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S1. UNFCCC reporting on stock and emissions data 

Table S.1. Reported SF6 stock for electrical equipment for EU-28 countries in 2017 (UNFCCC 2019). 

Country  Austria Belgium Bulgaria Croatia Cyprus Czechia Denmark 
Reported 

stock (t SF6) 299.59 100.19 35.41 71.5 / 107.46 99.22 

Country Estonia Finland France Germany Greece Hungary Ireland 
Reported 

stock (t SF6) 21.53 104.18 1124.34 2711.89 / 143.18 / 

Country  Italy Latvia Lithuania Luxembourg Malta Netherlands Poland 
Reported 

stock (t SF6) 1530.62 33.6 10.58 19.54 3.82 / 123.97 

Country  Portugal Romania Slovakia Slovenia Spain Sweden UK 
Reported 

stock (t SF6) 148.97 118.18 103.57 27.2 1879.16 247.83 1362.99 

Reported SF6 stock (= amount of SF6 in installed electrical equipment) from countries was taken 
straight from the UNFCCC CRF (Common Reporting Format) files of the EU-28 countries (Table 
2(II).B-Hs2) (UNFCCC 2019). Cyprus, Greece, Ireland and the Netherlands did not report their SF6 
stock. The total reported stock amounts to 10 428.5 t SF6 for the year 2017. 

To estimate the unreported stock, we used a linear correlation between the installed net 
electricity generating capacity and the SF6 stock of the different countries. The SF6 stock from the 
countries who did not explicitly nor implicitly report it was extrapolated based on their installed net 
electricity generating capacity. There is a wide difference in the ratio of stock versus installed capacity 
for countries with a low installed capacity compared to countries with a high installed capacity (see 
Figure S.1). The correlation was performed with the cluster of countries with a low installed capacity 
since the countries with the unreported stock all had an installed capacity in that lower range (see 



  

 

Figure S.2). This method provides a roughly estimated value of 378 t SF6, that corresponds to a 3.6% 
of the total reported stock. This results in a total stock of 10 800 t SF6 for the EU-28 countries. The 
linear regression coefficient is 0.00577 t of SF6 per MW installed capacity. The trendline has an R2 of 
only 0.48 and a standard deviation of 55 t. Even though it is a rough estimate, Figure S.1 does show 
that a low installed capacity is a good indicator of a country having a low SF6 stock. The lack of 
precision on the estimate will have little effect on the precision of the total stock, due to the small 
amount of the unreported stock with respect to the total stock amount.  

The inherent differences between the countries in terms of SF6 intensity per capacity (leading to 
the poor correlation) may be due to different electrical grid structures (e.g. centralized vs. 
decentralized, geography, population density) and/or due to the preference to varying technological 
switchgear alternatives. Additionally, the accounting method for SF6 for at least some countries might 
be flawed. As an example, medium voltage switchgear is not only used by distribution grid operators 
but also widely installed at private (medium and small) enterprises, making it difficult to account for. 

 

Figure S.1. SF6 stock of EU28 countries, as reported to UNFCCC, as a function of their installed 
capacity for 2017 (EU Commission, DG Energy, Unit A4, 2019; UNFCCC 2019). 

 
Figure S.2. SF6 stock of EU28 countries with a low SF6 stock in function of their installed capacity for 
2017 (EU Commission, DG Energy, Unit A4, 2019; UNFCCC 2019). 



  

 

Table S.2. Countries implied (inversely calculated) overall emission factor for SF6 in electrical 
equipment during use (UNFCCC 2019). 

Country  Austria Belgium Bulgaria Croatia Cypru
s 

Czechia Denmar
k 

Implied 
emissio
n factor 

0.53 0.38 1.99 0.39 NE 2.63 0.49 

Country Estonia Finland France Germany Greece Hungary Ireland 
Implied 
emissio
n factor  

0.49 0.5 0.73 0.23 NA 2.6 NA 

Country  Italy Latvia 
Lithuani

a 
Luxembour

g Malta 
Netherland

s Poland 

Implied 
emissio
n factor  

0.8 1.31 0.19 0.31 1.03 IE 2 

Country  Portuga
l 

Romani
a 

Slovakia Slovenia Spain Sweden UK 

Implied 
emissio
n factor  

0.23 1.84 0.29 2.54 0.48 0.5 0.9 

Only few countries report the emission factors used for each type of switchgear. For those 
without explicit data disaggregation, an implied overall emission factor per country is calculated 
(equals emission during use divided by stock). The used emission factors can be either estimated by 
the country, and are therefore country specific emission factors. In cases where a country can’t 
estimate their emission factor, IPCC standards asks to use their given default values (IPCC 2006). 
These default values are quite high compared to those estimated by countries and are in no way a 
true representation of what the actual emission factor would be for that country.  When calculating 
the weighted average implied emission factor for electrical equipment during use for the EU28,  
countries using default values where therefore not taken into account. From the 28 countries Czechia, 
Hungary, Poland and Latvia reporting using default emission values (= tier 1 method (Madrigal & 
Spalding-Fecher, 2010; Plöger et al., 2006)). the weighted average (weighing factor is SF6 stock) 
implied emission factor for the EU-28 is 0.57%. 

S2. Insights from the Emissions Database for Global Atmospheric Research (EDGAR) 

A comparison of the modeled emissions of EDGAR v4.2 as well as the reported UNFCCC 
emissions with top-down inverse modeling of regional emissions based on atmospheric 
measurements of the AGAGE project (O’doherty et al. 2018; MIT 2019; Prinn et al. 2000; Prinn et al. 
2018a-b), as shown in Figure S3-A, demonstrates that the EDGAR calculations are much more in line 
with empirical data. EDGAR (2013) reported SF6 emission values from electrical equipment during 
use for several EU countries until 2010. These values where summed and compared with the reported 
EU-28 value from UNFCCC (2019). From 2006 until the last reported data, 2010, the EDGAR reported 
SF6 emissions about 1.85 times higher to those from the UNFCCC (see Figure S3). If we assume that 
EDGAR estimates are correct and UNFCCC estimates remain to this day about 1.85 times those of 
EDGAR, then the SF6 emission from electrical equipment during use in 2017 would be 125 t SF6 
instead of the reported 68 t of SF6. EDGAR summed values do not account for the entirety of EU-28 
countries; it did not report any SF6 emission from electrical equipment during use for Bulgaria, 
Croatia, Cyprus, Latvia, Lithuania, Luxembourg, Malta, Slovakia, Romania, Slovenia, Estonia and 
Czech Republic. These countries contribute together 11.3 % to the UNFCCC reported SF6 emissions 
from electrical equipment during use. This means that the difference would not be 1.85, but should 



  

 

be adjusted to a factor of 2.09, resulting in an emission of 140 t of SF6 emitted from in-use electrical 
equipment. Given the large uncertainty we rounded this factor to 2. The SF6 stock is inversely 
calculated by using the estimated weighted average emission factor (0.57%, from Table S.1 and Table 
S.2) for the EU-28. This results in an estimated stock of 24 700 t of SF6, which is twice that of the 
UNFCCC estimate.  

Nonetheless, various reports state that the estimated emissions from the bottom up approach by 
UNFCCC might be underestimated (Leip et al. 2018; Levin et al. 2010; Weiss et al. 2018; Weiss & 
Prinn, 2011). Next to UNFCCC reporting, an EU Joint Research Center initiative, Emissions Database 
for Global Atmospheric Research (EDGAR) modeled from 2000 until 2010 the SF6 atmospheric 
emissions (up to version v4.2 FT2010; EDGAR 2013) based on international annual technological 
statistics combined with geographical information systems modeling. The method seems more 
generic and transversal than the variety of methods used for UNFCCC reporting, although detailed 
methods are not published (Rabie & Franck 2018). Also Rabie & Franck (2018) demonstrate similarly 
that UNFCCC reported emissions are likely underestimated. For the analyzed time frame 2000-2010, 
emissions calculated by EDGAR and corroborated by top-down atmospheric data (Rigby et al. 2010), 
are higher than those reported by the UNFCCC for the EU. EDGAR v4.2 reports the SF6 emission 
from electrical equipment during use for many of the EU countries (see Figure S.1B). The SF6 emission 
from the unreported countries is calculated by using the relative contributions from the respective 
countries to the EU-28 SF6 emission from electrical equipment during use from the UNFCCC. For 
2007-2010, the SF6 emission from electrical equipment during use for the EU-28 from EDGAR is on 
average 2  times higher than those from the UNFCCC. In the further analysis, we extrapolated the 
average ratio between emissions from EDGAR and UNFCCC of 2 from 2007-2010 to 2017 and further.  

With the currently available public information, there seems no scientific basis to judge the 
correctness of either the installed stock of SF6 in electrical equipment or the real  emission factors for 
electrical equipment during operation. Assuming that the EDGAR modeled emissions are realistic, 
applying an average EU-28 emission factor, for electrical equipment during use, as reported by 
UNFCCC of 0.57 % (calculated from the country specific emission factors, see above), inverse 
calculations yield an overall stock of SF6 in electrical equipment of 24 700 t in the EU-28 for 2017. This 
value is much higher than the UNFCCC estimates, yet reflects the high uncertainty on the latter. 
Alternatively, considering the aforementioned stock estimate on the basis of UNFCCC reporting of 
10 800 t of SF6, consistency with EDGAR and subsequently AGAGE models would imply an overall 
emission factor of 1.3 %, which is unrealistically high. It is our appreciation that more likely the 
UNFCCC data are underestimates of the real amount of SF6 used in electrical equipment in the EU-
28, given the lack of universal accounting method across member states, uncertainties about 
import/export and large number of operators of medium voltage equipment. For the reasons outlined 
above, we assume that the actual stock of SF6 throughout Europe can only be represented by a 
probability distribution between 10 800 t and 24 700 t. The modus of this distribution could be set at 
12 700 t (equivalent to almost 300 million t of CO2-eq., if ever released), which is an extrapolation of 
the German stock figure on the basis of net electricity generating capacity (EU Commission, DG 
Energy, Unit A4, 2019, see section S3 below). The German reporting is since 2011 based on detailed 
sales data of manufacturers, including imports/exports, constituting a reliable mass balance 
(UNFCCC 2019), and its extrapolation seems to us the most likely value for the EU-28.   



  

 

  

Figure S.3. (A) comparison of reported total global SF6 emissions by EDGAR (2013) to those 
of the UNFCCC and those from data gained from AGAGE (O’doherty et al. 2018), with 
global comparison versus Annex I countries only (UNFCCC 2019). Estimated errors are 
discussed in the original publications, and in Rabie & Franck (2018). (B) EU SF6 emissions 
from electrical equipment during use (operational leakage) as reported by the UNFCCC 
compared with EDGAR reported values (contribution SF6 emission from unreported 
countries not taken into account). 

The resulting probability density function of installed SF6 stock in electrical equipment is 
aggregated; the data contains both medium voltage and high voltage equipment. As the scope of this 
study restricts to high voltage switchgear only, represented by a 145 kV bay functional unit, an apt 
estimator for the EU-28 wide HV share is required. For the five EU countries with the highest SF6 
stock in electrical equipment according to UNFCCC reports, France, Germany, Italy, Spain and the 
United Kingdom, data on both MV and HV stock are available for a period between 2009 and 2017. 
Germany directly reports both MV and HV to UNFCCC (2019), whereas for France, Italy and Spain 
public data obtained from transmission grid operators were used (RED Electrica 2010, 2015, 2016, 
2019; Terna 2010, 2013, 2015, 2018; RTE 2007, 2010, 2012, 2014) and for the United Kingdom data from 
distribution grid operators were used (Ofgem 2017, 2019). The HV share across these countries, as a 
weighted average, is quite stable at approximately 45 % (see Table S.3). This value can be extrapolated 
to the EU-28, since the five aforementioned countries account for about 80 % of the total SF6 stock 
installed according to UNFCCC (2019) reports, leading to a PDF ranging from  4860 t to 11 100 t of 
SF6 in HV switchgear, with the modus at 5 700 t, if the aforementioned uncertainty on the total stock 
is taken into account. Nonetheless, the 45 % estimate itself is also subject to a skewed probability 



  

 

distribution as a result of uncertainty on the distribution grid data quality (see the discussion in the 
SI, section S4). 

S3. Extrapolation of German stock data to EU-28 

The reported situation of the SF6 stock was extrapolated for the entire EU-28, based on the 
amount of SF6 stock it has for its installed net electricity generating capacity. The rationale is that the 
method for the German reporting to UNFCCC is based on direct industrial accounting, including the 
tracking of imports and exports, seemingly superior to other countries reporting, which is done using 
rather indirect methods. The installed capacity in Germany is estimated to have been 215.5 GW in 
2017 (EU Commission, DG Energy, Unit A4, 2019). The SF6 stock in 2017 was 2712 t SF6 (UNFCCC 
2019). This gives therefore 12.6 t SF6 per GW. The installed capacity for the EU was 1011 GW in 2017 
(EU Commission, DG Energy, Unit A4, 2019). This results in an estimated 12 700 t SF6 for the EU-28, 
which is 17.5% higher than the UNFCCC estimates. 

S4. Calculation of the share of HV in SF6 stock in the EU-28 grid 

For the five EU countries with the highest SF6 stock in electrical equipment according to 
UNFCCC reports, France, Germany, Italy, Spain and the United Kingdom, data on both MV and HV 
stock are available for a period between 2009 and 2017. Germany directly reports both MV and HV 
to UNFCCC (2019), whereas for France, Italy and Spain public data obtained from transmission grid 
operators were used (RED Electrica 2010, 2015, 2016, 2019; Terna 2010, 2013, 2015, 2018; RTE 2007, 
2010, 2012, 2014) and for the United Kingdom data from distribution grid operators were used 
(Ofgem 2017, 2019). The HV share across these countries, as a weighted average, is quite stable at 
approximately 45 % (see Table S.3 below). This value can be extrapolated to the EU-28, since the five 
aforementioned countries account for about 80 % of the total SF6 stock installed according to 
UNFCCC (2019) reports (see Table S.1). Nonetheless, the 45 % estimate itself is also subject to a 
skewed probability distribution as a result of uncertainty on the distribution grid data quality (see 
below).  

The HV share for the EU-28 is estimated by calculating the weighted average HV share of the 
five aforementioned countries with the largest contribution to the EU-28 SF6 stock, as data from 
transmission operators are accessible. 𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐻𝑉 𝑠ℎ𝑎𝑟𝑒 = ∑ 𝐻𝑉 𝑠ℎ𝑎𝑟𝑒 ∗ 𝑇𝑜𝑡𝑎𝑙 𝑠𝑡𝑜𝑐𝑘∑ 𝑇𝑜𝑡𝑎𝑙 𝑠𝑡𝑜𝑐𝑘  

  



  

 

Table S.3. Contribution HV share of countries to the weighted average HV share for the EU. 

 2009 2010 2011 2012 2013 2014 2015 2016 2017 
HV share France (%) (RTE 

2007, 2010, 2012, 2014) 
47.6 47.6 48.8 48.3 47.5 48.1 48.0 48.0 48.0 

Total stock France (t SF6)  
(UNFCCC 2019) 

1018 1036 1049 1062 1072 1084 1097 1109 1124 

HV share Germany (%)  
(UNFCCC 2019) 

55.0 53.5 52.4 51.5 50.5 49.7 50.0 48.8 48.0 

Total stock Germany  (t 
SF6) (UNFCCC 2019) 1955 2033 2134 2219 2292 2375 2545 2628 2711 

HV share Italy (%) (Terna 
2010, 2013, 2015, 2018; RTE 

2007, 2010, 2012, 2014)) 
25.3 26.1 28.1 31.4 33.3 34.5 35.3 36.2 37.0 

Total stock Italy (t SF6) 
(UNFCCC 2019) 

1209 1248 1310 1361 1401 1427 1467 1504 1531 

HV share Spain (%) (RED 
Electrica 2010, 2015, 2016, 

2019) 
14.2 13.9 15.5 17.1 17.7 18.7 20.9 23.0 23.1 

Total stock Spain (t SF6) 
(UNFCCC 2019) 

1429 1518 1583 1639 1685 1736 1785 1830 1879 

HV share UK (%) (Ofgem 
2017, 2019) 

78.1 78.1 78.1 78.1 78.3 78.0 78.4 77.7 78.0 

Total stock UK (t SF6) 
(UNFCCC 2019) 

1159 1164 1174 1191 1214 1239 1278 1317 1363 

Weighted average HV 
share (%) 43.9 43.2 43.6 44.1 44.1 44.3 45.2 45.3 45.4 

The HV share for France Italy and Spain is calculated by dividing the SF6 stock reported by said 
countries TSOs (transmission system operators) with their total SF6 stock reported to the UNFCCC. 

The HV share for the UK is calculated by first gaining the MV share by dividing the SF6 stock reported 

by UK’s DSOs (distribution system operators) with its total SF6 stock reported to the UNFCCC. 
Germany’s HV share is obtained by dividing the HV SF6 stock, reported in the NIR (national 

inventory report), with the sum of the HV and MV SF6 stock that is reported in this same report. 
Assumptions made: 

- France: SF6 stock data from TSOs (transmission system operators) were available from 2005 till 

2014. After 2009 the HV share seems to be steady. The average value of the HV share, starting 

from 2009 till 2014 is 48 %, which is the value withheld as an estimate for subsequent years. 

- Germany: Germany makes a further distinction in the NIR for electrical equipment by not only 

reporting MV and HV switchgears, but also other electrical equipment. It’s unknown how much 

of this other electrical equipment is used on the high voltage level. Due to the small share of 

other electrical equipment to the total SF6 stock, the impact of it on the HV share of Germany 

will be rather small, even if the HV share of the other electrical equipment would be largely 

different from that of the switchgear and control gear. Therefore, this data was not taken into 

account. Values were found for all reported years from Table S.3. 

- Italy: Values were found for all reported years from Table S.3. 



  

 

- Spain: Values were found for all reported years from Table S. 3. 

- UK: data was available from 2010 till 2017. UNFCCC’s reported SF6 stock data did not initially 

include two of the three transmission grid operators SF6 stock. These where eventually taken 

into account from 2013 onwards. This meant however that HV share of the UK was 

underestimated for the years before 2013 when using our calculation. Instead, the HV share of 

the UK for the years 2009 till 2013 has been estimated as the average HV share of 2013 till 2017, 

since this value remained steady for the last couple of years. For the weighted average, the total 

stock of each country was necessary. UK’s incomplete stock for the years before 2013 meant 

however that if we were to use those values, the impact of the UK on the HV share would have 

been underestimated for those years. Instead we estimated the SF6 stock based on a trendline, of 

the data from 2013 onwards, using a quadratic equation (see Figure S.4). The resulting values 

can be found in Table S.3.  

 
FigureS. 4. Estimated SF6 stock for the UK for the years 2009 until 2012, based on stock from 2013 
onwards (UNFCCC 2019). 

The weighted average HV share (weighing factor is total stock) is rather constant throughout 
recent years, only experiencing a slight increase (see Table S.3). However, this does not mean that 
countries themselves have a steady HV share. E.g., the HV share of Italy and Spain has risen strongly, 
whereas Germany has experienced a rise in MV share instead (see Table S.3). A weighted average of 
45 % of HV share is found for 2017. 
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Table S.4. Ecofys distribution of switchgears for Germany (Burgers et al., 2018). 

 

An Ecofys report looked at how the switchgears were distributed in terms of operators (Burgers 
et al., 2018). It was found that for HV switchgears more than 90% is owned by public grid operators 
(see Table S.4), making the SF6 stock reported by TSOs a good estimate for the total HV stock. This is 
however not the case for MV switchgears, which are largely owned by the industry as well, making 
DSO reports insufficient to assess the total MV SF6 stock.  

If UK’s switchgear distribution is like that of the Germany, this would mean that we 
underestimated UK’s MV stock by the use of DSO reports, resulting in a higher estimated HV share 
than in reality. To calculate the average distribution for MV switchgears knowledge of the number of 
operational units (called functional units in the Ecofys report, however this may cause confusion with 
LCA definitions) for each type and the SF6 mass for each type of operational unit is required. Ecofys 
reports that there are around 500 000 primary switchgear functional units, 2 000 000 secondary 
switchgear functional units and 2000 generator circuit breaker functional units (Burgers et al., 2018). 
The SF6 mass for each functional unit can be found in Table S.5. Using the average of the two extremes 
along with the amount of functional units for each type and the info from Table S.4 we find that about 
35 % of  MV SF6 stock comes from the industry and 6.8 % of MV SF6 stock comes from electricity 
generation. This would result in an HV share of 67.5 % for the UK in 2017, along with an estimated 
stock of 1580 t SF6 and would result in an HV share of 44 % for the EU, which is quite similar to the 
value calculated without taking Ecofys report into account. 

Table S.5. Average SF6 volumes per installation at each voltage level (Burgers et al., 2018). 

 



  

 

S5. Single 145 kV comparison of carbon footprint 

Here we show a similar figure to the Figure 2 of the main text, however using a logarithmic scale 
for comparison between the alternatives, i.e. C5-FK and C4-FN.  

 

Figure S.5. Comparison (in logarithmic scale) of the carbon footprint, in metric tons of CO2-eq., per 
functional unit of a single 145 kV GIS bay over a lifetime of 40 years of operation, for SF6-based, C4-
FN-based and C5-FK-based technology [A]. Savings for both alternative technologies with respect to 
SF6 systems are also shown [B]. Results are disaggregated into filling (F), operation (O) and 
decommissioning (D), or shown as total savings (T). The boxplots are composed of the median, 
interquartile range, and minima and maxima, with the diamonds representing the averages. 

S6. Gas Stock Projections 

S6.1. Grid installed capacity time series 

The generation installed capacity for years 2000 to 2017 is obtained from Eurostat (2019) and the 
projections from 2018 to from the EU Commission Reference Scenario of Carpos et al. (2016).  

The grid installed capacity is considered to be equivalent to the generation installed capacity 
when this one remains constant or increases. It is assumed that switchgears are not removed in case 
the generation installed capacity decreases from one year to another. Therefore, if the EU commission 
projects a decline in generation installed capacity the grid installed capacity remains constant.  

The EU Commission Reference Scenario 2016 (Carpos et al., 2016) shows values every 5 years, 
thus for the unreported years the values are linearly interpolated. On the other hand, for the period 
before 2000 and after 2050 the values found in the period between 2000 and 2050 are linearly 
extrapolated.   

  



  

 

S6.2. SF6 Stock time series   

The projection of the SF6 stock business as usual scenario, where all future switchgears installed 
are SF6 based, is calculated considering that the observed relationship between the grid installed 
capacity and the SF6 stock remains constant.  

The least square regression uses the grid installed capacity statistics of the EU (Eurostat 2019) as 
the main driver of the calculated SF6 stock (UNFCCC 2019) between 2000 and 2017. The results show 
that that the SF6 stock (tonnes) is highly correlated with the installed capacity (MW) with an adjusted 
R2 of 0.98. Additionally, the Anova test indicates that installed capacity can explain the SF6 stock 
(tonnes) with a 99.99% of significance.  

Accordingly, the base value for the SF6 stock from 2018 to 2050 was calculated with Equation 1 , 
where IC represents the grid installed capacity.   𝑆𝑡𝑜𝑐𝑘𝑆𝐹 = 0.017 ∗ 𝐼𝐶 − 6930 

Equation 1: SF6 stock projection. 

Since the UNFCCC calculated stock might be underestimated, for the uncertainty analysis, the 
stock is assumed to have a PERT distribution where the minimum value corresponds to de 
aforementioned projection (Equation 1). The mode is assumed to be a 17% higher than the min value 
(based on the stock calculated with the German emission factors) and the maximum value is assumed 
to be a 128% higher than the minimum value (based on the EDGAR calculations).  

The high voltage stock share (HV) of the total grid SF6 stock is assumed to remain constant for 
the future.  Its most likely value (45%) is calculated as the weighted average of the 5 largest countries 
of the EU-28. Additionally, for the uncertainty analysis this value is modeled with a triangular 
distribution with a min of 38.5% and a maximum of 87.3%, according to what is mentioned in the 
previous section S4.  

As a next step, the gas stock growth is calculated for the different phase-out scenarios. We 
calculate the business as usual SF6 stock growth as the first difference of the stock time series. Then, 
the growth of the gas stock in the alternative gases scenarios (C4-FN/CO2 or C5-KF/O2/CO2) is 
estimated considering that all new switchgears from 2020 onwards are made from these mixtures. 
This is reflected by a phase out dummy variable that takes the value of 1 when there are new 
switchgears installed with that specific gas, and 0 when not (Table S.6). The amount of gas required 
to replace 1 ton of SF6 is a proportion of the amount of gas required for a C4-FN switchgear (Table 
S.7) with respect to an SF6 switchgear.    

Table S.6. Phase out variable values for each switchgear type scenario s. 

Time/scenario t ≥ 2020 t < 2020 
Continued SF6 0 1 

Phase-out to C4-FN 1 0 
Phase-out to C5-FK 1 0 

Table S.7. Replacement factor for different gases and switchgear types. 

Scenario/Gas SF6 C4-FN C5-FK CO2 O2 
Continued SF6 1.00 0 0 0 0 

Phase-out to C4-FN 0 0.10 0 0.37 0 
Phase-out to C5-FK 0 0 0.13 0.37 0.02 

To calculate the stock growth of gas g in each scenario s we first assume an hypothetical scenario    
were the installation of switchgear with fluorinated gases is only due to an increased in installed 
capacity and that decompiled SF6 switchgears are replaced by switchgears of the same type of gas. 
Even though this intermediate variable is not representative of the stock growth in a phase-out 



  

 

scenario, it will allow us to calculate the real stock growth without entering a circular relationship 
between the stock growth and the decompiled gases.  

Considering the high voltage share (HV), the SF6 projected stock, the phase out variable (PhO) 
and the replacement factors (RF) we can calculate the hypothetical stock growth of gas g in each 
scenario s (Equation 2).  𝐻𝑆𝐺 , = 𝐻𝑉 ∗ (𝑆𝑡𝑜𝑐𝑘𝑆𝐹 − 𝑆𝑡𝑜𝑐𝑘𝑆𝐹 ) ∗ 𝑅𝐹 , ∗ 𝑃ℎ𝑂  

Equation 2: Hypothetical stock growth for gas g on year t in scenario s. 

Under this same hypothetical scenario, were retired switchgears are replaced by the same gas 
switchgears, we calculate the annually decompiled gas. This corresponds to the total amount of gas 
that is retired from the switchgears and that will later be recycled, disposed or emitted to the air 
(decommissioned gas).  Since the switchgears that are retired are the ones that were installed LS 
years ago, this variable depends on the expected lifetime of the switchgear (LS).  the. Specifically, 
the decompiled gas is equivalent to the gas stock growth LS years before. Equation 3 shows how the 
hypothetical decompiled gas for year t and gas g is calculated.  As a base case we assume that the 
lifespan of the switchgear is 40 year, for all types of switchgears.  

𝐻𝐷 , = ⎩⎨
⎧ 𝐻𝑆𝐺 ,                                                 𝑖𝑓 𝑡 > 1980 + 𝐿𝑆𝑆𝑡𝑜𝑐𝑘𝑆𝐹𝐿𝑆                   𝑖𝑓 𝑡 ≤ 1980 + 𝐿𝑆 𝑎𝑛𝑑 𝑠 = 𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑒𝑑 𝑆𝐹0                                   𝑖𝑓 𝑡 ≤ 1980 + 𝐿𝑆 𝑎𝑛𝑑  𝑠 ≠ 𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑒𝑑 𝑆𝐹   

Equation 3: Decompiled gas for gas g on year t. 

With these two intermediate variables (𝐻𝑆𝐺 ,  and  𝐻𝐷𝑔,𝑠𝑡 )  we calculate the final gas stock growth 
(  𝑆𝑡𝑜𝑐𝑘 𝐺𝑟𝑜𝑤𝑡ℎ ,  )  considering that in the phase out scenarios the decompiled switchgears are 
replaced by novel gas switchgears.  

Table S.8. Stock growth for gas g in scenario s and year t. 

Scenario/Gas SF6 C4-FN C5-FK CO2 O2 
Continued SF6  𝐻𝑆𝐺 ,    0 

C4-FN phase-out  𝐻𝑆𝐺 , − 𝐻𝐷´ , ∗ 𝑃ℎ𝑂    𝐻𝑆𝐺´ , + 𝐻𝐷 , ∗ 𝑅𝐹 , ∗ 𝑃ℎ𝑂  
 C5-FK phase out 

With this it is possible to calculate the total stock or accumulated stock in the different scenarios 
(Equation 4).  𝑆𝑡𝑜𝑐𝑘 , = 𝑆𝑡𝑜𝑐𝑘 +  𝑆𝑡𝑜𝑐𝑘 𝐺𝑟𝑜𝑤𝑡ℎ ,  

Equation 4. Estimated stock for gas g on year t in scenario s. 

where  𝐺𝑎𝑠 𝑆𝑡𝑜𝑐𝑘 = 0 ∀ 𝑠 ≠ 𝑆𝐹  

S7. Projection of carbon footprint to EU-28 over 50-year timeframe 

For the carbon footprint, three sources of emissions are considered: the leakages during the 
filling and refiling, the operation and the decommissioning of the switchgears. Since the exact 
emission factors are unknown, they are considered to have a modified PERT distribution with a 
weighting factor to the mode equivalent to one. Parameters for the emission factors for all phases are 
shown in Table S9. 



  

 

Table S.9. Emission factors for the different phases. 

Stage Distribution Mode Min Max 
Filling and refiling Modified Pert (γ=1) 0.5% 0.1% 1.6% 

Operation SF6 switchgear Modified Pert (γ=1) 0.1% 0.05% 0.5% 
Operation C4-PFN/CO2  switchgear Modified Pert (γ=1) 0.2% 0.1% 1% 

Decommission Modified Pert (γ=1) 1% 2% 5% 

The emissions produced due to the leakage during the operation are calculated with the current 
gas stock and the respective emission factor (Equation 5).   𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 , = 𝐸𝐹 , ∗ 𝑆𝑡𝑜𝑐𝑘 ,  

Equation 5: Emissions during the operation of the switchgear. 

As explained above, we assume that switchgears that are retired are the ones that were installed 
LS years ago and the decompiled gas is equivalent to the gas stock growth of that year (Equation 6). 
As a base case we assume that the lifespan of the switchgear is 40 year, for all types of switchgears.  

𝐷𝑒𝑐𝑜𝑚𝑝𝑖𝑙𝑒𝑑 , =  max (𝑆𝑡𝑜𝑐𝑘 𝐺𝑟𝑜𝑤𝑡ℎ , , 0)     𝑖𝑓 𝑡 > 1980 + 𝐿𝑆 𝑆𝑡𝑜𝑐𝑘 ,𝐿𝑆                        𝑖𝑓 𝑡 ≤ 1980 + 𝐿𝑆  

Equation 6: Decompiled gas for gas g on year t. 

With this the emissions due to the decommission are calculated as:  𝐷𝑒𝑐𝑜𝑚𝑚𝑖𝑠𝑖𝑜𝑛 , = 𝐸𝐹 ∗ 𝐷𝑒𝑐𝑜𝑚𝑝𝑖𝑙𝑒𝑑 ,  

Equation 7: Decommissioning emissions. 

During the filling and refilling of the switchgears leakages also occur. The emissions that 
occurred during such process can be calculated as:  𝐹𝑖𝑙𝑙𝑖𝑛𝑔 , =  𝐸𝐹 ∗  𝑆𝑡𝑜𝑐𝑘 𝐺𝑟𝑜𝑤𝑡ℎ ,   

Equation 8: Emissions during the manufacturing and filling of the switchgears. 

The carbon footprint in each scenario, by multiplying the emissions of the filling and refilling 
(Equation 8), operation (Equation 5)  and decommissioning (Equation 7)  by the alleged global 
warming potential of each gas (Table S.10) . 

Table S.10. Alleged global warming potential of the different gases. 

Gas Value (kg Co2eq/kg gas) 
SF6 23500 

C4-PFN 2100 
CO2 1 𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 = 𝐺𝑊𝑃 ∗ 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 + 𝐹𝑖𝑙𝑙𝑖𝑛𝑔 + 𝐷𝑒𝑐𝑜𝑚𝑚𝑖𝑠𝑖𝑜𝑛  

Equation 9: Carbon footprint for each switchgear scenario. 

With this is possible to calculate the yearly savings and accumulated saving in each scenario, 
where all the new switchgears installed are SF6 free.  



  

 

𝐴𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 =  𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 − 𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡  

Equation 4: Accumulated carbon emission saving due to the installation of switchgears with 
alternative gases. 

Therefore, the total saving for the 50-year period correspond to the accumulated saving on the 
year 2070. The disaggregated emissions for the three investigated lifecycle stages (filling, operation, 
decommissioning) are given for the three investigated scenarios – continued SF6 use as business-as-
usual, phase-out towards C4-FN and phase-out towards C5-FK, are shown as a function of time in 
Figure S.5 below. The emissions were aggregated for clarity in Figure 4 of the main paper.  

 
Figure S.6. Disaggregated emissions of three lifecycle phases (filling, operation, decommissioning) as 
a function of time, for the three scenarios investigated. Left: Continued SF6 business-as-usual; Center: 
phase-out of SF6 towards C4-FN starting in 2020; Right: phase-out of SF6 towards C5-FK starting in 
2020. 

A phase-out scenario starting in 2025, rather than 2020, was modeled analogously to the former, 
with only minor adaptations in the years. This results in the disaggregated emissions of the three 
lifecycle phases for the three scenarios investigated shown in Figure S.7, and in the combined graph 
in Figure S.8 that is analogous to Figure 4 of the main paper. The overall cumulated savings over a 
timeframe of 45 years, to 2070, decreases slightly to a median of 12.5 million tonnes of CO2-eq., 
compared to the median of 14 million tonnes of the phase-out in 2020. 



  

 

   
Figure S.7. Disaggregated emissions of three lifecycle phases (filling, operation, decommissioning) as 
a function of time, for the three scenarios investigated. Left: Continued SF6 business-as-usual; Center: 
phase-out of SF6 towards C4-FN starting in 2025; Right: phase-out of SF6 towards C5-FK starting in 
2025. 

  



  

 

 
Figure S.8. Annual aggregated emissions from the EU-28 transmission grid (HV GIS bays), in kt of 
CO2-eq. in three different scenarios; business as usual, phase-out starting 2025 toward C4-FN 
technology and phase-out starting 2025 toward C5-FK technology (left axis of [A]), and cumulated 
savings of both alternative technologies with respect to continued SF6 technology in million tonnes 
(Mt) of CO2-eq. (Right axis of [A]). For clarity, in [A] probability distributions are not given for the 
annual emissions values, but shown in the cumulative savings as IQR (dark shaded) and 95CR (light 
grey shaded), only for C4-FN scenario as both phase-out scenario savings nearly overlap, as 
appearing from their final PDFs [B]. The latter represent the modeled probabilities only for total 
cumulated carbon footprint. . 
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