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6 ELECTRONICS INDUSTRY EMISSIONS 63 

[This Chapter 6 is an update/elaboration of Chapter 6 Volume 3 of the 2006 IPCC Guidelines and should be used 64 
instead of Chapter 6 Volume 3 of the 2006 IPCC Guidelines. Substantial changes and new guidance include:  65 

 A new Tier 2c method for semiconductors that accounts for the size of manufactured wafers in addition to 66 
the process type and input gas, 67 

 A new Tier 3b method that relies on the measurement of emission factors at the stack level rather than the 68 
process level,  69 

 An update to the Tier 2b method for semiconductors to account for the size of manufactured wafers and the 70 
input gas rather than the process type and input gas, 71 

 Updates to the methods and Tier 1 emission factor for fluorinated heat transfer fluids,  72 

 Updates to the emission factors for Tier 1 and Tier 2 for all electronics industry types, and 73 

 Corresponding updates to the Completeness; Time Series Consistency; Uncertainty; and QA/QC, Reporting 74 
and Documentation sections.] 75 

6.1 INTRODUCTION 76 

As part of its manufacturing processes, the electronics industry uses greenhouse gases (GHGs) such as fluorinated 77 
compounds (FCs) and nitrous oxide (N2O) for plasma etching intricate patterns, cleaning substrates and reactor 78 
chambers, as well as for temperature control. The specific electronic industry subsectors discussed in this chapter 79 
include the manufacturing of semiconductor devices, microelectromechanical systems (MEMS), photovoltaic (PV) 80 
devices, and displays, which in turn consist of thin-film-transistors (TFTs) for liquid crystal displays (LCDs) and 81 
organic light emitting devices (OLEDs). 82 

The electronics industry currently emits both FCs that are gases at room temperature and FCs that are liquids at 83 
room temperature. The gases include perfluoromethane (CF4), perfluoroethane C2F6, perfluoropropane (C3F8), 84 
perfluorocyclobutane (c-C4F8), 1,3-hexafluorobutadiene (C4F6), octafluorocyclopentene (c-C5F8), fluoromethane 85 
(CH3F), difluoromethane (CH2F2), trifluoromethane (CHF3), fluoroethane (C2H5F), nitrogen trifluoride (NF3), 86 
sulphur hexafluoride (SF6), carbonyl fluoride (COF2), and octafluorotetrahydrofuran (C4F8O). These gases are 87 
used in two important steps of electronics manufacturing: (i) plasma etching silicon containing materials and (ii) 88 
cleaning chemical vapour deposition (CVD) tool chamber-walls where silicon has deposited. Electronic 89 
manufacturers also use liquid fluorinated compounds as heat transfer fluids for temperature control during certain 90 
processes, as well as during testing of packaged semiconductor devices and during vapour phase reflow soldering 91 
of electronic components to circuit boards. In addition, liquid FCs are occasionally used to clean TFT-FPD panels 92 
during manufacture. These liquid FCs have appreciable vapour pressures and include perfluoropolyethers, 93 
perfluoroalkanes, perfluoroethers, tertiary perfluoroamines, perfluoroalkylmorpholines, and perfluorocyclic 94 
ethers. More than 40 different liquid FCs are marketed to the electronics industry, often as mixtures of fully 95 
fluorinated compounds.  96 

Both plasma etching and CVD chamber cleaning use high energies to break the FCs into fluorine atoms to perform 97 
these process steps. The majority of FC and N2O emissions results from the failure to completely break down the 98 
FCs (or N2O) that are fed into the process (i.e., the limited utilisation efficiency of the input gases). In addition, a 99 
fraction of the input gases used in the production process can be converted into FC by-products such as CF4, C2F6, 100 
C4F6, C4F8, C3F8, CHF3, CH2F2, and CH3F. Also, formation of CF4, C2F6, CHF3, CH2F2, CH3F (and potentially 101 
other FCs) as by-products of etching or cleaning carbon-containing thin films must be taken into account, in 102 
particular for processes using molecular fluorine (F2), nitrogen trifluoride (NF3), sulphur hexafluoride (SF6), or 103 
chlorine trifluoride (ClF3) input gases.1 [It should also be noted that CF4 and N2O may be formed in abatement 104 
systems under certain conditions; the conditions for the formation of CF4 and N2O in some abatement systems are 105 
still being investigated, and an adequate methodology for reporting such emissions (default emissions factor based 106 
on amount of input fuel/oxygen?) is still being devised]. With respect to liquid FCs, emissions occur through 107 
evaporative losses.  108 

                                                           
1 When using cleaning or etching gases that do not contain carbon (e.g. F2, NF3, SF6, or ClF3), CF4 and other FCs with high 
GWPs can be formed during the etching or cleaning of carbon-containing thin films, thus resulting in global warming 
emissions from the process. In particular, it should be noted that emissions of CF4 and other FC by-products with high GWPs 
should be taken into account, even when the cleaning or etching precursor itself has no global warming potential (such as F2 
or ClF3). Please see section 6.2.2.1 for more detail. 
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These 2019 Refined Guidelines were designed to maintain the scientific validity of GHG emissions estimates from 109 
the electronics industry. Compared to the 2006 Guidelines, the 2019 Refinement takes into account the changes in 110 
manufacturing processes and equipment that have occurred in the electronics industry during the thirteen-year 111 
interim period, and reflect the much larger set of experimental data available (as of 2019 compared to 2006) to 112 
calculate default emissions factors for the sector. Also, several methodological refinements are introduced to 113 
provide greater accuracy and flexibility, depending on how reporting companies track gas usage and implement 114 
control technologies. The 2019 Refinement includes six revised methods (Tier 1, 2a, 2b, 2c, 3a, and 3b), compared 115 
to three for the 2006 Guidelines. 116 

The Tier 1 method uses the same approach as in 2006, where emissions are estimated based on the surface area of 117 
substrate produced for each subsector (semiconductor, display, MEMS, PV), but the Tier 1 emissions factors (EFs) 118 
have been updated to account for technological advancements and for the use of a broader basket of FC gases. As 119 
was the case in the 2006 Guidelines, the Tier 1 method does not allow accounting for use of emissions control 120 
technologies.  121 
For the semiconductor subsector, the 2006 Tier 2a method is updated with revised emission factors and also 122 
accounts for additional precursors and by-products. The 2006 Tier 2b method, which used to distinguish emission 123 

factors by process types (etch versus CVD) is now replaced with a new Tier 2b method using emission factors 124 
applicable to different wafer sizes (≤200mm or ≥300mm in the semiconductor sub-sector), but the revised Tier 2b 125 
method no longer distinguishes EFs by process types. Instead, a new Tier 2c method has been added to distinguish 126 
EFs by both wafer size (≤200mm or ≥300mm in the semiconductor sub-sector) and by refined process types (etch 127 
or substrate cleaning, remote plasma cleaning, in-situ plasma cleaning, thermal cleaning, CVD, and ‘other’). 128 
Finally, compared to the 2006 Guidelines, [additional guidance is provided to apportion gas consumption to 129 
different process types]. [For the manufacturing of display, MEMS, and PV devices, additional information is 130 
being sought to determine whether applying some forms of the Tier 2b (distinguishing by substrate size) and Tier 131 
2c are necessary and feasible for such sub-sectors]. 132 

The 2006 Tier 3 method, which was based on process-specific parameters has evolved into the current Tier 3a 133 
method, which provides increased guidance for estimating emissions using site-specific emissions factors (as 134 
opposed to the default emission factors used for the Tier 2 methods). In principle, the Tier 3a method is applicable 135 
to all subsectors (semiconductor, display, MEMS, PV)[details of the Tier 3a method are still being devised]. 136 
Finally, the 2019 Refinement includes a new ‘stack’ Tier 3b method based on the measurement of site-specific 137 
emission factors at the stack level) [details of the Tier 3a method are still being devised].  138 
 139 

6.2 METHODLOGICAL ISSUES 140 

6.2.1 Choice of Method 141 

6.2.1.1 ETCHING AND CVD CLEANING FOR SEMICONDUCTORS, 142 

LIQUID CRYSTAL DISPLAYS, AND PHOTOVOLTAICS 143 

GHG emissions from the electronics industry vary according to the gases and processes used in manufacturing 144 
different types of electronic devices, the brand of process tools, and the implementation of emission reduction 145 
technology. The choice of methods will depend on data availability and is outlined in the decision tree of Figure 146 
6.1 (Decision tree for estimation of GHG emissions from electronics manufacturing) and in Table 6.1 (Information 147 
for sources necessary for completing the tiered emissions estimating methods for electronics manufacturing) 148 
[Table 6.1 shall be updated to take into account the display, MEMS, and PV subsectors].  149 

Continuous (in-situ) emissions monitoring is not currently considered an economically viable means to estimate 150 
emissions from the electronics industry. FC emissions are periodically measured, however, during the development 151 
of new processes and tools, generally for centreline process conditions. 2  In addition, some facilities may 152 
periodically (for short periods of time) install equipment to measure emissions from their stacks for purposes of 153 
developing facility-specific emission factors to estimate emissions over the long term. While the Tier 1 and Tier 154 
2a, 2b, and 2c methods are based on averaged (default) emission factors from measurements of centreline processes 155 

                                                           
2 Centreline conditions refer to specific process conditions of gas flows, chamber pressure, processing time, plasma power, etc., 

for which an electronic device manufacturer may have measured emissions, or specific process conditions that may have 
been provided by a tool manufacturer who standardized its equipment for sale. Note that it is common for electronic devices 
manufacturers to modify centreline process conditions (developed in-house or by tool manufacturers) to optimise for 
particular needs or for a particular product. 
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from a host of sources across industry, the higher tiered methods are based on measurements of site-specific 156 
centreline process conditions (Tier 3a), or on measurements of site-specific emission factors derived from stack 157 
measurements (Tier 3b). 158 

It is very important to note that emission factors (i.e. input gas utilisation efficiencies and by-product formation 159 
rates) can be strongly affected by changes in process variables (e.g. pressure, temperature, plasma power, FC gas 160 
flow, processing time, etc.), and that emission factors for a recipe ‘tuned’ for a particular purpose or product can 161 
differ from those of the centreline process recipe that may have been used for measuring emissions. Further, 162 
emission factors are affected by the design of the process reactors and will substantially fluctuate from one tool 163 
manufacturer to another, even when the process function is similar (e.g. deposition of un-doped silicon dioxide 164 
using N2O, cleaning a CVD reactor after deposition of silicon nitride using NF3, etching of a trench in an 165 
interconnect structure using C4F6, etc.). In addition, the efficacy of FC emission control equipment depends on 166 
operating and maintaining the equipment according to the manufacturer’s specifications: increased gas flows, 167 
improper temperature settings, and failure to perform required maintenance will individually and collectively 168 
negatively impact performance.  169 

As presented in Figure 6.1 and Table 6.1, the choice of a particular method will depend on the availability of 170 

information regarding substrate production capacity, the consumption of input gases, the utilization and conversion 171 
of input gases within process tools, as well as on the abatement efficiency of all input gases and by-products. The 172 
accuracy of estimated emissions depends on the method used. Generally, the higher tiered methods will be more 173 
accurate than the lowered tiered ones, and using site-specific emission factors will improve accuracy and greatly 174 
reduce the uncertainty of emissions estimates. The accuracy of the methods using default emission factors (Tier 1, 175 
Tier 2a, 2b, 2c) essentially depends, inter alia, on the differences between the emission factors of the processes 176 
actually used in production and the averaged (default) emission factors of a particular method, as well as on 177 
potential errors in allocating gas consumption, and in reporting abatement efficiency and uptime. With respect to 178 
uncertainty, the confidence level of a particular estimate is principally driven by the uncertainty of the default 179 
emission factors, which frequently show relative errors of greater than 100% [see Table 6.9]. Thus, the use of 180 
higher tiered methods is strongly encouraged.  181 

Where no gas consumption data is available, emissions can be estimated using the Tier 1 method based on 182 
production figures (surface area of substrate used during the production of electronic devices), but this approach 183 
is the least accurate and should be used only in cases where company-specific gas consumption data are not 184 
available. Further, the Tier 1 method does not allow to account for the use of emission control technology. The 185 
choice of method will also depend on whether companies track gas usage by substrate size and/or by process type, 186 
which are the key criteria for selecting between the Tier 2a, 2b, and 2c methods.  187 

The key distinction between the Tier 2a and Tier 2b methods is that the Tier 2b method provides emissions factors 188 
that depend on wafer size (≤200mm or ≥300mm for the semiconductor sub-sector). The Tier 2a method does not 189 
distinguish between substrate size and should only be used in the case of facilities processing multiple substrate 190 
sizes where it is not possible to distinguish (allocate) gas consumption between the different substrate sizes. It 191 
should also be noted that the Tier 2a and 2b methods do not allow for distinguishing emission factors by process 192 
type, except that the NF3 and C3F8 emission factors are different for the remote clean technology and for ‘other’ 193 
(NF3- or C3F8-using) processes, and that the N2O emission factors are different for N2O CVD processes and for 194 
‘other’ N2O-using processes (for all other gases there are no distinctions in the Tier 2a and Tier 2b methods 195 
between CVD chamber cleaning, etch, or substrate cleaning processes). Because emission factors are generally 196 
dependent on process type, the Tier 2a and 2b methods should only be used when it is not possible to distinguish 197 
(allocate) gas consumption between CVD chamber cleaning technologies, etch, or substrate cleaning processes, or 198 
in cases where the gas consumption allocation model proves to introduce greater uncertainty than using the more 199 
accurate process-type-dependent Tier 2c emission factors.  200 

The Tier 2c method is the preferred Tier 2 sub-method and is believed to provide more accurate emission estimates 201 
than other Tier 1 or Tier 2 methods because the Tier 2c default emission factors distinguish between both substrate 202 
size and process type. In the case of the Tier 2c method, the process-types are defined as 1) etching and wafer 203 
cleaning, 2) remote plasma cleaning, 3) in-situ plasma cleaning, 4) in-situ thermal cleaning, 5) N2O CVD, and 6) 204 
N2O ‘other’. It should be noted that distinguishing emission factors by process type require allocation 205 
(apportionment) of gas consumption to each process type; for example, if NF3 is used for both remote plasma 206 
cleaning, in-situ plasma cleaning, and etching, then the amount of NF3 consumed for each of these three process 207 
types must be allocated. Such allocation may be based on actual measurements of gas consumption for each 208 
process type or on modelling {further guidance on modelling / apportioning gas consumption by process type to 209 
be developed}.    210 

[Note: this paragraph will likely be moved to a box for the next version of the Refinement]. As discussed briefly 211 
in the introduction, the formation of CF4, C2F6, CHF3, CH2F2, CH3F (and potentially other FCs) as by-products of 212 
etching or cleaning carbon-containing thin films must be taken into account. To this effect, by-product emission 213 
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factors (BCF4,i , BC2F6,i, BCHF3,i, BCH2F2,i, and BCH3F,i  emission factors indicating the mass ratio of by-product ‘j’ 214 
produced from the use of input gas ‘i') are included as part of the default emission factors tables for the Tier 2 215 
methods, even when the etching or cleaning gas ‘i’ itself does not contain carbon. This is because the fluorine 216 
atoms and other excited F species generated from the decomposition of NF3, SF6 or F2 can react with the carbon 217 
contained in the film to form CF4 and other carbon-containing greenhouse gas by-products. Such reactions are 218 
particularly significant during the etching or cleaning of ‘low k’ (low dielectric constant) materials that often 219 
present high carbon content, but formation of carbon-containing by-products also occur when small amounts of 220 
carbon are present in the film, for example in the case of thin films deposited with organic precursors such as 221 
tetraethylorthosilicate (TEOS). However, when using NF3, SF6, F2 or other etching or cleaning precursors that do 222 
not contain carbon, AND when the film being etched or cleaned does not contain carbon, then no CF4 or other 223 
carbon-containing greenhouse gases are formed during the process. Thus, in such cases (and in such cases only), 224 
the NF3, SF6, and F2 BPE factors may be equated to zero. It should be noted, however, that sometimes both carbon-225 
containing and non-carbon-containing films are included in the film stacks forming final electronic devices. In 226 
such cases, there are two options: 1) if it is practical to track the gas consumption used to clean or etch films 227 
containing carbon vs. not containing carbon, the non-zero and zero BPE factors may be applied accordingly, or 2) 228 
if it is not practical or desired to track gas consumption to this level of detail, the non-zero BPE factors should be 229 
applied to all consumption of a gas if ANY film containing carbon is run with that gas during the year. 230 

The methods believed to provide the most accurate and least uncertain estimates of greenhouse gas emissions for 231 
electronic devices manufacturing are the Tier 3a and Tier 3b methods. The Tier 3a method uses the same equations 232 
as the Tier 2c method, but –instead of using default emission factors and being limited to five process types– uses, 233 
at least in part, site-specific (measured) emission factors. In theory, the Tier 3a method could be used to assign an 234 
emission factor to each centreline process or each production recipe, or to assign a specific destruction removal 235 
efficiency to a particular gas or by-product and abatement system. It should be noted however, that the new Tier 3a 236 
method provides more flexibility than the 2006 Tier 3 method, and that using the refined Tier 3a method does not 237 
require using a complete set of process-specific values, such as emission factors and gas consumption measured for 238 
each production recipe. Instead, it is possible to assign a single emission factor to multiple recipes, so long as the 239 
production recipes can be considered “similar” to the measured centreline processes [the definition of similarity is to 240 
be further developed as part of the refinement of the Tier 3a method]. While the Tier 3a method is based on a ‘bottom-241 
up’ approach, where reporting companies measure and add up emissions from individual process runs, the Tier 3b 242 
method is based on a ‘top-down’ approach, where reporting companies measure emission factors at the stack (end of 243 
pipe) level.  In the case of the Tier 3b method, reporting companies estimate their emissions based on site-specific 244 
stack emission factors. These emission factors are developed through periodic measurements of stack emissions 245 
correlated to 1) the consumption of input gases by the production tools connected to the stack, and 2) the efficacy of 246 
the emissions control technologies used with those tools.  247 

With respect to accounting for emissions control technologies, it should be noted that the 2019 Refinement includes 248 
a significant elaboration, which is the consideration of the uptime of abatement systems. Also, guidance is provided 249 
to determine the suitability of using particular abatement technologies (e.g. combustion, plasma, catalysis, dry-bed 250 
cartridge, etc.) for specific gases. Further, an applicability condition for using default DRE values (Tier 2 and Tier 3 251 
methods) is to obtain a certification by the abatement system manufacturers that their abatement systems are capable 252 
of removing a particular gas to at least the default DRE in the worst-case flow conditions, as defined by each reporting 253 
site. Guidance is also provided for using site-specific (measured) destruction removal efficiencies to claim higher 254 
DREs than the default values. 255 

Finally, it should be noted that, even though the logic depicted in Figure 6.1 does not show the possibility of 256 
combining tiers, such an approach can be used to improve estimates of emissions. For example, higher accuracy 257 
might be achieved by using the Tier 3a method for a specific gas and site-specific processes, and these estimates 258 
may be combined with estimates based on Tier 2c default emission factors for other gases and processes instead 259 
of using only the Tier 2c method. Similarly, the Tier 2c method might be used for a particular sub-section of a 260 
facility and then combined with the Tier 3b method to estimate emissions from another sub-section of a facility, 261 
where emissions estimates would be based on measured (stack) emission factors. However, reporting companies 262 
should not combine the Tier 1 method with any other method. 263 

 264 

  265 
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TABLE 6.1 
INFORMATION SOURCES NECESSARY FOR COMPLETING THE TIERED EMISSIONS ESTIMATING METHODS FOR ELECTRONICS 

MANUFACTURING 

 [The information provided in this table is preliminary and likely to evolve as the definition of the various methods 
is refined]  

Data Tier 1 

Tier 2 Tier 3 

2a 2b 2c 3a 3b 
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 FCi, = consumption of gas i  Me/Mo Me/Mo    

FCi,p = consumption of gas i for process p.a    Me/Moa Me/Moa  
Ci,j = kg of gas i fed into tools connected to stack j.   Me/Mo
hi = Fraction of gas remaining in shipping container 
after use (heel) for gas i. 
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Ui = Use rate (fraction destroyed or transformed) for 
each gas i. 

 D D    

Ui,p = Use rate (fraction destroyed or transformed) for 
each gas i and process p. 

   Da Mea  

Ui,j = Process utilization rate for input gas i for stack 
system j. 

     Me 

Bk,i, = Emission factor for by-product k for input gas i.   D D    
Bk,i,p = Emission factor for by-product k for input gas i 
and process p. 

   Da Mea  

Bijk = By-product formation rate of gas k created as a 
by-product per amount of input gas i (kg) consumed by 
tools connected to stack system j 

     Me 

D
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ai, = Fraction of gas i volume used in processes with 
certified FC emission control technology 

 Me Me    

ai,p, = Fraction of gas i volume fed into processes p with 
certified FC emission control technology 

   Mea Mea  

aij = Ratio of the number of tools using input gas i that 
have abatement systems that are vented to stack system j

     Me 

di = Destruction Removal Efficiency (DRE) for gas i D/Me D/Me   
di,p = Destruction Removal Efficiency (DRE) for gas i 

-

for process p 
   D/Mea D/Mea  

Dj,j = Fraction of input gas i destroyed or removed in 
abatement systems connected to process tools that are 
vented to stack system j 

     Me 

Djk = Fraction of by-product gas k destroyed or 
removed in abatement systems connected to stack j

     Me 

UT = average uptime factor of all abatement systems 
connected to process tools 

 Me Me    

UTp = average uptime factor of all abatement systems 
connected to process tools running process type p

   Mea Mea  

UTj = The average uptime factor of all abatement 
systems connected to process tools vented to stack j

     Me 

UTijk = The average uptime factor of all abatement 
systems connected to process tools in the fab emitting 
by-product gas k, formed from input gas i connected to 
tools vented to stack j 

     Me 

A
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P = Annual production in surface area of substrate produced
Me      

CPV = fraction of PV manufacture that uses FCs (PV 
subsector only) Mo      

Me = measurement; Mo = model {modelling criteria TBD}; D = Use default factors from guidance. 266 
a Depending on the method used, ‘p’ is to be interpreted as a particular process type (Tier 2c) or a site-specific process (Tier 3a). 267 

268 
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Figure 6.1 Decision tree for estimation of GHG emissions from electronics manufacturing 269 

[The authors still need to determine the extent to which all tiered methods can apply to sub-sectors other than 270 
semiconductor (i.e. display, PV, MEMS), and whether the decision tree of Figure 6.1 needs to be adapted to reflect 271 
the specificities of such sub-sectors] 272 
 273 

 274 

275 
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TIER 1 METHOD – DEFAULT 276 

The Tier 1 method is the least accurate estimation method and should be used only in cases where company-277 
specific gas-consumption data are not available. The Tier 1 method is based on production figures (surface area of 278 
substrate used during the production of electronic devices, e.g. silicon, glass). Unlike the Tier 2 or Tier 3 methods, 279 
the Tier 1 method is designed to give an aggregated estimate of FC and N2O emissions with an estimated but 280 
uncertain break-out among specific gases. Estimates are made simultaneously for all the gases listed in [Table 6.2], 281 
and the Tier 1 method can only be used if these gases are reported as a complete set. For each class of electronic 282 
products being manufactured (semiconductors, display, PV, MEMS), the calculation of emissions relies on a 283 
different set of default, gas-specific emission factors.  Each default emission factor expresses the average emissions 284 
of the relevant gas per unit area of the relevant substrate used during manufacture (including test substrates).  285 

For any class of electronic products, the default emission factors are multiplied by the annual production (P, in 286 
units of giga square meters (Gm2)). The result is a set of annual emissions estimates expressed in kg of the gases 287 
emitted during the manufacture of that class of electronic products. Because the use of FCs varies widely during 288 
PV manufacture, a third factor to account for the proportion of PV manufacture that employs FC is needed to 289 
estimate FC emissions from PV cells manufacturing. The Tier 1 formula is shown in Equation 6.1. 290 

 291 

EQUATION 6.1 292 
TIER 1 METHOD FOR ESTIMATION OF THE SET OF FC EMISSIONS 293 

       niCPEFFC PVii ,,11  nn   294 

Where: 295 
{FCi}n = emissions of FC gas i, mass of gas i  296 

Note: { }n denotes the set for each class of products (semiconductors, display, MEMS or PV) and n 297 
denotes the number of gases included in each set ({#} for semiconductors, {#} for display, {#} for 298 
MEMS, and {#} for PV, see [Table 6.2.]). The estimates are only valid if made and reported for all 299 
members of the set using this Tier 1 methodology.  300 

EFi = FC emission factor for gas i expressed as annual mass of emissions per square meters of substrate 301 
surface area for the product class, (mass of gas i)/m2. 302 

P = annual production, Gm2 of substrate used (surface area of substrate used during the production of 303 
electronic devices, including test substrates). If annual production is not available from an electronics 304 
producer, P may be calculated as the product of the annual manufacturing capacity and annual plant 305 
production capacity utilisation (fraction) of that producer. 306 

 CPV = fraction of PV manufacture that uses FCs, fraction. 307 

 = 1 when Equation 6.1 is applied to PV industry and zero when Equation 6.1 is applied to either 308 
semiconductor or TFT-FPD industries, dimensionless. 309 

This method does not account for differences among process types (etching versus cleaning), individual processes, 310 
or tools. It also does not account for the possible use of emission-control devices. 311 

 312 

In using Tier 1, inventory compilers should not modify, in any way, the set of the gases assumed in Table 6.2. For 313 
any given manufacturing facility, inventory compilers should not combine emissions estimated using Tier 1 314 
method with emissions estimated using the Tier 2 or 3 methods. Neither may inventory compilers use, for example, 315 
the Tier 1 factor for CF4 to estimate the emissions of CF4 from semiconductors and combine it with the results of 316 
other FC gases from a Tier 2 or Tier 3 method. (See also Section 6.2.2.1.) 317 

  318 
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TIER 2A METHOD 319 

The Tier 2a method is based on default emission factors that represent average utilization efficiencies of the gases 320 
used in manufacturing processes (Ui) and the formation of by-products during the used of each input gas ‘i' (BCF4,i , 321 
BC2F6,i, BC3F8,i, BC4F6,i, BC4F8,i, BC5F8,i, BCH3F,i, BCH2F2,i, or BCHF3,i). Please see [Tables 6.3A, 6.3B, 6.3C, and 6.3D] for 322 
the Tier 2a default emission factors for semiconductor, display, PV, and MEMS subsectors respectively. These 323 
default emission factors represent industry averages over all processes and substrate sizes. Hence, unlike the Tier 324 
2b, Tier 2c and Tier 3 methods that are explained later in this section, the Tier 2a method does not distinguish 325 
between substrate sizes (≤200mm vs.  ≥300mm for semiconductors), process types (e.g etching vs. cleaning), or 326 
site-specific processes. However, for all Tier 2 methods, including the Tier 2a and 2b methods, different default 327 
emission factors are provided for C3F8 remote plasma cleaning vs. ‘other’ C3F8-using processes, for NF3 remote 328 
plasma cleaning vs. ‘other’ NF3–using processes, and for N2O CVD processes vs. ‘other’ N2O-using processes. 329 
Thus, when using the Tier 2a method, the consumption of C3F8, NF3, and N2O should be allocated between their 330 
different uses, as applicable to each reporting site. [Please see the guidance for allocating gas usage for further 331 
detail]. [Additional details to be added as applicable to other sub-sectors, i.e. display, MEMS, PV]. 332 

Concurrently with using the default emission factors as described above, the Tier 2a method calculates emissions 333 
for each input gas i used on the basis of site-specific data on gas consumption and on the effective use of emission 334 
control technologies. First, the consumption of gas i (FCi) takes into account the heel factor (hi), which represents 335 
the fraction of gas i remaining in the shipping container after use, and which can be based on industry-wide default 336 
or site-specific values {a method for developing site-specific hi values will be added as part of a side box}. Second, 337 
the overall abatement of process gases and by-products is calculated based on site-specific information, factoring 338 
in the fraction of gas used in processes with emission control technologies (ai), the destruction removal efficiency 339 
of the gases (di), and the uptime of abatement systems (UT). Thus, to use the Tier 2a method inventory compilers 340 
must have direct communication with industry (e.g., annual emissions reporting) to gather consumption data and 341 
ensure that emission control technologies are installed and used in accordance with the guidelines provided in this 342 
document. 343 

Total emissions are equal to the sum of emissions from all unreacted gases i used in the production process (Ei) 344 
plus the emissions of all by-products k (BPEk) resulting from the conversion of all input gases i used during 345 
production, as calculated using Equations 6.2A, and 6.3A below.  346 

 347 

EQUATION 6.2A 348 
EMISSIONS OF FCi 349 

Ei = (1− hi)• FCi • (1−Ui )• (1− Di ) 350 

Where: 351 
Ei = emissions of unreacted input gas i, kg. 352 

hi = fraction of input gas i remaining in shipping container (heel) after use, fraction. 353 

FCi = consumption of input gas i (i= CF4, C2F6, C3F8, C4F6, c-C4F8, C5F8, c-C4F8O, CHF3, CH2F2, CH3F, 354 
C2H5F, COF2, F2, N2O, NF3, SF6), kg. 355 

Ui = use rate of gas i (fraction destroyed or transformed in process), fraction. 356 

Di = Overall reduction of gas i emissions, fraction, calculated per Equation 6.4. 357 

 358 

EQUATION 6.3A 359 
BY-PRODUCT EMISSIONS 360 

BPEk = Σi (1− hi) • Bk,i • FCi • (1− Dk) 361 

Where: 362 
BPEk = emissions of by-product k generated from the conversion of all input gases i, kg. 363 

hi = fraction of input gas i remaining in shipping container (heel) after use, fraction. 364 

FCi = consumption of input gas i 365 

Bk,i = emission factor, kg gas k created/kg gas i used (BPEk,i= BCF4,i, BC2F6,i, BCHF3,i , BC3F8,i, BC4F6,i, BC4F8,i, 366 
BC5F8,i, BCH3F,i, and BCH2F2,i). 367 

Dk = overall reduction of gas k by-product emissions, fraction, calculated per Equation 6.3B (replacing i by 368 
k indexes). 369 
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 370 

EQUATION 6.3B 371 
EMISSIONS REDUCTION IMPACT OF EMISSIONS CONTROL TECHNOLOGY 372 

Di = ai • di • UT 373 

Where: 374 

Di = overall reduction of gas i emissions, fraction. 375 

[ai = estimate of the fraction of gas i volume used in processes with emission control technologies (site-376 
specific), fraction, as determined in equation 6.3C] 377 

di = Destruction Removal Efficiency (DRE) for gas i, fraction. 378 

UT = average uptime of all abatement systems, fraction, calculated per Equation 6.3D. 379 

 380 

EQUATION 6.3C 381 
ESTIMATE OF THE FRACTION OF GAS I VOLUME IN PROCESSES WITH EMISSION CONTROL 382 

TECHNOLOGIES 383 
 384 

  385 

 386 

[Where 387 

ai = estimate of the fraction of gas i volume used in processes with suitable emission control technologies. 388 

na = number of etch and wafer cleaning tools equipped with suitable abatement technology (site-specific). 389 

ma = number of CVD tools equipped with suitable abatement technology (site-specific). 390 

n = total number of etch and wafer cleaning tools (site-specific). 391 

m = total number of CVD tools (site-specific). 392 

 = factor reflecting the ratio of the uncontrolled emissions of gas i from CVD tools to the uncontrolled 393 
emissions of gas i from etch and wafer cleaning tools. {a default  factor will be determined as part of 394 
the SOD and guidance will be provided for facilities wishing to estimate their own  factor when the 395 
default factor will not be deemed suitable.]  396 

 397 

EQUATION 6.3D 398 
UPTIME OF EMISSIONS CONTROL SYSTEMS 399 

 400 

 401 

Where: 402 

UT = average uptime factor of all abatement systems connected to process tools, fraction. 403 

Tdn = The total time, in minutes, that abatement system n connected to process tool(s) in the plant, is not in 404 
operational mode when at least one of the manufacturing tools connected to abatement system n is in 405 
operation. 406 

UTn = total time, in minutes per year, in which abatement system n has at least one associated manufacturing 407 
tool in operation. For determining the amount of tool operating time, you may assume that tools that 408 
were installed for the whole of the year were operated for 525,600 minutes per year. For tools that were 409 
installed or uninstalled during the year, you should prorate the operating time to account for the days 410 
in which the tool was not installed; treat any partial day that a tool was installed as a full day (1,440 411 
minutes) of tool operation. For an abatement system that has more than one connected tool, the tool 412 
operating time is 525,600 minutes per year if at least one tool was installed at all times throughout the 413 
year. If you have tools that are idle with no gas flow through the tool for part of the year, you may 414 
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calculate total tool time using the actual time that gas is flowing through the tool. Nota bene: UT may 415 
be set to 1 if suitable backup abatement or interlocking with the process tool is implemented for each 416 
abatement system. 417 

n = abatement system. 418 

 419 

TIER 2B METHOD 420 

The Tier 2b method uses the same set of equations as the Tier 2a method (Equations 6.2 to 6.13), but distinct 421 
emission factors are provided depending on the substrate size being manufactured (≤200mm vs.  ≥300mm for 422 
semiconductor, see {Table 6.7}). As discussed in section 6.2.1, the use of the Tier 2b method over the Tier 2a is 423 
preferred, unless it is not possible to distinguish gas consumption by substrate size (for manufacturing facilities 424 
that process multiple substrate sizes).  Hence, for facilities that manufacture only one size of substrates (≤200mm 425 
or ≥300mm for the semiconductor sub-sector), the corresponding Ui and BBP,i default emissions factors should be 426 
used (BP= CF4, C2F6, CHF3, C3F8, C4F6, C4F8, C5F8, CH3F and CH2F2). With this distinction in mind, all other Tier 427 
2b variables (hi, FCi, Di, ai, di, UT, Tdn, and UTn) are estimated in the same manner as for the Tier 2a method. 428 
Similarly, total Tier 2b emissions are equal to the sum of emissions from all gases i used in the production process 429 
(Ei) plus the emissions of by-products (BPECF4,i, BPEC2F6,i, BPECHF3,i , BPEC3F8,i, BPEC4F6,i, BPEC4F8,i, BPEC5F8,i, 430 
BPECH3F,i, and BPECH2F2,i) resulting from the conversion of all gases i used during production, as calculated using 431 
Equations 6.2, to 6.14. [Note: Tables 6.8, 6.9, 6.10 have been put as placeholders to include Tier 2b method default 432 
factors for the display, MEMS, and PV subsectors if the Tier 2b method are deemed applicable to these sub-sectors 433 
(analysis ongoing)]. 434 

 435 

TIER 2C METHOD 436 

The Tier 2c method is based on a set of equations allowing to account for default emission factors that are provided 437 
for distinct substrate sizes (≤200mm or  ≥300mm for the semiconductor sub-sector) and for distinct   process types 438 
‘p’. In the Tier 2c method, there are 6 process types defined as 1) etching and wafer cleaning, 2) remote plasma 439 
cleaning, 3) in-situ plasma cleaning, 4) in-situ thermal cleaning, 5) N2O CVD, and 6) N2O ‘other’. Please see {Tables 440 
6.11 to 6.15} for the default Tier 2c emission factors {Tables 6.11 and 6.12 will include default Tier 2c emission 441 
factors for the semiconductor sub-sector (≤200mm and ≥300mm wafer sizes respectively). Tables 6.13, 6.14, 6.15 442 
have been put as placeholders to include Tier 2c method default factors for the display, MEMS, and PV subsectors 443 
if the Tier 2c method are deemed applicable to these sub-sectors (analysis ongoing)}. As discussed in section 6.2.1, 444 
the use of the Tier 2c method is preferred over the Tier 2a or Tier 2b methods because the Tier 2c default emission 445 
factors are more accurate than the Tier 2b or 2a factors. However, using the Tier 2c method requires allocating gas 446 
consumption by process type, which introduces additional complexity. [Please see the guidance for allocating gas 447 
usage for further detail]. As for the Tier 2a and 2b methods, the Tier 3b total emissions are equal to the sum of 448 
emissions from all unreacted gases i used in the production process (Ei) plus the emissions of all by-products k 449 
(BPEk) resulting from the conversion of all gases i used during production, but such emissions are calculated using 450 
process-type-dependent Equations 6.7A and 6.8A as shown below:  451 

 452 

EQUATION 6.7A 453 
EMISSION OF FCi 454 

Ei = (1−hi)• Σp[FCi,p • (1−Ui ,p)• (1− Di,p)] 455 

Where: 456 
Ei = emissions of unreacted input gas i, kg. 457 

hi = fraction of input gas i remaining in shipping container (heel) after use, fraction. 458 

FCi,p = consumption of input gas i (i= CF4, C2F6, C3F8, C4F6, c-C4F8, C5F8, c-C4F8O, CHF3, CH2F2, CH3F, 459 
C2H5F, COF2, F2,  N2O, NF3, SF6), for process type p, kg. 460 

Ui ,p= use rate of input gas i (fraction destroyed or transformed in process) for process type p, fraction. 461 

Di,p = Overall reduction of input gas i emissions for process type p, fraction, calculated per Equation 6.8B. 462 

p = process type. 463 

 464 
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EQUATION 6.8A 465 
BY-PRODUCT EMISSIONS 466 

BPEk = Σi [(1− hi) • Σp[Bk,i,p • FCi,p • (1− Dk,p)]] 467 

Where: 468 
BPEk = emissions of by-product k generated from the conversion of all input gases i for all process types p, 469 

kg. 470 

hi = fraction of input gas i remaining in shipping container (heel) after use, fraction. 471 

Bk,i,p = emission factor, kg gas k created/kg input gas i used for process type p. 472 

Dk,p = overall reduction of gas k by-product emissions for process type p, fraction, calculated per Equation 473 
6.8B (replacing i by k indexes). 474 

p = process type. 475 

 476 

EQUATION 6.8B 477 
EMISSIONS REDUCTION IMPACT OF EMISSIONS CONTROL TECHNOLOGY 478 

Di.p = ai,p • di,p • UTp 479 
 480 

Where: 481 

Di,p = overall reduction of gas i emissions for process type p, fraction. 482 

[ai,p = fraction of gas i volume fed into process type p with emission control technologies (site specific), 483 
fraction. Unlike in the Tier 2a and Tier 2b methods, where ai is calculated based on the number of tools 484 
and on a  factor reflecting an average difference in uncontrolled emissions between types of tools, the 485 
ai,p factor for the Tier 2c method is to be calculated based on the estimated volume of gas i emitted 486 
from each process p. Such volume of gas may be estimated from the Tier 2c calculation itself (using 487 
the default Ui,p and Bk,i,p Tier 2c default emission factors)]. 488 

di,p = Destruction Removal Efficiency (DRE) for gas I and process type p, fraction. 489 

UTp = average uptime of all abatement systems connected to tools running process type p, fraction, 490 
calculated per Equation 6.8C. 491 

 492 

EQUATION 6.8C 493 
UPTIME OF EMISSIONS CONTROL SYSTEMS 494 

 495 

 496 

Where: 497 

UTp = average uptime factor of all abatement systems connected to process tools running process type p, 498 
fraction. 499 

Tdn,p = The total time, in minutes, that abatement system n connected to process tools running process type 500 
p in the plant, is not in operational mode when at least one of the manufacturing tools connected to 501 
abatement system n is in operation. 502 

UTn,p = total time, in minutes per year, in which abatement system n has at least one associated 503 
manufacturing tool running process type p in operation. For determining the amount of tool operating 504 
time, you may assume that tools that were installed for the whole of the year were operated for 525,600 505 
minutes per year. For tools that were installed or uninstalled during the year, you should prorate the 506 
operating time to account for the days in which the tool was not installed; treat any partial day that a 507 
tool was installed as a full day (1,440 minutes) of tool operation. For an abatement system that has 508 
more than one connected tool, the tool operating time is 525,600 minutes per year if at least one tool 509 
was installed at all times throughout the year. If you have tools that are idle with no gas flow through 510 
the tool for part of the year, you may calculate total tool time using the actual time that gas is flowing 511 
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through the tool. Nota bene: UT may be set to 1 if suitable backup abatement or interlocking with the 512 
process tool is implemented for each abatement system. 513 

n = abatement system. 514 

p = process type. 515 

 516 

TIER 3 METHODS – SITE-SPECIFIC PARAMETERS 517 

TIER 3A METHOD [WORK IN PROGRES] 518 

[The Tier 3a method uses the same set of equations as the Tier 2c method. However, the Tier 3a method can use 519 
site-specific values for the parameters used in equations 6.7 to 6.10. Notably, ‘p’ in these equations can represent 520 
a site-specific ‘process’, having a more refined definition than the six ‘process types’ defined in the Tier 2c method. 521 
In the Tier 3a method, a process ‘p’ can be defined as a centreline process for which site-specific emission factors 522 
can be used. However, using the Tier 3a method does not require knowledge of the emission factors for each recipe 523 
run in the facility; instead, it is possible to assign a single emission factor to multiple recipes, so long as the production recipes 524 
can be considered ‘similar’ to the measured centreline processes {the definition of similarity is to be further developed as part of 525 
the refinement of the Tier 3a method.] 526 

 527 

TIER 3B METHOD [WORK IN PROGRESS] 528 

[Stack testing measures the amount of regulated pollutants or surrogates emitted from a specific facility3.  It is a 529 
method commonly used by semiconductor fabs to quantify emissions and demonstrate compliance with State and 530 
Federal air permits for regulated pollutants used in semiconductor manufacturing, such as acid gases (e.g., 531 
hydrogen fluoride, hydrogen chloride, fluorine, nitric acid, ammonia) and volatile organic compounds.  Although 532 
the individual plasma etch and chamber clean operations that use process greenhouse gases are conducted as batch 533 
processes, the fact that they are run concurrently, in rapid succession on a large number of tools which are 534 
exhausted to typically a relatively small number of stacks, leads to the expectation that the emissions will largely 535 
emulate a continuous process.   536 

The analytical methods available for measuring fluorinated greenhouse gas emissions from factory stacks are 537 
Fourier Transform Infrared spectroscopy (FTIR) and gas chromatography followed by mass spectrometry 538 
(GC/MS).  In the case of FTIR the analytical instrument is brought to the stack for in-situ analysis while, in the 539 
case of the GC/MS approach, stack emission samples are collected using sample containers and transported to a 540 
laboratory for analysis.  541 

Stack testing may be used to develop fab specific emission factors. The stack method may not be appropriate for 542 
fabs with many stacks, frequent changes in production technology, or an inability to track gas use during testing 543 
or abatement uptime during testing. 544 

Preliminary Estimate of Emissions to Determine Which Stacks Must be Tested 545 

Identify fab stacks that exhaust GHG emissions above threshold quantities by calculating preliminary emissions 546 
estimate for each stack using Tier 2b default EF and BF]  547 

[Where: 548 

Eij = Annual emissions of input gas i from stack system j, on a fab basis (metric tons). 549 

Cij = Amount of input gas i consumed for stack system j (kg), (expressed as ratio of tools connected to stack 550 
j using gas i/total number of tools in fab using gas i). 551 

Uij = Process utilization rate for input gas i for stack system j, (expressed as a decimal fraction). 552 

                                                           
1. U.S. EPA, Clean Air Act National Stack Testing Guidance, April 27, 2009, 
 http://www.epa.gov/compliance/resources/policies/monitoring/caa/stacktesting.pdf. 

 

[EQUATION 6.8D 
PRELIMINARY ESTIMATE OF STACK PROCESS GAS EMISSIONS 

Eij = Cij*(1-Uij)*(1-(aij*Dij*UTj))*0.001 [need to change subscripts]] 
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aij = Ratio of the number of tools using input gas i that have abatement systems that are vented to stack 553 
system j, (expressed as a decimal fraction). 554 

Dij = Fraction of input gas i destroyed or removed in abatement systems connected to process tools that are 555 
vented to stack system j (expressed as a decimal fraction).  556 

UTj = The average uptime factor of all abatement systems connected to process tools vented to stack j, as 557 
calculated in Equation _____, on a stack basis (expressed as a decimal fraction). 558 

0.001 = Conversion factor from kg to metric tons. 559 

i = Input gas. 560 

j = Stack system] 561 

 562 

[EQUATION 6.8E 563 
PRELIMINARY ESTIMATE OF BY-PRODUCT EMISSIONS FROM STACK  564 

 565 
 BEijk = Bijk*Cij*(1-(aij*Djk*UTijk))*0.001] 566 

 567 

[Where: 568 

BEijk = Annual emissions of by-product gas k formed from input gas i for stack system j (metric tons). 569 

Bijk = By-product formation rate of gas k created as a by-product per amount of input gas i (kg) consumed 570 
by tools connected to stack system j (kg). 571 

Cij = Amount of input gas i consumed for stack system j, (expressed as ratio of tools connected to stack j 572 
using gas i/total number of tools in fab using gas i) (kg). 573 

aij = Fraction of input gas i used for process sub-type, or process type j with abatement systems, on a fab 574 
basis (expressed as a decimal fraction). 575 

Djk = Fraction of by-product gas k destroyed or removed in abatement systems connected to stack j 576 
(expressed as a decimal fraction).  577 

UTijk = The average uptime factor of all abatement systems connected to process tools in the fab emitting 578 
by-product gas k, formed from input gas i connected to tools vented to stack j (expressed as a decimal 579 
fraction). For this equation, UTijk is assumed to be equal to UTij as calculated in Equation _____ on a 580 
stack basis. 581 

0.001 = Conversion factor from kg to metric tons. 582 

i = Input gas. 583 

j = Stack system. 584 

k = By-product gas.] 585 

 586 

[Rank the F-GHG emitting stack systems at the fab from lowest to highest emitting and determine stacks that must 587 
be tested. 588 

 Tested stacks must represent a minimum of 85% of total fab CO2e emissions;   589 

 The sum of the F-GHG emissions from all combined stack systems in the fab that are not tested must be less 590 
than 10,000 metric tons CO2e per year.   591 

 592 

Testing Frequency [additional work must be completed to determine testing frequency] 593 

 Multiple tests in first year? 594 

 Fabs which use the stack test option will test major F-gas emitting stacks annually for X consecutive years.  595 

 Acceptable level of variation, update EFs and BEFs with new data. 596 

 Thereafter, testing in the subsequent year is required whenever: 597 
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 The weight % makeup of an individual F-gas changes by more than 10 percentage points from one year 598 
to the next year, or 599 

 If the fraction of abated tools decreases by greater than 10 %.  600 

  If no significant changes occur, the EF determined from the initial X years of testing may be used for 5 years.    601 

  After X consecutive years of testing, at a minimum, stacks would be re-tested every 5 years. 602 

 603 

Stack test method: 604 

 Measure total gas flow rate up the stack on the test day using EPA Method 1 or 2 or an equivalent method. 605 

 Measure process GHG concentrations of designated gases from relevant stacks using an analytical method 606 
with demonstrated accuracy. Validate the analytical method using EPA Method 320 or alternate validation 607 
method. 608 

 Sample each stack for a minimum period of 8 hours. 609 

 Stacks may be sampled sequentially or concurrently. 610 

 Document test results using GD-043 or equivalent. 611 

 Measure fab gas usage during a time period that encompasses stack testing. 612 

 For each gas determine emission factor (EF) by summing emissions from all stacks and dividing by total gas 613 
used by the fab during testing. [Add equation] 614 

 Adjust EF for gases that fall below detection limits. [details to be determined] 615 

 Adjust EF for gases not used in process, but formed as by-products and detected.  616 

 Determine annual usage of each gas from inventory or purchase records.  617 

 Calculate annual emissions for each GHG by multiplying EF by annual gas usage. [Add equation] 618 

 Track abatement units downtime and adjust annual emissions of each gas accordingly. [evaluate allowing 619 
fabs that do not interlock abatement with process equipment to develop default uptime using fab internal 620 
records]. 621 

 Report annual emissions.  622 

 623 

Other considerations: Simplify emissions calculations so that apportioning of gas use is minimized. Conduct error 624 
analysis in coming months to determine how to handle untested stacks]. 625 

 626 

6.2.1.2 HEAT TRANSFER FLUIDS 627 

Liquid fluorinated compounds are used as heat transfer fluids (HTFs) for temperature control, device testing, 628 
cleaning substrate surfaces and other parts, and soldering in certain types of semiconductor manufacturing 629 
production processes. Leakage and evaporation of these fluids during use is a source of fluorinated gas emissions. 630 

Unweighted HTF emissions consist primarily of perfluorinated amines, hydrofluoroethers, perfluoropolyethers, 631 
and perfluoroalkylmorpholines. With the exception of the hydrofluoroethers, all of these compounds are very long-632 
lived in the atmosphere and have high GWPs (near 10,000). 633 

There are two methods for estimating emissions from the use of heat transfer fluids. The choice of methods will 634 
depend on the availability of activity data on the use of heat transfer fluids, and is outlined in the decision tree (see 635 
Figure 6.2, Decision Tree for Estimation of FC Emissions from Heat Transfer Fluids, and see Section 1.5 of 636 
Chapter 1, Choosing between the Mass Balance and Emission Factor Approach).   637 

 638 

TIER 1 – HEAT TRANSFER FLUIDS 639 

Tier 1 is appropriate when company-specific data are not available on heat transfer fluids. It is the less accurate of 640 
the two methods for estimating emissions from losses of heat transfer fluids. The method, unlike the Tier 2 method, 641 
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gives an estimate of aggregate emissions—a weighted average emissions across all liquid FCs. The calculation 642 
relies on a generic emissions factor that expresses the average aggregate emissions per unit of silicon consumed 643 
during electronic devices manufacturing. The Tier 1 method for estimating emissions from liquid FCs is analogous 644 
to the Tier 1 method for estimating emissions from gaseous FCs during electronic devices manufacturing. The 645 
formula is shown in Equation 6.12A. In this instance the assumed FC is C6F14. 646 
 647 
 648 
 649 

EQUATION 6.12A 650 
TIER 1 METHOD FOR ESTIMATION OF TOTAL FC EMISSIONS FROM HEAT TRANSFER FLUIDS 651 

FCliquid, total  = El * P 652 

Where: 653 

FCliquid, total = Total FC emissions (Mt-CO2) 654 
El = aggregate emissions per Gm2 of silicon consumed during the period, (Mt-CO2/Gm2) 655 
P = annual production, Gm2 of substrate used (surface area of substrate used during the production of 656 

electronic devices, including test substrates). If annual production is not available from an electronics 657 
producer, P may be calculated as the product of the annual manufacturing capacity and annual plant 658 
production capacity utilisation (fraction) of that producer. 659 

 660 

TIER 2 METHOD – HEAT TRANSFER FLUIDS 661 

There is one Tier 2 method for estimating actual emissions from the use of each FC fluid. This method is a mass-662 
balance approach that accounts for liquid FC usage over an annual period. It is appropriate when company-specific 663 
data are available. Over the course of a year, liquid FCs are used to fill newly purchased equipment and to replace 664 
FC fluid loss from equipment operation through evaporation. The Tier 2 method neglects fluid losses during filling 665 
new or existing equipment or when decommissioning old equipment (which is reasonable for these costly fluids).4 666 
The company should provide the chemical composition of the fluid(s) for which emissions are estimated.5 The 667 
method is expressed in Equation 6.13.  668 
 669 

EQUATION 6.13 670 
TIER 2 METHOD FOR ESTIMATION OF FC EMISSIONS FROM HEAT TRANSFER FLUIDS 671 

FCi(kg) = ρi {Iit-1(l) + Pit(l) – Nit(l) +Rit(l) – Iit(l) – Dit(l)} 672 

Where: 673 

ρi  = density of liquid FCi (kg/litre) 674 

i = Fluorinated heat transfer fluid 675 

Iit-1(l) = the inventory of liquid FCi (litres) in containers other than equipment at the beginning of the 676 
reporting year (in stock or storage). The inventory at the beginning of the reporting year must be the 677 
same as the inventory at the end of the previous year 678 

Pit(l)  = Acquisitions of liquid FCi during the reporting year, (litres) including amounts purchased from 679 
chemical suppliers, amounts purchased from equipment suppliers with or inside of equipment, and 680 
amounts returned to the facility after off-site recycling 681 

Nit(l) = total nameplate capacity (full and proper charge) of equipment that uses fluorinated heat transfer 682 
fluid i and that is newly installed in the fab during the reporting year, (litres) 683 

Rit(l)  = total nameplate capacity (full and proper charge) of equipment that uses fluorinated heat transfer 684 
fluid i and that is removed from service in the fab during the reporting year, (liters) 685 

                                                           
4 Prices for heat transfer fluids vary from $55 – 130/litre {Prices to be updated}. 3M, a manufacturer of a popular heat transfer 

fluid estimates that a vintage 2000 manufacturing plant may loose 1900 litres/year via evaporation. Manufactures of testing 
equipment that use heat transfer fluids report loss rates of approximately 30 litres/year/system for newer designs that reduce 
evaporative losses and 50 litres/year/system for older designs. 

5 In the absence of GWP estimates, the appropriate GWP for C6F14 has been used as a proxy; see 
http://yosemite.epa.gov/oar/globalwarming.nsf/UniqueKeyLookup/RAMR69v523/$File/05industrial.pdf at footnote to Table 

4-58, page 166. 
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Iit(l)  = inventory of liquid FCi  in containers other than equipment at the end of the reporting year (in stock 686 
or storage), (litres) 687 

Dit(l) = Disbursements of fluorinated heat transfer fluid i, including amounts returned to chemical suppliers, 688 
sold with or inside of equipment, and sent off-site for verifiable recycling or destruction (l). 689 
Disbursements should include only amounts that are properly stored and transported so as to prevent 690 
emissions in transit (liters) 691 

692 
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Figure 6.2 Decision tree for estimation of FC emissions from HT fluid loss from electronics 693 
manufacturing  694 

 695 

 696 

 697 

698 
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6.2.2 Choice of emission factors 699 

[Note for the reviewers: in the following pages, a preview of the tables of default emission factors is provided for 700 
each Tier 2 method under consideration at the time of submission of this FOD. In the tables, the cells highlighted 701 
in grey are those for which there are existing EFs (in either the 2006 IPCC Guidelines or the U.S. EPA Greenhouse 702 
Gas Reporting Rule (GHGRP) Subpart I tables + 2017 SIA data); the cell highlighted in yellow are those for which 703 
there are no existing EFs, but where some factors can be expected as part of the 2019 Refinement. These tables 704 
are subject to change as additional data is currently being collected]. 705 

6.2.2.1 ETCHING AND CVD CLEANING FOR SEMICONDCUTORS, 706 

LIQUID CRYSTAL DISPLAYS, AND PHOTOVOLTAICS 707 

TIER 1 708 

The default emission factors for the Tier 1 method are presented in Table 6.2 below. 709 
 710 
In using Tier 1, it is not good practice to modify, in any way, the set of the FCs or the values of the emission 711 
factors assumed in Table 6.2. For any given electronics manufacturing facility, inventory compilers should not 712 
combine emissions estimated using the Tier 1 method with emissions estimated using the Tier 2 or 3 methods. For 713 
example, inventory compilers may not use the Tier 1 factor for CF4 to estimate the emissions of CF4 from 714 
semiconductors and combine it with the results of other FC gases from a Tier 2 or Tier 3 method. It should be also 715 
noted that the Tier 1 FC emission factors presented in Table 6.2 should not be used for any purpose other than 716 
estimating annual FC-aggregate emissions from semiconductor, TFT-FPD or PV manufacturing for compilation 717 
of the national greenhouse gas inventory. 718 
 719 

TABLE 6.2 
TIER1 GAS-SPECIFIC EMISSION FACTORS FOR FC EMISSIONS FROM ELECTRONICS MANUFACTURING 

 

Electronics 
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subsector C
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kg/m2                

Display, g/m2                

PV, g/m2                

MEMS, g/m2                

Heat transfer 
fluids, kg/m2                

 720 

  721 
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 722 

TIER 2 723 

[Tier 2a Method] 724 

 725 

TABLE 6.3 
TIER 2A METHOD – DEFAULT EMISSION FACTORS FOR GHG EMISSIONS FROM SEMICONDUCTOR MANUFACTURING 
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BC4F8                    

BC5F8                    

BCH3F                    

BCH2F2                    

 726 

[Table 6.3A (placeholder) - Tier 2a method – Default emission factors for GHG emissions from display 727 
manufacturing] 728 

[Table 6.3B (placeholder) - Tier 2a method – Default emission factors for GHG emissions from PV manufacturing] 729 

[Table 6.3C (placeholder) - Tier 2a method – Default emission factors for GHG emissions from MEMS 730 
manufacturing] 731 

  732 
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 733 

[Tier 2b Method] 734 

 735 

TABLE 6.3D 
TIER 2B METHOD – DEFAULT EMISSION FACTORS FOR GHG EMISSIONS FROM SEMICONDUCTOR MANUFACTURING 
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≤200mm wafer size 

(1-Ui)                    

BCF4                    

BC2F6                    

BC3F8                    

BC5F8                    

BCH3F                    

≥300mm wafer size 

(1-Ui)                    

BCF4                    

BC2F6                    

BC3F8                    

BC4F6                    

BC4F8                    

BCH3F                    

BCH2F2                    

BCHF3                    

 736 

[Table 6.3E (placeholder in case Tier 2b method for display manufacturing is feasible) - Tier 2B method – Default 737 
emission factors for GHG emissions from display manufacturing] 738 

[Table 6.3F (placeholder in case Tier 2b method for PV manufacturing is feasible) - Tier 2B method – Default 739 
emission factors for GHG emissions from PV manufacturing] 740 

[Table 6.3G (placeholder in case Tier 2b method for MEMS manufacturing is feasible) - Tier 2B method – Default 741 
emission factors for GHG emissions from MEMS manufacturing] 742 

  743 
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[Tier 2c Method (≤200mm)] 744 

 745 

TABLE 6.3H 
TIER 2C METHOD (≤200MM) – DEFAULT EMISSION FACTORS FOR GHG EMISSIONS FROM SEMICONDUCTOR 

MANUFACTURING 
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Etching or substrate cleaning 

(1-Ui)                  

BCF4                  

BC2F6                  

BC5F8                  

BCH3F                  

BCH2F2                  

BCHF3                  

Remote plasma cleaning 

(1-Ui)                  

BCF4                  

In-situ plasma cleaning 

(1-Ui)                  

BCF4                  

BC2F6                  

BC3F8                  

In-situ thermal cleaning 

(1-Ui)                  

BCF4                  

CVD 

(1-Ui)                  

Other 

(1-Ui)                  

 746 
  747 
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 748 
[Tier 2c Method (≥300mm)] 749 

 750 

TABLE 6.3I 
TIER 2C METHOD (≥300MM) – DEFAULT EMISSION FACTORS FOR GHG EMISSIONS FROM SEMICONDUCTOR 

MANUFACTURING 
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Gas 

C
F

4 

C
2F

6 

C
H

F
3 

C
H

2F
2 

C
H

3F
 

C
3F

8 

c-
C

4F
8 

N
F

3 
   

SF
6 

   

C
4F

6 

C
5F

8 

C
O

F
2 

F
2 

   

N
2O

 C
V

D
 

N
2O

 o
th

er
 

Etching or wafer cleaning 

(1-Ui)                

BCF4                

BC2F6                

BC3F8                

BC4F6                

BC4F8                

BCH3F                

BCH2F2                

BCHF3                

Remote plasma cleaning 

(1-Ui)                

BCF4                

BCH3F                

BCH2F2                

BCHF3                

In-situ plasma cleaning 

(1-Ui)                

BCF4                

In-situ thermal cleaning 

(1-Ui)                

BCF4                

CVD 

(1-Ui)                

Other 

(1-Ui)                

 751 

[Table 6.3J (placeholder in case Tier 2c method for display manufacturing is feasible) - Tier 2c method – Default 752 
emission factors for GHG emissions from display manufacturing] 753 

[Table 6.3K (placeholder in case Tier 2c method for PV manufacturing is feasible) - Tier 2c method – Default emission 754 
factors for GHG emissions from PV manufacturing] 755 

[Table 6.3L (placeholder in case Tier 2c method for MEMS manufacturing is feasible) - Tier 2c method – Default 756 
emission factors for GHG emissions from MEMS manufacturing] 757 

 758 

  759 
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Emission control technology factors for Tier 2 methods 760 

It is recognised that since the 2006 Guidelines, the varying performance of different abatement technologies needs 761 
to be accounted for (six being listed in the table below), both in terms of their emission reduction efficiencies 762 
("Destruction Removal Efficiency", DRE) and their propensity to convert hydrocarbon fuel (such as methane or 763 
propane) into CF4 by direct reaction with fluorine that is exhausted from CVD process tools during chamber 764 
cleaning; this fluorine typically originating from NF3. This detail needs capture without unnecessarily 765 
complicating the table and awaits data capture and analysis. Preliminary data is presented. 766 

 767 

[Table 6.6A Destruction Reaction Efficiency (DRE) of PFC Abatement Technologies (X=Suitable to use default 768 
DRE)] 769 

 770 

TABLE 6.6A 
PFC GASES 
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Technology 

PFC Gases 
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Cartridge    x   x          x x 

Hot-wet  < 800o C                  

Hot-wet  > 800o C                  

Plasma x x x x x x x x x x x x x x x x x

Combustion x x x x x x x x x x x x x x x x x

Catalyst x               x  

 771 

[This table to be followed by default DRE values on a per gas or per process type (as currently in IPCC 2006 but 772 
with updated defaults) or per gas and process (etch vs. cleans) basis].  773 

 774 

775 
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Figure 6.3 Decision Tree for PFC Abatement Default Emission Factors 776 

Start 

Is the device 
OEM certified [2] to 

abate this gas?

Use default abatement 
DRE for specific gas

Set DRE system to 0%

Use site-specific abatement 
DRE [4]

No

Is selected abatement 
technology suitable for 

this gas [1]?

Is the device installed, 
maintained and operated [3] 
according to manufacture’s 

specification?

Is it wished 
to claim a DRE higher 

than the default?

Yes

Yes

Yes

Yes

No

No

No

 777 
Notes: 778 
1. The abatement device is deemed suitable according to the Applicability of PFC Abatement Technologies table. 779 
2. The fab defines its highest total FC flow through the abatement device (gas by gas) AND highest total flow scenario (with N2 dilution 780 
accounted for), abatement model (if there are more than one abatement models), and the fab requests the abatement manufacturer to certify 781 
that the default DRE can be met in the worst-case scenario (for each type of abatement system if more than one) 782 
3. Proper operation requires all parameters to be within manufacturer’s specifications, including items such as vacuum pump purge, fuel / 783 
oxidizer settings, supply and exhaust flows and pressures, etc. 784 
4. The appropriate test method must be used (EPA, ISMI or similar accounting for dilution) and at a frequency of at least 5% annually. 785 
[As regards abatement, “Exhaust gas” refers to the combination of all gases exiting the process chamber (unreacted precursors plus by-products 786 
formed in the process) plus any gases subsequently such as pump purges.   787 
If the abatement device is deemed suitable but is not performing up to the default DRE, consider adding another decision point before setting 788 
DRE to 0% in the case the facility wants to add a site-specific DRE value lower than the default but greater than 0% (when the abatement 789 
device is not certified or installed operated in accordance with the OEM specs)]. 790 
 791 

 792 
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TABLE 6.6B 
TIER 2A&2B DEFAULT EFFICIENCY PARAMETERS FOR ELECTRONICS INDUSTRY FC EMISSION REDUCTION 

TECHNOLOGIES 

 

Emission Control Technology  CF4 C2F6 CHF3 C3F8 c-C4F8 NF3
 SF6 

di        
Notes: 

 793 

6.2.2.2 HEAT TRANSFER FLUIDS 794 

[Work in progress] 795 

 796 

6.2.3 Choice of activity data 797 

Activity data for the electronics industry consists of data on gas sales/purchases and/or production figures (surface 798 
area of substrate used during the production of electronic devices, e.g. silicon, glass). For the more data-intensive 799 
Tier 2 methods, gas consumption data at the company or plant-level are necessary. For the Tier 1 methods, 800 
inventory compilers will need to determine the total surface area of electronic substrates used during the production 801 
of electronic devices for a given year. The best sources of either gas usage data or substrate area data are the owners 802 
and operators of the electronics manufacturing facilities in each country. However, if it is not possible to obtain 803 
the activity data from the owners and operators, Tier 1 estimates may be developed using data on substrate area 804 
that is available from purchasable databases. Silicon consumption may be estimated using an appropriate edition 805 
of the World Fab Watch (WFW) database, published quarterly by Semiconductor Equipment & Materials 806 
International (SEMI)6. The database contains a list of plants (production as well as R&D, pilot plants, etc.) 807 
worldwide, with information about location, design capacity, wafer size and much more. Similarly, SEMI’s ‘Flat 808 
Panel Display Fabs on Disk’ database provides an estimate of glass consumption for global TFT-FPD 809 
manufacturing.  810 

Table 6.7 of the IPCC Guidelines provides design capacity figures, but these values, which were estimated for 811 
2003 through 2005, are no longer accurate. We are not updating Table 6.7 in this Refinement because the update 812 
would also lose its accuracy very quickly given the rapid pace of growth and change in the electronics industry. 813 
Nevertheless, the following guidance remains applicable to design capacity data extracted from the purchasable 814 

databases above. [Semiconductor and TFT-FPD manufacturing plants are not operated at design capacities for 815 
sustained periods, such as a full year. Instead, the capacity fluctuates depending on product demand. For 816 
semiconductor manufacturing, publicly available industry statistics show that the global annual average capacity 817 
utilisation during the period 1991 – 2000 varied between 76 and 91 percent, with an average value of 82 percent 818 
and most probable value of 80 percent (this section will be updated based on more recent figures)]. [When country-819 
specific capacity utilisation data are not available, the suggested capacity utilisation for semiconductor 820 
manufacturing is 80 percent (to be updated)}. This should be used consistently for a time series of estimates. For 821 
display manufacturing, publicly available capacity utilisation data are not available. The display manufacturing 822 
industry, like the semiconductor manufacturing industry, lowers product prices to maintain the highest practical 823 
plant capacity utilisation. {By analogy, therefore, it is suggested to use 80 percent to estimate substrate glass 824 
consumption using the design capacities provided in Table 6.7 for country TFT-FPD manufacturers]. [For PV 825 
manufacturing, published capacity utilisation data ranges between 77 – 92 percent, with the average for the years 826 
2003 and 2004 of 86 percent. Therefore, 86 percent is the recommended default figure for Cu (see Equation 6.1) 827 
to use (to be updated for PV and MEMS)]. 828 

When estimating emissions during PV manufacture, one should account for the fraction of the industry that actually 829 
employs FCs (CPV in Equation 6.1). [Because recent surveys indicate that between 40 – 50 percent of PV 830 
manufacture actually uses FC, and the usage trend may be increasing, the recommended default value for CPV is 831 
0.5 (value to be updated)].  832 
 833 

 834 

                                                           
6 The term ‘fab’ is synonymous with clean room/manufacturing facility. Semiconductor and flat panel display manufacturing 

plants are often called fabrication plants, from which the abbreviation ‘fab’ follows. 
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6.2.4 Completeness 835 

[This section may be refined in the second order draft to ensure consistency with sections 6.2.1-6.2.3 above] 836 

6.2.5 Developing a consistent time series 837 

[This section may be refined in the second order draft to ensure consistency with sections 6.2.1-6.2.3 above] 838 

 839 

 840 

6.3 UNCERTAINTY ASSESSMENT 841 

6.3.1 Emission factor uncertainties 842 

[This section may be refined in the second order draft to ensure consistency with sections 6.2.2 above] 843 

6.3.2 Activity data uncertainty 844 

[This section may be refined in the second order draft to ensure consistency with sections 6.2.3 above] 845 

 846 

 847 

6.4 QUALITY ASSURANCE / QUALITY CONTROL 848 

(QA/QC), REPORTING AND 849 

DOCUMENTATION 850 

6.4.1 Quality Assurance / Quality Control (QA/QC) 851 

[This section may be refined in the second order draft to ensure consistency with sections 6.2-6.3 above] 852 

6.4.2 Reporting and documentation 853 

[This section may be refined in the second order draft to ensure consistency with sections 6.2-6.3 above] 854 

855 
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