to the Ministry.

Extra production emissions
Extra emissions sources have been added based on Broderick et al. (2011). An overview of
the values used is given in
Table 2.All energy use and emissions are modelled per unit of gas produced. Added emissions
sources refer to extra fuel use, which was directly added to fuel use numbers in GHGenius,
and to extra fugitive emissions related to fracturing events. These were included for the
following processes:
• Extra fuel use during production due to horizontal drilling: These are modelled as the
product of the drilling width and the use of diesel per meter drilled.
• Extra fuel use during production for hydraulic fracturing: These are modelled based on
an average diesel use for one hydraulic fracturing event. The total fuel use depends on
the number of (re-) fracturing events. All wells are fractured once for startup of the
production and it is assumed that 50% of the wells are re-fractured once during their
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lifetime. The extra diesel use per well is calculated as the product of the diesel use per
well and the number of (re-) fracturing events.
• Extra fuel use due to transport of water and chemicals during production: Total
volumes and distances transported per (re-)fracturing event was derived from Broderick
et al. (2011). These were multiplied by the diesel use per tkm of transport taken from
ecoinvent (Spielmann et al., 2007)
• Extra fugitive emissions from well completion and workovers (fracturing and
flowback): Broderick et al. (2011) report that a range of 0.6%-3.2% of total production
could leak during flowback, based on Howard (2011). They also report ranges of
absolute production volumes per well as fugitive emission volumes. From the emission
sources cited we took 300,000m3 per well lifetime as an representative number and
divide it by the geometric mean of the absolute production to arrive at an intermediate
leakage rate of 0.77% of production.
Table 2. Values and sources used for the calculation of extra shale specific emissions during gas
production.
Value
Uncertainty
Source
range
Fuel use for horizontal drilling
837760 kJ diesel per meter drilled
Broderick et al., 2011
2000 m horizontal drilling length per
well
Hydraulic fracturing and flowback
Fuel use for pumping
110,000 l diesel/event

Costa et al., 2016

Broderick et al. (2011) based on wells
in the Marcellus shale reported by
New York state
Broderick et al. (2011)

Number of hydraulic fracturing events: 1-2
1.5 (50% of the wells re-fracture once)
Fuel use for transport
Volume transported per fracturing
9,000Assumption based on range on
event: 20,000 m3
29,0000m3
Broderick et al. (2011)
Transport distance: 60km
Broderick et al. (2011)
0.001 kJ diesel per tkm transported
Ecoinvent lifecycle inventory database
Fugitive emissions
0.77%A of production volume
0.6%-3.2%
References in Broderick et al. (2011)
A: Due to interdependence of emissions and production volumes, this value is highly uncertain.

Uncertainty in upstream emissions
The greenhouse gas emissions of (shale) gas relative to those of coal depends on the losses
upstream. Sanchez and Mays (2015) and Howarth et al. (2012) summarize several studies
that report upstream losses. Values range from 0.42-10% for conventional and
unconventional natural gas sources. To assess the relation between shale gas and the other
fossil sources in a worst case scenario, additional calculations were performed, where losses
during production were manually set to 5% and 10% of the production stage output.
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2.3

Calculation of emissions from electricity generation per country

The total carbon footprint of electricity generation in one country from one fuel was
calculated as the sum of the upstream emissions per GJ of fuel delivered to the European
region the country lies in and the emissions from electricity generation from that fuel in that
country. Emissions from distribution of fuel within a region were not calculated. To calculate
the European average, for conventional gas and oil, the consumption-weighted average of the
regions was calculated. Consumption in regions reflects the current situation. For shale gas,
everywhere an average weighted based on the size of the reserve-estimates was used.
Emissions from electricity generation were derived as:
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 =
∙ 𝑓𝑓 ∙ 𝑔𝑔
𝑒𝑒𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑟𝑟𝑟𝑟

Where CFelis the carbon footprint from electricity generation [g CO2-eq./kWh], CCfuelis the
carbon content of a specific fuel [gC/GJ], efffuel,country is the efficiency of electricity
generation from that fuel in that country and f and g are factors to recalculate from GJ to kWh
(0.0036) and from gram carbon to gram CO2 (44/12).
The efficiency per fuel per country was derived by dividing the total amount of fuel input to
electricity generation in one country in one year (2010) by the electricity output from that
fuel in the same country and year (both data taken from IEA energy balances 2016).
Electricity generation was included from power plants that generate electricity only. Only for
countries where all electricity generation from a specific fuel took place in CHP plants, these
efficiencies were applied. For countries that are not currently using gas (Malta, Cyprus), but
might in the future, EU28 average efficiencies were used.

2.4

Scenario analysis

The effect of changes in fossil fuel mix such as possible future inclusion of shale gas in the
electricity generation was assessed in a number of scenarios. For each scenario the
cumulative footprint in Gt CO2-equivalents up to 2050 has been calculated. Next to the EU28, scenarios are presented on a country level for countries that are exploring shale gas
according to Cooper et al. (2016) (Poland, UK, Hungary), the countries with most coal
electricity in 2010 according to Climate Analytics (2017) (Germany, Poland and Spain). For
a spread in results, also results are shown for Croatia which uses very little coal. These
countries are also distributed in all four European consumption regions of the GHGenius
model. These scenarios were based on the EU Reference Scenario 2016 (EC, 2016). This
scenario is based on current legislation and provides estimations of electricity generation per
source for every 5 years from 2010 to 2050 and rates of change per decade. From these, the
fossil electricity generation specified per fuel has been calculated. The fuel type solids was
assumed to represent coal. The EU reference scenario also provides an import dependency
percentage.

D15.4 Final report on CO2 footprint and climate forcing

Copyright © M4ShaelGas Consortium 2015-2017

Page 11

From these, the following scenarios were developed:
1. The reference scenario.
2. A business as usual scenario, where the contribution of each fuel to the fossil
electricity mix was fixed at the 2010 percentage. Total electricity generation from
fossil sources developed in the same way as in the reference scenario.
3. A fuel independence scenarios where all imported fossils are replaced by shale gas
from Europe. Hereby it is assumed that the import dependency fraction applies
equally to all fuels. For some years/countries, a negative import dependency was
estimated in the reference scenario, for these no replacements were calculated. In our
calculations, all imported fuels were replaced starting from 2020. This replacement
would probably take time, but as the rate is unknown, we assume a five year period
from 2017-2022, in which we would first overestimate replacement rates,
compensated by an underestimation in the second half.
4. Two ‘coal phase out’ scenarios where all coal fired power plants in Europe are phased
out until 2030. The cumulative percentage decrease in coal capacity per country was
calculated from Climate Analytics (2017). In these scenarios, the capacity was
replaced either by shale gas from Europe (scenario 4a) or by conventional gas from
current sources (scenario 4b).
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3

RESULTS AND DISCUSSION

3.1

Upstream Carbon Footprints of shale gas

Figure 1 shows the Carbon Footprints per MJ of shale gas from 9 European basins and the
US delivered to four regions in Europe. For every consuming regions (North, Central,
Southeast and Southwest EU) and play pair in this figure, it is assumed that all shale gas
comes from the one play. Contribution of life cycle stages is also shown, indicating that the
largest contribution comes from the production of shale gas. Consequently, differences
between production plays are larger than between consuming regions.
Per MJ delivered total GHG emissions range from 8 to 29 g CO2-eq/MJ. This range of values
is within the ranges reported in literature (see SI Table S4). In a recent LCA for shale gas
production in the UK, Tagliaferri et al. (2016) maximum GHG emissions of 10 gCO2-eq./MJ,
a value only slightly lower than presented in Figure 1. Exceptional high processing emissions
from the US in Figure 1 are related to the fact that liquefaction for tanker transport is
accounted for in the processing step. Production and processing emissions differ between
producing countries. In particular, processing emissions are relatively high in Germany and
are zero in the Netherlands. This has already been concluded by the COWI report (COWI,
2015). They state that there are no data reported on processing energy use in the Netherlands
and that the fugitive rate is low. For Germany higher processing emissions is related to the
fact that the gas is relatively acidic in Germany and requires more processing. As can be seen
in Figure 1, differences in carbon footprint of gas delivered between consuming regions are
caused by differences in transportation emissions, mainly related to distances.
The bold black line in Figure 1 indicates carbon footprints of conventional gas for the
European average around 11 g CO2-eq./MJ, also in line with earlier studies. For example
Faist Emenegger et al. (2007) report a range of 2-26 g CO2-eq./MJ for Europe and Hauck et
al. (2014) report for combined cycle power plants in the US 12 g CO2-eq./MJ (with a range
from 9-17 g CO2-eq./MJ).
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Figure 1. Carbon Footprints [gCO2-eq./MJ delivered] from shale gas produced in European plays and
the US (horizontal countries on x-axis), delivered to four European regions (vertical regions on xaxis). Contribution of life cycle stages is also shown (blue: production, red: processing, green:
transmission). Horizontal black line indicates conventional gas delivered to the consumption-weighted
average of all European regions.

Gas losses during production relative to the production output were between 0.01%-1.8% for
conventional gas coming from all countries exporting to Europe and 0.8%-1.4% for shale gas
from Europe and the US (SI Table 3).
Sanchez and Mays (2015) and Howard et al. (2012) summarize several studies that report
upstream losses. Values range from 0.42-10% for conventional and unconventional natural
gas sources. Our values are more close to Bouman et al. (2015) who cite a lower range of
0.006–2.75% of natural gas production. Schwietzke et al. (2014) in global modelling studies
based on atmospheric methane measurements estimates an upper bound for current fugitive
emission rates of 5% (on average). Losses of around 3% are often cited as a turning point
where natural gas might no longer constitute benefits over coal (Heath, et al., 2014 PNAs).
Our loss rates are well below this value.

3.2

Electricity generation scenario’s

For Europe, the carbon footprint of electricity from shale gas was 447 g CO2-eq./kWh in our
results. This value is slightly lower than the one reported by Stamford &Azapagic (2014).
However, their results have been contested by Westaway (2014) mainly due to low expected
ultimate recovery assumptions. Our estimates are indeed comparable to the lower ranges
often reported for the US (Hauck et al., 2014 and references summarized therein). For other
regions, comparable though slightly lower ranges are reported (350-980 gCO2-eq./kWh)
(Hayhoe et al., 2002; Faist Emmenegger et al., 2007; Turconi et al., 2013). This could be
related to the fact that we use European average efficiencies from 2010 (51% which is
relatively high).
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Figure 2 shows the cumulative carbon footprint up to 2050 for each scenario for the EUaverage. For the whole EU, 66% of the total shale gas reserves (as included in this research)
would be have been exhausted by 2050 in the independence scenario and 45% in the coal
phase out scenario. Changes of the fossil carbon footprint over time are shown in Figure S1
in the SI. Setting production losses to 10% of production stage output increased the carbon
footprint per kWh generated to 823 gCO2-eq./kWh for the European average and to 610 kg
CO2-eq./kWh for 5% (results not shown). Figure 2 also shows the range in cumulated
emissions if losses during shale gas production were 10% of production output. As can be
seen in figure 2 all scenarios with more gas use (independent, coal phase out and coal phase
out with conventional gas) have a lower cumulative carbon footprint than the reference and
the business as usual scenario. With 10% production losses, the independence scenario would
have a higher cumulative carbon footprint than the reference scenario (error bars in Figure 2).
For 5% production losses this was not the case (see Figure S2).
Figure 2 shows a reduction in the cumulated carbon footprint from fossil energy of about 8 Gt
CO2-eq. in 2050 between the reference and the coal phase out scenario. Rocha et al. (2017)
estimate the total cumulated CO2 emissions from coal electricity in 2050 of about 12 Mt,
indicating that a large part of these emissions would indeed be mitigated by the phase out
scenario.

cumulative CF 2050
[GtCO2-eq]

60
50
40
30
20
10
0

Figure 2. Cumulative carbon footprints CF up to 2050 for the reference, business as usual (BAU),
independence and two coal phase out scenarios (CG: conventional gas). Error bars indicate CFs in
case of higher upstream losses (10% of production output).

Figure 3 shows the cumulative carbon footprints for Germany, Hungary, Poland, United
Kingdom, Croatia and Spain. Note that axes differ because of the different amounts of
electricity generation in each country. In general, scenarios for individual countries show the
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same trend as on a European level. Cumulative carbon footprints in the reference scenario are
slightly higher, but not far from the independence and coal phase out scenarios. In Hungary
and the United Kingdom, differences between the reference and the BAU scenario are larger
than for the EU as a whole, because in these countries a sharp decline in use of oil (Hungary)
and coal (UK) is expected early in the investigated period. For Germany and Poland, in
contrast, BAU and reference scenario are close because longer use of coal for electricity
generation is expected in the reference scenario than for EU average. In general, replacing
coal by conventional or shale gas shows comparable climate benefits. For Spain, located in
the South West EU region, even a very small benefit of shale gas over current gas use is
shown, due to the relatively large amount of conventional imports using LNG.
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Figure 3. Cumulative carbon footprints up to 2050 for the reference, business as usual (BAU),
independence and coal phase out scenarios for 6 selected countries.

D15.4 Final report on CO2 footprint and climate forcing

Copyright © M4ShaelGas Consortium 2015-2017

Page 16

4

SYNTHESIZING DISCUSSION AND CONCLUSION

The available knowledge on shale gas carbon footprint arises mostly from U.S. based studies
and measurements. These studies indicate the carbon footprint of generating electricity from
shale gas ranges from 420-850 g CO2-equivalents/kWh, close to the range reported for
conventional gas (480-750 kg CO2-equivalents/kWh) for the United States. First attempts to
make a carbon footprint assessment for Europe reported a median CFP of 460/470 g CO2equivalents / kWh, with a total range from 402-1102 g CO2-equivalents / kWh (Foster and
Perks, 2012; Stamford & Azapagic 2014). The carbon footprint of electricity from shale gas
was 447 g CO2-eq./kWh in our results. Ranges reported in literature on upstream losses are
large, but have to be at high end (10%) to reverse the advantages of (shale) gas over other
fossil sources (coal, oil, import) for the European fossil electricity carbon footprint.
Results derived from the tool in Deliverable 15.2 showed that GHG emissions from shale gas
production, processing and transmission can be both higher and lower than the European
average for conventional gas. The ranges in carbon footprints for producing and consuming
regions are high for both types of gas (about 8,000 – 25,000 g CO2-eq./GJ for European shale
gas). It is found that the leakage rate has the largest effect on total carbon footprint
calculations. The leakage during re-fracturing was more important than the number of refracturing events in our analysis. Total leakage rate related to production ranged from 1% to
1.8% for shale from European regions and to 2.5% for shale gas imported from the U.S.
These values are lower than the 3% often cited as being the maximum for natural gas to
certainly have a lower carbon footprint than other fossil sources.
From the estimations of carbon footprints of fossil electricity generation in Europe with and
without shale gas presented in the current report, the following lessons can be learned:
-

Differences in cumulative footprints using shale or conventional gas are small.
Both show a small climate advantage over the EU reference scenario (and a larger one
compared to business as usual 2010) and over using imported fuels.
Differences between countries do exist, related to the current origin of fossil energy
sources and the expected development under the reference scenarios.
Taking into account regional variation for estimating carbon footprints of electricity
generation, in particular with a view to future developments is therefore
recommended.

Some uncertainties should be kept in mind when interpreting our results: technologically
recoverable reserves where applied to estimate total production. These reserves might not be
economically recoverable as well in the future. Lower production would lead to higher
upstream emissions. However, a substantial part of these reserves should be used, if shale gas
is to play a substantial role in European electricity supply. On the other hand, current
estimates might not represent future technological use, for instance, MacKay and Stone, 2013
state that flowback fugitives might be completely captured in the future. Our estimates are
based on country averages and do not represent the impacts of a single well. Currently, land
use change for these onshore wells is not included in most (and our) LCA. However, Cooper
et al., 2016 indicate taking land use into account might increase the carbon footprint of shale
gas for some land types.
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Regarding the knowledge gaps identified in Deliverable 15.1, the following lessons can be
learned:
-

-

Uncertainties in flowback fugitives were more important in our analysis than
uncertainties in the number of fracturing events;
Our analysis confirmed that transport distances for water and chemicals are of low
influence on total carbon footprint.
Estimations for individual wells remain challenging due to the low development of
shale gas in Europe.
For a more broad analysis, however, the GHGenius life cycle model can be adapted to
include estimations for European shale gas carbon footprints, in range with literature.
And to explore different fuel use scenarios.
Results show that a combination of gas composition and country characteristics
(possibly influenced by policy) can influence carbon footprints.

As a result, always using reduced or zero emission completions and inhibit venting is
recommended to minimize the carbon footprint of shale gas. However, it should be kept in
mind that the largest emissions from gas result from combustion for electricity generation. If
gas is to be used as electricity source, high efficiency combustion plants are therefore
necessary to keep footprints as low as possible.
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6

SUPPORTING INFORMATION

6.1

Transport distances

Not all of the countries in Table 1 currently produce natural gas and therefore France and
Sweden were originally not included in GHGenius. For these countries, average European
production conditions from the European countries in GHGenius are used. Additionally, not
all countries deliver gas to all four regions and transport distances lacked for these
combinations of country-consumption regions. Transport distances were estimated based on
existing data and expert judgement (see Table ), applying the following lines of thought:
-

For distances from a production country to the consumption region the country is
located in, domestic transport distances from COWI (2015) were applied.
For Poland, distances from Germany were applied. For Sweden the same distances as
from Norway were applied.
Transport from Denmark and the UK was assumed to go via the Netherlands (maps in
COWI, 2015) and was calculated as the distances to Northern Europe (i.e. The
Netherlands) plus the distances from the Netherlands to the other regions.

To assess the uncertainty associated with these estimations, we multiplied all transport
distances newly derived by a factor of 1.5 and recalculated the specific upstream footprints.
This lead to increases in the upstream footprint of a factor 1.1 at most.
Table S1. Transport distances (km) between European production countries and consumption regions.
Distances printed in normal font were already included in GHGenius. Distances in bold italics were
estimated in this research. Distances with an asterisk indicate, these countries lie within the respective
regions.
North EU
Central EU
Southeast EU
Southwest EU
Norway
1,000*
1,400
2,000
1,800
United Kingdom
600*
230
1,230
1,530
Netherlands
230*
1,000
1,300
150
Denmark
200*
600
1,600
1,900
A
Germany
900
250B
685
300*
Poland
685
300*
900
250
Sweden
1,000*
1,400
2,000
1,800
France
1,715
600
1,000
322*
2
A: Calculated as the sum of the distance to Central EU and 385 km (the average distance for
countries in North EU to Central EU (UK and Denmark) included in GHGenius.
B: This distance assumes transport from Germany to France.
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6.2

European regions in GHGenius

Table S2 Countries per region of the EU as defined in the COWI modelling study.
EU South-West
EU North
EU Central
EU South-East
Spain
Denmark
Belgium
Bulgaria
France
Ireland
Czech Republic
Greece
Portugal
Finland
Germany
Croatia
Sweden
Estonia
Italy
United Kingdom
Latvia
Romania
Lithuania
Slovenia
Luxembourg
Hungary
Netherlands
Austria
Poland
Slovakia

6.3

Production loss percentages

Table S3. Gas lost as percentage of production output for countries delivering gas to Europe
Conventional gas lost
Shale gas lost of stage
Country
of stage output
Country
output
Norway

0.005%

UK shale gas

1.392%

United Kingdom

0.622%

Poland Lublin

1.216%

Netherlands

0.030%

Poland Podlasie

1.216%

Denmark

0.040%

Denmark shale gas

1.002%

Germany

0.023%

Sweden shale gas

1.002%

Russia

0.500%

Germany shale gas

0.793%

Poland

0.446%

France shale gas

1.002%

Italy

0.220%

US Shale Gas LNG

0.891%

Hungary

0.485%

Romania

0.443%

Algeria

1.800%

Libya

0.500%

Poland Baltic

1.216%

NL shale gas

0.800%

Other

0.500%

Qatar LNG

0.050%

Nigeria LNG

0.700%

Algeria LNG

1.800%

Norway LNG

0.005%
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6.4

Details on Scenario calculations

In some cases, total (fossil) electricity production numbers in reference scenario in reported
years and those calculated via rate of change didn’t exactly match: In general numbers
calculated via rate of change overruled. For Malta, changes were too radical to be modelled
correctly (e.g. 1200 GWh in 2015 from oil to 0 in 2020), therefore 2015 and 2020 numbers
were taken from the reference scenario, and the following steps applied:




2010-2104 as 2010
2015-2016 as 2015
2017-2020 as 2020

Climate Analytics provide two chronologies in phase out (with the same final reduction in
capacity), the market and the regulator perspective. The regulator perspective was chosen in
the scenario description to derive the maximum spread in scenarios.
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6.5

Carbon footprints of shale gas from literature

Table S3 Carbon Footprints for electricity generation (CF, g CO2-eq/kWh), domestic shale gas delivery to the plant (at plant, g CO2-eq/MJ and as percentage
of total carbon footprint (%total)), and domestic shale gas production (g CO2-eq/MJproduced) from literature.
Play

CF

low

high

Origin range

at
plant

%
total

Combustion
Efficiency (%)

Production

Laurenzi& Jersey (2013)

Marcellus

466

450

567

80% CI

14

22

50.2 (HHV)

9

Stephenson et al. (2011)

general

499

6.8

11

47.6 (LHV),
43 (HHV)

2

Burnham et al. (2012)

Marcellus,
Barnett,
Haynesville,
Fayetteville,
averagedEUR
s

700F

600F

850F

technology
differences

Jiang et al. (2011)

Marcellus

490B

454

540

90% CI

Weber &Clavin(2012)

based on
other

500F

674F

95%CI

Heath et al. (2014a)

Barnett

440

420

510

high and low
EUR

Hultman et al. (2011)

generic

632

480

730

Dale et al. (2013)

Marcellus
including
tight sand,
Haynesville,
Uinta, others

420

430

technology
differences

Reference

Howarth et al. (2011)D
Skone et al. (2011)
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528B,
F

33.1
(33.0-33.5) for
boiler,
47 (39-55) for
combined cycle
20F

15 (1120-22
21)F
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2.01 (0.71-5.23)
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2
(0.1-9)

26F
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production (%)
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Main contributors to
CF
EUR, gas engines, need
for processing
EUR, fugitive
production emissions,
need for workovers
EUR, venting well
equipment, workover,
recovery and
processing efficiency,
CH4 content in raw
gasA
preproduction:
production rate, well
lifetime
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completion
EUR (from EIA
averages), composition
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deviating from average

Compared
to…/for…
Coal
CG, coal
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car, bus)
CG, coal,
LNG, none

CG, coal
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3.6-7.9
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Heath et al. (2014b)E

Based on
other

470F

440F

750F

min-max of
harmonized
studies

270

0.66-6.2

EUR, emission
reduction for
(re)completion, well
lifetime
(recompletion),
emission factor for
liquids unloading

CG, coal

CI: confidence interval; CC: combined cycle; EUR: expected ultimate recovery
A: For Conventional gas liquids unloading was also found important, shale gas was assumed to be dry;
B: Results are reported per MJ burned and were calculated assuming 50% efficiency;
C: Weber&Clavin list the most important contributors to variation in CFs over the studies: 1. number of well workovers per well lifetime (primarily shale gas), 2. fugitive emissions rate at the
wellhead (conventional and shale gas), 3. estimated ultimate recovery (i.e., total produced gas) of the well (primarily shale gas), 4. completion and workover emissions factor (primarily shale
gas), 5. liquid unloading emissions factor (conventional gas), and 6. fugitive emissions at the gas processing plant (conventional and shale gas);
D: Howard et al. use a GWP of methane of 33 in contrast to other studies
E: Heath et al. use GWPs from the IPCC’s 5th Assessment Report, whereas other studies are based on AR4 numbers.
F: approximate numbers due to reading from figures.
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6.6

Carbon Footprint scenario comparison through time

Carbon Footprint [CO2eq/kWh]
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Figure S1. Development of carbon footprints of fossil electricity generation for the EU-28 in
four scenarios.

6.7

Cumulative Carbon Footprint with 5% production losses

cumulative CF 2050
[GtCO2-eq]
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Figure S2. Cumulative carbon footprints CF up to 2050 for the reference, business as usual
(BAU), independence and two coal phase out scenarios (CG: conventional gas). Error bars
indicate CFs in case of higher upstream losses (5% of production output).
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1. Introduction
Coal has the highest carbon content of all fossil fuels. Consequently, most greenhouse gas emissions
arise from its combustion to produce electricity and in steel and cement industry. Burning coal produces
nearly double the greenhouse gas emissions as burning gas, for the same amount of energy. So
although coal generated less than 30% of the world’s energy supply in 2013, it produced 46 % of global
carbon dioxide emissions. Moreover, it is one of the most widely distributed energy resources in the
world, with recoverable reserves in nearly 70 countries. China, the U.S., and India are the top producers
and consumers of coal.
In Europe, in 2015, nearly 1100 Mt of coal were produced. Since it is a fuel fired source that emits significant
amounts of GHG in the air, replacing it with less emitting sources is an endeavour Europe is considering
in the vision of transition. Shale gas is one of the alternatives the European Commission is working on. In
this limelight, estimating the carbon footprint of coal combusted in Europe supports comparison to
substituting fossil-fuel energy by sources less GHG emitting, shale gas for instance. In order to do so, our
study focuses on assessing emissions from coal fired energy. The aim of this project is to estimate the
carbon footprint of the life cycle of coal before its burning, by mapping the differences in greenhouse
gas emissions related to the specific origins, mining technologies, transport routes and ultimately
combustion stage.
In the following, an insight into coal as a fuel will be presented at first. The origin of coal, its characteristics,
and use would be discussed. The impact of coal on the environment and on the human life will be as
well brought up. Then after, the life cycle of coal would be explained highlighting the upstream stages,
since their consideration is crucial to our project. Including greenhouse gas emissions from the mining
and transport stages with specified data and emission factors is what distinguishes this study, since
previous endeavours were less detailed in this sense. Afterwards, the methodology of building the
estimation model is explained. From bibliographic documentation, to data collecting and emission factor
questing, to modelling the footprint estimation, each step of the approach will be thoroughly explained
and illustrated. On a final note, perspectives of this work will be introduced as future endeavours for this
study. Exploring the carbon footprint for each coal power plant would be a long term goal, for an even
more detailed emissions estimation, accounting coal combusted in each power plant and their efficiencies.

1.1

1.1.1

COAL AS A FUEL

Coal types and characteristics

Coal is an organic fossil fuel. It is the result of the transformation of biomass, especially forest residuals
buried in the soil during geological times. As tectonic movements moved the Earth’s crust, sea level rose
and vegetation flooded and died. Under the effect of increasing pressures and temperatures with depth,
the buried plants are decomposed and then transformed into a solid and combustible material with a
high carbon content. Under these favorable conditions, the energy through photosynthesis once
absorbed by the plants is prevented from being released, and it is now all locked in the coal.
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The oldest and most sought-after coal date back almost 300 million years (Carboniferous Era). But there
are also more recent coals deposited in the tertiary era (lignite) or the quaternary era (peat). Each type
of coal corresponds to a stage of maturity. In peatlands, plants decompose to become peat consisting
of 50% carbon at the first stage. The wooden areas produce lignite, then by burial, these carbonaceous
deposits gradually transform into coal. High-grade coals form in more than 10 km depth. Coal deposits
are located underground and under continental ocean floors. They can either be buried several
kilometers in depth or outcropped within the surface of the ground.
Coal contents consist of hydrogen, sulfur, oxygen and especially carbon. The types of coal vary
depending on the carbon content, the depth of the coal deposit, and the calorific value.
The lower carbon ranked coals are lignite, or “brown coal” and sub-bituminous coal:
- Lignite has a 50 to 60% carbon content, and is used exclusively for power generation.
- Sub-bituminous coal’s carbon content goes from 60 to 70%, and is used for steam-electric power
generation, cement manufacture and in industry. Further chemical and physical changes may occur,
resulting
into
harder
and
blacker
coals,
up
to
a
90%
carbon
content.
- Hard coal go from 70 to 90% of carbon content. It is also called steam or thermal coal for its use in
power generation. And both with coking coal (steel-making coal), they are used in industrial
manufacturing.
- Anthracite is the coal with the highest carbon content (<90%), with the highest calorific content and
few impurities. It was used in the past for domestic heating because its dust-free, smoke-free and slow
burning. But today, it’s rarely used for this purpose because of its limited abundance and relatively high
cost and the availability of other sources of energy for heating purposes.

1.1.2

Coal in the World

Coal reserves are very abundant compared to other fossil fuels. The world's coal reserves are estimated
at 880 to 900 billion tons, lasting for more than a century at current exploitation rates. As a further quality,
coal is not concentrated only in some areas like oil, but it is spread fairly evenly throughout the globe. At
the end of 2016, 5 countries held 78.6% of the world's coal reserves: the USA (22.1%), China (21.4%),
Russia (14.1%), Australia (12.7%) and India (8.3%). The other countries account for a total of 21.4%
including Europe (10.2%), Africa and Middle East (1.3%). Coal is a fossil energy that is largely used for
electricity production in thermal power plants, emitting CO2.
The leading country in terms of coal production is China, the US comes second (see Fig. 1). Other major
coal producers are India, Australia and Indonesia. In terms of consumption, China, India, the US, Japan
and Russia accounted for over 76% of worldwide coal consumption in 2016. In the same year, world
production of coal reached 3656.4 Million tons of oil equivalent (Mtoe), from which 46.1% of the
production came from China alone. From a global perspective, coal production fell by 6.2% or 231 Mtoe,
compared to 2015; dragged essentially by China’s production drop of 7.9% and that of the US, 19%. Same
for consumption, it recorded a drop of respectively 1.6% and 8.8% for both countries, with a global drop
of 1.9%. Despite these records decline, coal still accounts for currently 41% of the world electricity mix,
but clearly more countries are considering the need to lower its consumption, in the era of transition.
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The increasing technologies of renewable energy, combined with government and societal pressure leads
to focus more on cleaner, lower carbon fuels.

Fig. 1: Worldwide production of Coal in 2015

1.1.3

Coal in Europe

Hard coal and lignite are the main solid
fuels produced and consumed in the
European Union (EU). Currently both
production and consumption of coal is in
decline. According to Eurostat (2017),
production of hard coal in the EU-28 has
decreased almost continuously from
1990 to 2016 (Fig.2).
Fig. 2: Production of hard coal in the EU-28 (1990 – 2016)
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Gross inland consumption of hard coal in the EU-28 decreased steadily in the 1990s (see Fig. 3). Then,
from 1999 to 2007, it remained relatively
stable at between 360 and 380 Mt.
Further large decreases in consumption
were observed once again in 2008 and
2009. In 2016, gross inland consumption
of hard coal in the EU-28 reached its
lowest level at 239 Mt, 47.5 % less than in
1990.

The gross inland consumption of lignite
followed the same trends of those of hard
coal (Fig. 4). From 2007 to 2010,
consumption of lignite decreased further,
but with a small amount. From 2010 to
2012, consumption slightly increased to fall
again between 2013 and 2016. The
consumed lignite is almost for 100 %
supplied by indigenous production.

Fig. 3: Gross inland consumption of hard coal in the EU-28 (1990 – 2016)

Fig. 4: Gross inland consumption of lignite in the EU-28 (1990 – 2016)

1.1.4

Coal Trade

According to EURACOAL (2017), after a record year in 2014, international coal trade reached 1311 million
tons in 2015. It represents 19% of world hard coal production, which totaled in 6901 million tons. 1104
million tons were transported across the oceans. Seaborne trade can be further divided into coking coal
trade and steam coal trade.
Overland cross-border deliveries added an estimated 200 million tons to international coal trade. The
market for steam coal can be subdivided into Pacific and Atlantic markets, each with different supply
patterns. By contrast,
the
coking
coal
market is a
more uniform
world
market,

the
of

reflecting
small number
supply countries:
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principally Australia, the USA, Canada and Russia, but with strong growth potential in Mongolia and
Mozambique. Important exporting countries for hard coal are Australia, Indonesia, Russia, Colombia,
South Africa and the United States, who together accounted for around 87% of all coal exports in 2015.

Fig. 5: World coal trade flows in 2015 (VDKi, 2016)

The top coal importing countries are India, China, Japan, South Korea, Taiwan, Germany, Turkey, Russia,
the United Kingdom, Malaysia, Thailand, Brazil, Italy and Spain, together accounting for 81% of coal trade.
India became the world’s larger importer in 2015, following a sharp decline of imports to China. In the
EU, Germany and the United Kingdom were the biggest importers.
Imported hard coal makes a significant contribution to the EU’s energy supply and offers a competitive
fuel which can be easily and safely transported and stocked. In 2015, 15% of all coal exports were destined
for EU member states. Leading exporters to the EU are Russia, Colombia, the United States, South Africa,
Australia and Indonesia.

1.1.5

Power generation

Coal-fired power plants generate electricity using the heat coming from the combustion of coal. After
being sorted and washed, coal is first milled into fine powder, known as pulverization, to increase the
surface area and burn in less time. After that, the coal
is blown into a boiler, in which it is burned at high
temperature and high pressure. The generated hot
gases and heat leaked in tubes, boils the water until it
turns into steam. This steam then drive a large turbine,
combined with a generator, and finally generates
electricity. After passing through the turbine, the
steam is condensed and returned to the boiler to be
heated
once
Fig. 6: World electricity generation by fuel, 2015
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again. The electricity generated is transformed into the higher voltages (up to 400,000 volts) used for
economic, efficient transmission via power line grids. When it nears the point of consumption, such as
homes, the electricity is transformed down to the safer 100-250 voltage systems used in the domestic
market.
According to the European Association for Coal and
Lignite (EURACOAL, 2017), world total primary energy
supply in 2015 was 18.8 billion tons of coal equivalent
(Gtce) of which 29.2% came from coal. Coal is of
particular significance for electricity generation. Some
40.8% of global power generation and 26.4% of EU
power generation in 2014 was based on coal (Fig. 6).
In the EU, 841 TWh of electricity were produced from
solid fuels in 2014 (474 TWh from hard coal, 318 TWh
from lignite and the remainders from coke ovens, oil
shale and peat). Power plant capacities total 123 GW
for hard coal-fired power plants and a further 55 GW
for lignite-fired power plants. Individual countries
have very different energy mixes for power
generation, with coal being indispensable for many
EU member states (see Fig. 7).
Fig. 7: Share of coal- and lignite-fired power generation in
selected countries, 2014 and 2015

1.2

ENVIRONMENTAL IMPACT OF COAL

The use of coal for power generation is not exempt from disadvantages and has been associated with a
number of environmental and health challenges, primarily associated with air emissions. High levels of
methane is released during the mining process, contributing to the destruction of the ozone layer.
Carbon dioxide, on another hand, is released in the combustion process, when coal is used to fuel electric
generators. As a result, global warming is probably one of the most significant and widely-felt
environmental effects of coal mining.
Mining activities:
Coal mining can lead to soil erosion or groundwater pollution. Mountaintop removal mining is used to
access layers of coal buried deep within mountains. This mining technique alters the landscape and
damages ecosystems. These mines can extend over square kilometres to tens of meters of depth. Mining
causes also the emission of gases responsible for acid rain into the atmosphere: sulphur and sulphur
oxide; as well as greenhouse gases (GHGs): methane, carbon dioxide and nitrogen. Moreover, these
emissions can continue even after the cessation of coal production. Fires and explosions in mines are also
a source of CO2 emissions.
Coal Combustion:
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Coal is composed almost entirely of carbon, so burning coal unleashes large amounts of carbon dioxide
(CO2) into the atmosphere. These emissions have been shown to increase the greenhouse effect in the
atmosphere and lead to global warming. In addition to that, combustion of coal can release radioactive
material such as radon and dangerous heavy metals such as mercury, lead, and arsenic that escape into
the air when coal is burned. Burning coal also produces particulates that increase air pollution and health
dangers.
On another hand, coal has also health effects on coal workers. When coal is mined, miners are exposed
to the inhalation of coal dust resulting from the rupture of the rocks and to lung damages including lung
cancers. Workers are also exposed to toxic gases such as hydrogen sulphide that can cause neurological
disorders mounting to the paralyzing of the nervous system. In the case of a fire, carbon monoxide is
released and inhaling it causes its immediate absorption by the blood system, inhibiting the transport of
oxygen necessary to the body.

2 Life cycle of Coal
2.1

MINING STAGE

Coal mining is the process of extracting coal deposits from the surface of Earth and from underground.
Coal is mined by two methods: surface or 'opencast' mining, and underground mining. The choice of
mining method largely depends on the geology of the coal deposit. Underground mining currently
accounts for a bigger share of world coal production than opencast; although in several important coal
producing countries surface mining is more common. Some characteristics of both types are described
below.

2.1.1

Surface Mining

Surface mining is often used when coal is less than 200 feet underground. In surface mining, large
machines remove the topsoil and layers of rock known as overburden to expose coal seams. Large
opencast mines can cover an area of many square kilometres and use very large pieces of equipment,
such as draglines, power shovels, large trucks, bucket wheel excavators and conveyors. The overburden
of soil and rock is first broken up by explosives, a technique known as “Mountaintop removal”. It is then
removed by draglines or by shovel and truck. Once the coal seam is exposed, it is drilled, fractured and
systematically mined in strips. The coal is then loaded on to large trucks or conveyors for transport to
either the coal preparation plant or direct to where it will be used. Once the coal is removed, the disturbed
area may be covered with topsoil for planting grass and trees, as a way of land rehabilitation.

2.1.2

Underground Mining

Sometimes called deep mining, and is necessary when the coal is several hundred feet below the surface.
Some underground mines are 1,000 feet deep and extend for miles. There are two main methods of
underground mining: room-and-pillar and longwall mining.
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The room-and-pillar method progresses along the seam, while pillars are left standing to support the
mine roof. Once room and pillar mines have been developed to a stopping point (limited by geology,
ventilation, or economics), a supplementary version of room and pillar mining, called second mining or
retreat mining, is commonly started.
The longwall mining accounts for about 50 percent of underground production. The longwall shearer
has a face of 300 m or more. It is a sophisticated machine with a rotating drum that moves mechanically
back and forth across a wide coal seam. The loosened coal falls onto an armoured chain conveyor or
pan line that takes the coal to the conveyor belt for removal from the work area. Self-advancing,
hydraulically-powered supports temporarily hold up the roof while coal is extracted. When coal has been
extracted from the area, the roof is allowed to collapse. Over 75% of the coal in the deposit can be
extracted from panels of coal that can extend 3km through the coal seam.

2.2

TRANSPORT STAGE

After coal is mined, it is ready to be transported. Transporting coal can be more expensive than the cost
of mining itself. One method to transport coal is through a slurry pipeline. This connects a mine with a
power plant where the coal is used to generate electricity. In this process, coal is ground to a powder,
mixed with water to form a slurry, and pumped through a pipeline.
Conveyors, trams, and trucks move coal around mines and short distances from the mines for loading
onto other modes of long-distance transportation. Trains is a crucial mean of coal transportation
especially to domestic power stations far from the mines. In the case of rivers and lakes, domestic coal
transport by barges can be less expensive and less greenhouse gas emitting. For coal trade, shipping is
the main way of transporting coal from an exporting to an importing country

2.3

COMBUSTION STAGE

Coal is burned to produce electricity as the major output of coal combustion. In the most common types
of coal plants, pulverized coal is blown into the furnace where it burns while airborne. Water flows
through tubes that run through the furnace. The water is heated to boiling while under pressure. This
pressurized steam blasts through a turbine, which turns a generator to produce electricity. After the
steam has passed through the turbine, it is condensed into water and cooled, and sent back into the
furnace. This cycle is known as the Rankine Cycle, and is used in nuclear power plants as well.
CCPs are Coal Combustion Products that arise from burning coal in coal-fired power plants. Coal
combustion products include fly ash that’s composed of fine particles that are driven out of the boiler
with flue gases. It includes also bottom ash, which are the non-combustible residue of combustion in
furnace or incinerator. Among the most significant benefits of CCPs, is that fly ash can be used to replace
or supplement cement in concrete. Using it over conventional cement can significantly reduce
greenhouse gas emissions.
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3 Methodology
3.1

3.1.1

LIFE CYCLE ASSESSMENT

Definition & Eco-Invent Database

Life-cycle assessment (LCA) is a tool that can be used to evaluate the potential environmental impacts of
a product, material, process, or activity. An LCA is a comprehensive method for assessing a range of
environmental impacts across the full life cycle of a product system, from materials acquisition to
manufacturing, use, and final disposition. The use of LCA in our study of assessing the carbon footprint
of coal combusted for power generation followed of the steps generally used for assessing the potential
environmental aspects:
-

Compiling an inventory of relevant inputs and outputs;
Evaluating the potential environmental impacts associated with those inputs
and outputs;
Interpreting the results of the inventory and impact phases in relation to the
objectives of the study.

Life Cycle analysis involves working with an inventory that gathers flows from and to nature for a product
system. Inventory flows include inputs of water, energy, and raw materials, and releases to air, land, and
water. For a range of products, these flows are included in life cycle inventory databases. In our study,
the database we worked with is Eco-Invent.
The Eco-invent Life Cycle Inventory (LCI) database is used for many life cycle assessment projects, ecodesign, and product environmental information. It is widely recognized as the largest and most consistent
LCI database on the market. As in our study, the database was looked up using SimaPro, an LCA model
software. The Eco-invent LCI data can be used, amongst others, for life cycle assessment, life cycle
management, and carbon footprint assessment, as it is the case in our study.

3.1.2

Carbon Footprint & Greenhouse Gases

Carbon footprint is defined as the total set of greenhouse gas emissions caused by an individual, event,
organisation, or product, expressed as carbon dioxide equivalent (CO2 eq). The carbon footprint is a
measure of the total amount of greenhouse gasses) emissions of a defined system or activity, considering
all relevant sources within the spatial and temporal boundary of the system or activity of interest.
Emissions were transferred to carbon dioxide equivalents using the most recent 100-year global warming
potential (GWP100).
Greenhouse gases are gases in the atmosphere that absorb and emit radiation within the thermal infrared
range. This process is the fundamental cause of the greenhouse effect, leading to climate change under
anthropogenic emissions in the air. Coal-fired energy is a source of GHG emissions, and in our study,
Carbon Dioxide (CO2) and Methane (CH4) are the greenhouse gases to be estimated from the life cycle
of coal combustion for power generation.
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3.2

BIBLIOGRAPHIC DOCUMENTATION

As the goal of the subject is to estimate the carbon footprint of the coal used to generate electricity, the
types of coal were included that are only used for this aim, not to bias the results. In Europe, the types of
coal that are used to generate power are lignite and hard coal. Their calorific value and carbon content
are also essential to the calculations.
Before reaching power plants, coal is mined from coal basins either through surface or underground
mining. During this process, CH4 is emitted to the air due to the coal bed methane stored in the mines.
Consequently, specific emission factors of the methane emitted in mining had to be looked up for each
country. The Inventory guideline of the Intergovernmental Panel on Climate Change (IPCC Guideline,
2006) did provide values for these emission factors, but using default values for various types of mining
and geography would have brought unspecific results. Therefore, effort was deployed into finding
country-specific CH4 emission factors. CO2 emissions can also arise from mining activities, but
bibliography documentation showed that the amounts of dioxide carbon from mining are insignificant,
therefore only CH4 emissions from mining were assumed in this study. CO2 emissions come essentially
from machinery used inside the mines, and fuels combusted for their consumption, and these latter are
considered.
The transportation of coal after mining to power generation stations is also a trigger of GHG emissions.
Emission factors for each means of transport (either by tracks, railways or ships) was explored for both
CO2 and CH4 emissions. From the life cycle inventory Eco-Invent 3, emissions factors of inland transport,
railways and waterborne cargoes were taken. In addition to that, the coal routes were calculated from
exporting to importing ports, coal terminals and power plants. More detailed explanation is to be found
in the Estimation Model part.
Ultimately, the combustion stage is where most of the emissions, mainly CO2, are freed in the air, due to
the coal burning. Similarly, stationary combustion emission factors were considered from the IPCC
guideline, as default values for burning hard coal and lignite.
Figure 8 gives an overview of the most important parameters per life cycle stage.

Fig. 8: Life cycle of coal
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3.2.1

List of the countries

The study aims to estimate the carbon footprint of coal combusted in Europe, therefore a list of countries
to be included in our project had to be set. According to EURACOAL (2017), there are 11 countries in the
European Union that produce and consume coal, including the United Kingdom (Fig. 9).

Fig. 9: Map of coal producing countries in the EU-28 included in the study

Yet, not all the coal combusted in Europe comes only
from within. In fact, the EU-28 is a major importer of
coal. As shown in Fig.10, the 3 leading countries
exporting to EU-28 are Russia, Colombia and
Australia with shares of 32.5 %, 23.2 % and 15.8 % in
2016 and respectively 30.4 %, 23.7 % and 11.5 % in
2015. Imports shares from USA and South Africa
slightly decreased respectively 14.3 % versus 17.4 %
and 6.1 % versus 8.1 %. A map of non-European coal
producing countries included in our study is shown
in Figure 10.

Fig. 10: Hard coal imports into the EU-28 by country origin, 2016 (% base on Kt)
PAGE 12Source: Eurostat
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Fig. 11: Map of coal producing countries worldwide included in the study
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3.2.2

Census of Data

For each country of the above, detailed data had to be
found to build the estimation model with the least
uncertainties possible. In the following, more insight is
given into the sources of data collected for this study.
From coal characteristics, to mining, to inland and
overseas transport to the combustion, each stage was
minutely explored to gather a consistent database for
each country.
Following the trail of the illustration above (Fig.8.), coal
characteristics (calorific values and carbon content)
were explored from national/European reports
(EURACOAL, 2017) and coal inventories for default
values (IPCC, 2006)
Regarding the mining stage, same reports were studied
to extract the amounts of coal mined in each country,
distinguishing types of coal and types of mining. In fact,
for most countries in our study, lignite is essentially
mined from surface mining, while hard coal is mined
from underground, with a little percentage of countries
mining it from surface. For an accurate estimation of
coal carbon footprint, even more thorough research
was done to find country-specific emission factors for
both greenhouse gas emissions from mining. CH4
emission factors were gathered from countries National
Inventory Submission to the UNFCCC, as countries
specific appropriation of the Intergovernmental Panel
on Climate Change inventory guideline (IPCC, 2006). On
another hand, data of electricity and fuels consumption
inside the mines was collected from IEA Energy
balances. And to quantify their emissions, emission
factors were collected using their carbon content on
one hand (for combustion in mines) and from the LCA
database of Eco-Invent 3, using SIMAPRO on the other
(for production of the fuel).
Fig 12: Example of Germany data table from
EURACOAL, 2017
2017
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For the transport stage, collecting data was slightly more challenging. Transport was only included for
hard coal, as lignite is generally burned close to the mine. Most European countries import coal, therefore
coal routes had to be calculated to estimate the amount of emissions released from transport. The
amount of coal imported by country was taken from national reports and EURACOAL for some countries.
For coal produced and consumed in the
same country, the distances from coal
mines to power plants were not included
since not enough information was found
about the routes. For international trade,
the table below (Table 1) sums the
distances calculated. For overseas routes,
coal route maps (Fi. 13) were explored to
calculate the distance between exporting
and importing sites. In the same stage,
inland trucks, railways and waterborne
cargoes global emission factors were
collected from Eco-Invent 3 database, to
estimate emissions of CO2 and CH4.

Coal routes

From Mines to exporting
Ports/Terminals

Considered or Not

Not Calculated

Fig 13: Port of Rotterdam coal route map

From exporting to importing
Port/Terminal

From importing
Ports/Terminals or mines to
Power plants

Calculated using the map
tool above

One average distance
between Ports/Terminals or
mines to Power plants was
calculated for each country

Table 1: Calculated distances from international coal trade

As for the combustion stage, the amount of combusted coal data was extracted from EIA energy balances.
Emission factors of the stationary combustion were taken from default values in the (IPCC, 2006) for both
hard coal and lignite consumption. Since the output of electricity generated from coal combustion in
2015 was not specified, country-specific efficiencies were calculated using 2014 database, to extract these
values. With all these information and data collected, a consistent database was set to be the ground to
the estimation model calculations.

3.2.3

Estimation Model

The model calculates the carbon footprint of coal combusted for electricity production. It is the sum of
all GHG emissions, which were induced by all activities prior to producing electricity from coal in a year.
In our study, all carbon footprints of countries were made for the year 2015.
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Emissions were calculated for each stage of the upstream chain. They arise at first from mining activities.
Each type of mining is explored for each type of coal. Emissions of methane arising from leakage and
carbon dioxide emitted from the use of fuel and electricity in mines are calculated. After that comes
transport, where significant amounts of CO2 and lower amounts of CH4 are also emitted due to the
burning of fuels for transportation. Ultimately, the combustion stage is where most of the carbon dioxide
is emitted. Emissions for both greenhouse gases in CO2 equivalents are summed and divided by the
electrical output of the power generated from coal that went through all the latter process.
This equation results in the carbon footprint which represents the amount of carbon dioxide equivalent
that is emitted in 1 KWh of electricity generated for a given country, in the year of 2015.
The overall equation on which the model is based is the following:

𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡
∑𝑀𝑖𝑛𝑖𝑛𝑔 𝐺𝐻𝐺 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝐺𝐻𝐺 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝐺𝐻𝐺 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
=
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐶𝑜𝑎𝑙 𝐾𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
Eq 1: Total Carbon Footprint

Considering the two types of coal in our study, coal-type specific carbon footprints were also
calculated. The estimation of these CFs represent the amount of GHG (in kg CO2 equivalent) emitted
for producing 1 kWh of electricity respectively from hard coal and lignite. These estimations are based
on the following equations:

𝐻𝑎𝑟𝑑 𝐶𝑜𝑎𝑙 𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡
∑𝑀𝑖𝑛𝑖𝑛𝑔 𝐻𝑎𝑟𝑑 𝐶𝑜𝑎𝑙 𝐺𝐻𝐺 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝐻𝑎𝑟𝑑 𝐶𝑜𝑎𝑙 𝐺𝐻𝐺 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝐻𝐶 𝐺𝐻𝐺 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
=
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐻𝑎𝑟𝑑 𝐶𝑜𝑎𝑙 𝐾𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
Eq 2: Hard Coal Carbon Footprint

𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 =

∑𝑀𝑖𝑛𝑖𝑛𝑔 𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝐺𝐻𝐺 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝐺𝐻𝐺 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝐾𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
Eq 3: Lignite Carbon Footprint

3.2.3.1

Mining stage

From extracting coal from mines, CH4 is leaked with larger amounts than CO2. Therefore only CH4
emissions are considered in estimating the direct emissions from either underground or surface mining.
In this study, we opted for calculating the emissions from mining per 1 kilogram of type of coal mined for
each country.
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Referring to the documentation from the IPCC inventory guideline, equations to calculate surface and
underground coal mining were based on this report. The equation from both mining techniques is as
follow:

Fig 14: IPCC Inventory Guideline mining equation

For each country, raw coal production is extracted from EURACOAL, (2017). Emission factors were
extracted from the country-specific IPCC submission, as well as the conversion factors when needed. In
addition to that, the Global Warming Potential to convert kilograms of methane into kilogram of carbon
dioxide equivalent (30.5) is also added to the equation to result in emissions in kg CO2 eq.
All this amount is then weighted by one kilogram of the type of coal mined for each country:

𝐤𝐠 𝐂𝐎𝟐 𝐞𝐪

𝐃𝐢𝐫𝐞𝐜𝐭 𝐂𝐇𝟒 𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧 𝐟𝐫𝐨𝐦 𝐦𝐢𝐧𝐢𝐧𝐠 𝐢𝐧 𝐚 𝐜𝐨𝐮𝐧𝐭𝐫𝐲 (

𝒌𝒈 𝒎𝒊𝒏𝒆𝒅

𝑘𝑔

)=

𝑇𝑦𝑝𝑒 𝑜𝑓 𝑐𝑜𝑎𝑙 𝑚𝑖𝑛𝑒𝑑

[Coal Production (Mt)∗Country Specific EF ( 𝑡 )∗𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟∗𝐺𝑊𝑃 (30.5)∗( 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑎𝑙 𝑚𝑖𝑛𝑒𝑑 )]
𝑇𝑦𝑝𝑒 𝑜𝑓 𝑐𝑜𝑎𝑙 𝑚𝑖𝑛𝑒𝑑 (𝐾𝑔)
Eq 4: Direct CH4 Emissions from Mining

CH4 emissions arise also from the consumption of fuel and electricity in the mines. Therefore the share
of CH4 is calculated using CH4 emission factors, and again weighting the amount by one kilogram of
coal mined by type.
𝐂𝐇𝟒 𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧 𝐟𝐫𝐨𝐦 𝐄𝐥𝐞𝐜𝐭𝐫𝐢𝐜𝐢𝐭𝐲 (𝐅𝐮𝐞𝐥 𝐮𝐬𝐞) (

𝐤𝐠 𝐂𝐎𝟐 𝐞𝐪
)
𝒌𝒈 𝒎𝒊𝒏𝒆𝒅

kg CO2 eq
∑ [Electricity (Fuel use)(KWh) ∗ CH4 Emission factor from electricity (Fuel use) consumption (
𝐾𝑊𝐻 )]
=
𝑇𝑦𝑝𝑒 𝑜𝑓 𝑐𝑜𝑎𝑙 𝑚𝑖𝑛𝑒𝑑 (𝐾𝑔)
𝑇𝑦𝑝𝑒 𝑜𝑓 𝑐𝑜𝑎𝑙 𝑚𝑖𝑛𝑒𝑑
∗(
)
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑎𝑙 𝑚𝑖𝑛𝑒𝑑
Eq 5: Indirect CH4 Emissions from Mining

CO2 emissions raise essentially from the use of machinery inside the mines. Electricity and fuels
consumption to the functioning of machinery is the source of CO2 emissions to the air during mining.
Consequently, from IEA Energy balances and Eurostat database, values of these consumptions were
extracted for each mining country.
For estimating CO2 emitted in mines, emission factors for fuels and electricity were extracted from EcoInvent 3 database to estimate the upstream of each fuel (electricity). Whilst for the combustion, CO2
emissions per kWh were calculated using carbon contents of each fuel, to estimate direct burning
emissions from coal mines. Each time we weight by the one kilogram of coal mined for each type. Values
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in kg were also converted to TJ using calorific values. The equation in theses case become as following
for electricity consumption and fuel use respectively:
𝐂𝐎𝟐 𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧 𝐟𝐫𝐨𝐦 𝐄𝐥𝐞𝐜𝐭𝐫𝐢𝐜𝐢𝐭𝐲 (

𝐤𝐠 𝐂𝐎𝟐 𝐞𝐪
𝒌𝒈 𝒎𝒊𝒏𝒆𝒅

)

∑ [𝐄𝐥𝐞𝐜𝐭𝐫𝐢𝐜𝐢𝐭𝐲 𝐜𝐨𝐧𝐬𝐮𝐦𝐩𝐭𝐢𝐨𝐧 (𝐊𝐖𝐡) ∗ 𝐂𝐎𝟐 𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧 𝐟𝐚𝐜𝐭𝐨𝐫 𝐟𝐫𝐨𝐦 𝐞𝐥𝐞𝐜𝐭𝐫𝐢𝐜𝐢𝐭𝐲 𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 (
=

𝑻𝒚𝒑𝒆 𝒐𝒇 𝒄𝒐𝒂𝒍 𝒎𝒊𝒏𝒆𝒅 (𝑲𝒈)

∗ (

𝑻𝒚𝒑𝒆 𝒐𝒇 𝒄𝒐𝒂𝒍 𝒎𝒊𝒏𝒆𝒅
𝑻𝒐𝒕𝒂𝒍 𝑪𝒐𝒂𝒍 𝒎𝒊𝒏𝒆𝒅

)

𝐂𝐎𝟐 𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧 𝐟𝐫𝐨𝐦 𝐟𝐮𝐞𝐥 𝐮𝐬𝐞 (

𝐤𝐠 𝐂𝐎𝟐 𝐞𝐪
𝒌𝒈 𝒎𝒊𝒏𝒆𝒅

)

∑ [𝐅𝐮𝐞𝐥 𝐮𝐬𝐞 (𝐮𝐧𝐢𝐭 𝐨𝐟 𝐟𝐮𝐞𝐥) ∗ (𝐂𝐎𝟐 𝐮𝐩𝐬𝐭𝐫𝐞𝐚𝐦 𝐞𝐦𝐢𝐬𝐬𝐢𝐨𝐧 𝐟𝐚𝐜𝐭𝐨𝐫 𝐟𝐫𝐨𝐦 𝐟𝐮𝐞𝐥 (
=
∗(

𝐤𝐠 𝐂𝐎𝟐 𝐞𝐪
)]
𝑲𝑾𝑯

𝐤𝐠 𝐂𝐎𝟐 𝐞𝐪
) +
𝒖𝒏𝒊𝒕 𝒐𝒇 𝒇𝒖𝒆𝒍

𝐤𝐠 𝐂𝑶𝟐 𝒆𝒒
)
𝒖𝒏𝒊𝒕 𝒐𝒇 𝒇𝒖𝒆𝒍
]
𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 𝒇𝒂𝒄𝒕𝒐𝒓 (𝐊𝐖𝐡/𝒖𝒏𝒊𝒕 𝒐𝒇 𝒇𝒖𝒆𝒍

𝐂𝐎𝟐 𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧 𝐅𝐚𝐜𝐭𝐨𝐫 𝐨𝐟 𝐟𝐮𝐞𝐥𝐬 𝐮𝐬𝐞 (

𝑻𝒚𝒑𝒆 𝒐𝒇 𝒄𝒐𝒂𝒍 𝒎𝒊𝒏𝒆𝒅 (𝑲𝒈)

𝑻𝒚𝒑𝒆 𝒐𝒇 𝒄𝒐𝒂𝒍 𝒎𝒊𝒏𝒆𝒅
)
𝑻𝒐𝒕𝒂𝒍 𝑪𝒐𝒂𝒍 𝒎𝒊𝒏𝒆𝒅

Eq 6: CO2 Emissions in mining from Fuels

An overview of the emissions of greenhouse gases emitted either from direct or indirect sources in
hard coal or lignite mining is in this Table 2.
Mining

Lignite
CO2

Electricity
Consumption in the
mines

CH4

CO2

Calculated for each
kilogram of lignite
mined

Direct Emissions

Fuel Consumption in
the mines

Hard Coal

Calculated for each
kilogram of lignite
mined, using CO2
emission factors and
weighed by the
amount of lignite
mined / total mined

Calculated for each
kilogram of lignite
mined, using CH4
emission factors
and weighed by
the amount of
lignite mined /
total mined

CH4
Calculated for each
kilogram of hard
coal mined

Calculated for each
kilogram of hard
coal mined, using
CO2 emission
factors and
weighed by the
amount of HC
mined / total
mined

Calculated for
each kilogram of
hard coal mined,
using CH4
emission factors
and weighed by
the amount of
HC mined / total
mined

Table 2: Emissions of GHG for mining stage for lignite and hard coal

3.2.3.2

The transport stage

At first, national import reports and EURACOAL, (2017) were explored to define countries that are
exporting coal to the main country, and their respective amounts. In fact, the amount of coal imported
that is considered is the one used for electricity production (steam coal). This is in order to only take into
account coal transported for electricity use, and stay in the frame of the study.
On a second stand, research is conducted to find departure points from exporting countries (Rail
Terminals, Ports) to arrival sites as in the importing country. Coal routes are calculated then, using the
tool described in Fig 13.
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Finally, transport emission factors for CO2 and CH4 were collected from the life cycle database Eco-Invent,
using transport, freight processes for waterborne and railways, and inland truck processes for moving the
coal inside the country.
By combining the above data, we calculate emissions of carbon dioxide and methane by multiplying the
mass of coal imported, by the distance for its route from the exporting to the importing country. After
which, the latter is multiplied by the emission factors for each GHG. Ultimately, to estimate greenhouse
gas emissions from transport, we used this equation for each route (pair of producing and consuming
country):
Transport GHG Emissions (kg CO2 eq)
𝑘𝑔𝐶𝑂2𝑒𝑞
= Imported Amount (t) ∗ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑘𝑚) ∗ 𝐸𝐹 𝑜𝑓 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 (
)
𝑡𝑘𝑚
Eq 7: GHG Emissions from transport

Total Transport emission per one TJ for the country of interest were derived by summing all routes
weighted by their contribution to total transport. The same procedure was applied to emission from
mining.

3.2.3.3

Combustion stage

Coal, essentially made of carbon, is a major trigger of carbon dioxide into the atmosphere. Thus, the
combustions stage represents the highest share of GHG emissions from the whole life cycle of coal.
Similarly to the mining stage, the amount of coal burnt is retracted from the IEA Energy Balances. The
IPCC inventory guideline provide the equation to be considered in this stage:

Fig 15: IPCC Inventory Guideline combustion equation

In this sense, the emissions of CO2 into the air, from both hard coal and lignite, are calculated by
multiplying the coal burnt to produce electricity by their respective default CO2 emission factors for
stationary combustion from IPCC.
𝑘𝑔𝐶𝑂2
Combustion Emissions (kg CO2 eq) = Combusted Coal (TJ) ∗ 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 (
)
𝑇𝐽
Eq 8: GHG Emissions from combustion
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3.2.3.4

Carbon footprint

Gathering all emissions calculated from the upstream and combustion stages, only one step is left to
calculate the carbon footprint, as it was stated in Eq1. To do so, power generated from coal was calculated
using the country specific efficiencies. In fact, inputs of coal to power plants for combustion are available
data for the year 2015, and emissions of combustion were extracted from this data. Nevertheless, the
direct electricity output of the same year from power plants is not stated in the energy balances. Therefore,
the power generated output was calculated multiplying the inputs by the country efficiencies. These
country efficiencies were calculated using 2014 data, since it was available for both parameters.
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐶𝑜𝑎𝑙 (2015) 𝑘𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
= Inputs of coal to Power plants (2015) KWh ∗ Country Efficiency (%)
Eq 9: Power generated from coal (kWh)

Emissions per TJ from mining and transport were multiplied by the total input to power plants.
Gathering all parameters of the Carbon footprint, we can now proceed to estimating the total carbon
footprint, as such

𝑘𝑔 𝐶𝑂2 𝑒𝑞
𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡(
)
𝐾𝑤ℎ
[∑𝑀𝑖𝑛𝑖𝑛𝑔 𝐶𝐻4 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝑀𝑖𝑛𝑖𝑛𝑔 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝐶𝐻4 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 ](𝑘𝑔𝐶𝑂2𝑒𝑞)
=
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐶𝑜𝑎𝑙 𝐾𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
Eq 10: Total carbon footprint calculation

In addition, percentages of the upstream and the combustion had to be defined, to conclude which of
the stages has the biggest impact, and also to check the consistency and accuracy of the values that
make the carbon footprint. Calculating these shares for each stage goes as follow:

[∑𝑀𝑖𝑛𝑖𝑛𝑔 𝐶𝐻4 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝑀𝑖𝑛𝑖𝑛𝑔 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠](𝑘𝑔𝐶𝑂2𝑒𝑞)
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐶𝑜𝑎𝑙 𝐾𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
𝑀𝑖𝑛𝑖𝑛𝑔 𝑆ℎ𝑎𝑟𝑒(%) =
𝑘𝑔 𝐶𝑂2 𝑒𝑞
𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡(
)
𝐾𝑤ℎ
Eq 11: Mining share from the total CF

[∑𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝐶𝐻4 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠](𝑘𝑔𝐶𝑂2𝑒𝑞)
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐶𝑜𝑎𝑙 𝐾𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑆ℎ𝑎𝑟𝑒(%) =
𝑘𝑔 𝐶𝑂2 𝑒𝑞
𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡(
)
𝐾𝑤ℎ
Eq 12: Transport share from the total CF

𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑆ℎ𝑎𝑟𝑒(%) =

∑𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑘𝑔𝐶𝑂2𝑒𝑞)
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐶𝑜𝑎𝑙 𝐾𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
𝑘𝑔 𝐶𝑂2 𝑒𝑞
𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡(
)
𝐾𝑤ℎ
Eq 13: Combustion share from the total CF
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In the same sense, and as stated before, carbon footprints for each type of coal were also calculated to
conclude which of the types cause more GHG emissions. Shares of the life cycle of each type of coal were
as well calculated.

𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝐶𝑎𝑟𝑏𝑜𝑛 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 (𝑘𝑔 𝐶𝑂2 𝑒𝑞)
[∑𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝑀𝑖𝑛𝑖𝑛𝑔 𝐺𝐻𝐺 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝐺𝐻𝐺 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠](𝑘𝑔𝐶𝑂2𝑒𝑞)
=
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝐾𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
Eq 14: Lignite carbon footprint calculation

[∑𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝑀𝑖𝑛𝑖𝑛𝑔 𝐶𝐻4 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝑀𝑖𝑛𝑖𝑛𝑔 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠](𝑘𝑔𝐶𝑂2𝑒𝑞)
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝐾𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝑀𝑖𝑛𝑖𝑛𝑔 𝑆ℎ𝑎𝑟𝑒(%) =
𝑘𝑔 𝐶𝑂2 𝑒𝑞
𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡(
)
𝐾𝑤ℎ
Eq 15: Mining share from the lignite CF

∑𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑘𝑔𝐶𝑂2𝑒𝑞)
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝐾𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑆ℎ𝑎𝑟𝑒(%) =
𝑘𝑔 𝐶𝑂2 𝑒𝑞
𝐿𝑖𝑔𝑛𝑖𝑡𝑒 𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡(
)
𝐾𝑤ℎ
Eq 16: Combustion share from the lignite CF

𝐻𝑎𝑟𝑑 𝐶𝑜𝑎𝑙 𝐶𝑎𝑟𝑏𝑜𝑛 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 (𝑘𝑔 𝐶𝑂2 𝑒𝑞)
[∑𝐻𝑎𝑟𝑑 𝐶𝑜𝑎𝑙 𝑀𝑖𝑛𝑖𝑛𝑔 𝐺𝐻𝐺 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝐻𝑎𝑟𝑑 𝐶𝑜𝑎𝑙 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝐺𝐻𝐺 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝐻𝑎𝑟𝑑 𝐶𝑜𝑎𝑙 𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝐺𝐻𝐺 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠](𝑘𝑔𝐶𝑂2𝑒𝑞)
=
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐶𝑜𝑎𝑙 𝐾𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
Eq 17: Hard coal carbon footprint calculation

[∑𝐻𝐶 𝑀𝑖𝑛𝑖𝑛𝑔 𝐶𝐻4 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝐻𝐶 𝑀𝑖𝑛𝑖𝑛𝑔 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠](𝑘𝑔𝐶𝑂2𝑒𝑞)
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐻𝑎𝑟𝑑 𝐶𝑜𝑎𝑙 𝐾𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
𝐻𝐶 𝑀𝑖𝑛𝑖𝑛𝑔 𝑆ℎ𝑎𝑟𝑒(%) =
𝑘𝑔 𝐶𝑂2 𝑒𝑞
𝐻𝑎𝑟𝑑 𝐶𝑜𝑎𝑙 𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡(
)
𝐾𝑤ℎ
Eq 18: Mining share from the hard coal CF

[∑𝐻𝐶 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + ∑𝐻𝐶 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝐶𝐻4 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠](𝑘𝑔𝐶𝑂2𝑒𝑞)
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐻𝑎𝑟𝑑 𝐶𝑜𝑎𝑙 𝐾𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
𝐻𝐶 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑆ℎ𝑎𝑟𝑒(%) =
𝑘𝑔 𝐶𝑂2 𝑒𝑞
𝐻𝑎𝑟𝑑 𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡(
)
𝐾𝑤ℎ
Eq 19: Transport share from the hard coal CF
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𝐻𝐶 𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑆ℎ𝑎𝑟𝑒(%) =

∑𝐻𝐶 𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑘𝑔𝐶𝑂2𝑒𝑞)
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐻𝑎𝑟𝑑 𝐶𝑜𝑎𝑙 𝐾𝑊ℎ⁄𝐶𝑜𝑢𝑛𝑡𝑟𝑦
𝐻𝑎𝑟𝑑 𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡(

𝑘𝑔 𝐶𝑂2 𝑒𝑞
)
𝐾𝑤ℎ

Eq 20: Combustion share from the Hard coal CF

4 Results & Analysis
4.1

CARBON FOOTPRINTS IN EUROPE

Carbon Footprint [kg CO2-eq/kWh]

Figure 16 shows the carbon footprints for all European countries producing coal. Contributions of the
different life cycle stages are also shown. Note that some countries only produce lignite, no transport
emissions are modelled for these countries. Figure 17 shows the carbon footprints for lignite (panel a)
and hard coal (panel b). Slovakia and Slovenia have high carbon footprints and mining stage emissions
compared to other countries. This is related to the fact that these countries mine lignite via underground
mining, which leads to comparatively high methane losses (according to emission factors as reported to
the (IPCC, 2006). High upstream contributions are shown for the UK and Germany, these are related to
coals imported from Russia, which show very high mining emissions compared to other countries
according to the energy balance data. Figure 17b shows differences in transport stage contribution to
total carbon footprint for different countries. This differences are mainly related to transport distances
e.g. the Czech Republic with low transport emissions imports mostly from Poland, whereas Spain imports
mostly from Colombia leading to higher transport emissions.
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Figure 16. Carbon footprint for electricity generation from coal in coal producing
European countries, including contributions of different life cycle stages.
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a)
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Figure 16. Carbon footprint for electricity generation from lignite (panel a) and
hard coal (panel b) in coal producing European countries, including contributions
of different life cycle stages.
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Coal Production and Mining Emission Factors:
Primary
List

Coal
Characteristics

Coal Production Mt
(Surface/Undergro
und Mining)

Producing Countries

Bulgaria

Czech
Republic
Germany

Greece

Poland

EuraCoal Report, 6th edition 2017

Country Specific CH4 Mining Emission Factors
Bulgaria CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/i
tems/7383.php
Czech Republic CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/i
tems/7383.php
Germany CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/i
tems/7383.php
Greece CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/i
tems/7383.php
Poland CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/i
tems/7383.php

Romania

Spain

United
Kingdom

https://euracoal.eu/library/publication
s/

Ukraine
(NON-EU)
Serbia
(NON-EU)
Hungary
EuraCoal Report, 6th edition 2017

Slovakia

Slovenia

Rest of
the
World
Exporting
to
Europe

Russia

COAL
PRODUCTI
ON SHEET

Romania CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/i
tems/7383.php
Spain CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/i
tems/7383.php
UK CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/i
tems/7383.php
Ukraine CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/i
tems/7383.php
Serbia CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/i
tems/7383.php
Hungary CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/i
tems/7383.php
Slovakia CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/i
tems/7383.php
Slovenia CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/i
tems/7383.php

https://www.statis
ta.com/statistics/
264775/top-10-

Russia CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissi
ons/items/7383.php
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Columbia
USA

countries-basedon-hard-coalproduction/

Australia
South
Africa
Indonesia

Canada

http://www.coal.c
a/production/

India

https://www.statis
ta.com/statistics/
264775/top-10countries-basedon-hard-coalproduction/

China



Country Specific IPCC Guideline
USA CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissi
ons/items/7383.php
http://www.environment.gov.au/system/files/resources/b24f8db4-e55a-4deb-a0b332cf763a5dab/files/national-greenhouse-accounts-factors-2014.pdf
Country Specific IPCC Guideline
http://www.ipccnggip.iges.or.jp/public/mtdocs/pdfiles/1407_Sofia/31_Indonesia_s_mitigation_potential_p
roject-rohmadi_ridlo.pdf
CANADA CRF (Table 1.B.1)
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissi
ons/items/8108.php
http://www.sciencedirect.com/science/article/pii/S1876610216314114
http://www.atmos-chem-phys.net/16/14545/2016/acp-16-14545-2016.pdf

Net Calorific Values:

Primary
List

Net Calorific Values

Bulgaria
Czech
Republic
Germany

PAGE 2

Greece
Poland
Romania

EuraCoal Report, 6th edition 2017
https://euracoal.eu/library/publications/

Spain
United
Kingdom
Ukraine
(NONEU)
Serbia
(NONEU)
Hungary
Slovakia

Exporting to Europe

Slovenia
Russ
ia
Colu
mbi
a

https://www.google.dk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwjn9IH4mejVAhUFEpoKHVD6DUwQ
FgguMAE&url=http%3A%2F%2Fcnbmcoal.com%2Fen%2Fview.php%3Fid%3D47&usg=AFQjCNHNWY1KFLnD2PMRRf65qXSgnTgk6A
https://www.worldcoal.com/coal/10022011/coal_in_colombia/

USA

https://www.eia.gov/tools/faqs/faq.php?id=72&t=2

Aust
ralia
Sout
h
Afric
a

https://www.google.dk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjjgYvOnjVAhUCP5oKHZwVD3UQFggmMAA&url=http%3A%2F%2Fwww.coalmarketinginfo.com%2Fcoalbasics%2F&usg=AFQjCNFQSTgQJScUk6oEBnEEbD_8VHxTIA
https://www.google.dk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwiKidPlnjVAhXmYpoKHa_IDosQFgg5MAI&url=http%3A%2F%2Fwww.cnbmcoal.com%2Fen%2Fview.php%3Fid%3D57&usg=AFQjCNGQAVsVuACABT
QV65-DYDLRgzzhUg
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Indo
nesi
a
Can
ada
India
Chin
a



http://www.aresasialtd.com/en/our-business/coal-trading/coal-specifications.html

https://www.google.dk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=7&cad=rja&uact=8&ved=0ahUKEwjh9pHBoujVAhWFO5oKHXxPCgUQ
FghXMAY&url=http%3A%2F%2Fwww.world-nuclear.org%2Finformation-library%2Ffacts-and-figures%2Fheat-values-of-variousfuels.aspx&usg=AFQjCNHhd9SIB63EWX5ibyxZ7c7FzYMCqQ
http://coal.nic.in/content/coal-grades
https://www.c2es.org/docUploads/coal-in-china-resources-uses-technologies.pdf

Fuel consumption in mines and Imports of coal:
Imported Coal
Consumpti
on of
electricity
and fuels in
the mines

IEA
ENERGY
BALANCES
- INTERN
DOCUMEN
T IN TNO

Emission
Factors for
Electricity
and fuels

http://www.e
ngineeringto
olbox.com/c
o2-emissionfuelsd_1085.html

Import Amount (Mt)

Routes /
Means

Distance (km)

Emission
Factors (kg/TJ)

Data sent from the Energy
Organisation of Bulgaria
https://www.iea.org/publications/freep
ublications/publication/Energy_Policies
_of_IEA_Countries_Czech_Republic_201
6_Review.pdf
VDKi, 2016

Mapped
Coal

Calculated by
choosing Pt. A to Pt.B
(Major Coal Ports)
using Coal Gap Route

Emissions
Factors from
Eco-Invent for
Railways,
waterborne
and inland
trucks in 1 tkm

https://www.google.nl/url?sa=t&rct=j&
q=&esrc=s&source=web&cd=2&ved=
0ahUKEwiT0OLjjLnWAhWRKFAKHQag
BvUQFgguMAE&url=http%3A%2F%2F
euracoal2.org%2Fdownload%2FPublic-

Global
Trade

PAGE 4

Archive%2FLibrary%2FMarketReports%2FEURACOAL-MarketReport-20161.pdf&usg=AFQjCNH60d6hD4aKN5SB
dHdhE89ZrTtaXA
https://www.google.nl/url?sa=t&rct=j&
q=&esrc=s&source=web&cd=2&ved=
0ahUKEwiT0OLjjLnWAhWRKFAKHQag
BvUQFgguMAE&url=http%3A%2F%2F
euracoal2.org%2Fdownload%2FPublicArchive%2FLibrary%2FMarketReports%2FEURACOAL-MarketReport-20161.pdf&usg=AFQjCNH60d6hD4aKN5SB
dHdhE89ZrTtaXA
http://atlas.media.mit.edu/en/visualize/
tree_map/hs92/import/rou/show/2704
00/2015/
countries publications in IEA (Spain) :
https://www.iea.org/publications/count
ryreviews/
https://www.gov.uk/government/uploa
ds/system/uploads/attachment_data/fil
e/559572/Coal_in_2015.pdf

http://atlas.media.mit.edu/en/visualize/
tree_map/hs92/import/hun/show/2704
00/2015/

https://ww
w.carbonbr
ief.org/ma
pped-theglobalcoal-trade

Coal Flow
Websites

Port of Rotterdam
Navigation
https://navigate.porto
frotterdam.com/searc

PAGE 5

ECO-INVENT
DATABASE

http://atlas.media.mit.edu/en/visualize/
tree_map/hs92/import/svk/show/27011
2/2015/
http://atlas.media.mit.edu/en/visualize/
tree_map/hs92/import/svn/show/27011
2/2015/

h/connection?origin=
ChIJMw1UiCPAfDYR3
XGeyZyb5ko&destina
tion=ChIJT608vzr5sU
ARKKacfOMyBqw
European
Shipping

https://ecom
etrica.com/as
sets/Electricit
y-specificemissionfactors-forgridelectricity.pdf

Open Sea

World Coal
Shipping
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Coal combusted for electricity generation:
Electricity Generation
Amount of coal combusted (Mt)

Combustion Emission Factors

Country Specific
Efficiencies

/ Power Generation from coal

(kg CO2 /TJ)

Calculated from IEA
ENERGY BALANCES 2014 -

IEA ENERGY BALANCES - INTERN
DOCUMENT AT TNO

PAGE 7

Eurostat Database

5.2

Default Emission Factors for
combustion & com. technologies
and Waterbourne
IPCC Guideline 2006
(in kg CO2 eq/TJ)
Vol 2, Chapter 2, Pages: 16 up

WEBSITES

- World Coal Association, www.worldcoal.org
-Eurostat, www.europa.eu/eurostat/statistics-explained/index.php/coal_consumption_statistics
- Eurocoal, www.euracoal.eu
- Carbon brief, www.carbonbrief.org/mapped-the -global-coal-trade/
- Greenpeace energy desk, http://energydesk.greenpeace.org/2015/09/10/everything-you-need-to-know-about-coal-in-europe-in-oneawesome-map/
- EIA website, https://www.eia.gov/energyexplained/index.cfm?page=coal_mining
- Britannica, https://www.britannica.com/technology/coal-mining/Coal-preparation#toc81699
- Sima Pro, Eco-Invent https://simapro.com/databases/ecoinvent/?gclid=EAIaIQobChMIm--o7P_1QIVBLftCh0v2QR8EAAYASAAEgLEWfD_BwE
- Connaissance des énergies, https://www.connaissancedesenergies.org/fiche-pedagogique/charbon-quels-dangers/
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