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Abstract 3 

Global greenhouse gas emissions need to reach net-zero around mid-century to limit global 4 
warming to 1.5°C. This decarbonization challenge has, inter alia, increased the political and 5 
societal pressure on companies to disclose their carbon footprints. As a response, numerous 6 
companies announced roadmaps to become carbon neutral or even negative. The first step on 7 
the journey towards carbon neutrality, however, is to quantify corporate emissions accurately. 8 
Current carbon accounting and reporting practices remain unsystematic and not comparable, 9 
particularly for emissions along the value chain (so-called scope 3). Here we present a 10 
framework to harmonize scope 3 emissions by accounting for reporting inconsistency, 11 
boundary incompleteness, and activity exclusion. In a case study of the tech sector, we find 12 
that corporate reports omit half of the total emissions. The framework we present may help 13 
companies, investors, and policy makers to identify and close the gaps in corporate carbon 14 
footprints. 15 
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Introduction 17 

Global greenhouse gas (GHG) emissions need to reach net-zero around mid-century to limit 18 

global warming to 1.5°C.1 This decarbonization challenge has, inter alia, increased the 19 

political and societal pressure on companies to disclose their GHG emissions, and urged 20 

climate action as a top priority for internal and external stakeholders.2 As a response, major 21 

companies – particularly from the tech sector – recently announced to become carbon neutral, 22 

or even carbon negative.3–7 23 

The first step on the journey towards corporate carbon neutrality is to quantify the current 24 

level of emissions accurately. In absence of binding regulation, alliances of non-governmental 25 

organizations have shaped corporate carbon accounting practices. The World Resources 26 

Institute and the World Business Council on Sustainable Development set the global standard 27 

for corporations to assess their carbon footprint with the so-called ‘GHG Protocol’.8 The 28 

GHG Protocol distinguishes three categories of emissions: scope 1 refers to direct emissions 29 

from a company’s own activities, scope 2 refers to emissions from the production of 30 

purchased energy, and scope 3 refers to emissions from up- and downstream activities along 31 

the value chain.9  32 

For most industries in the United States (U.S.) and China, scope 3 emissions account for over 33 

80% of the total emissions,10,11 and the share has grown globally over the past decades.12 34 

Although previous studies identify sources of error in scope 3 estimates,13–17 quantitative 35 

analyses remain scarce and little is known about the type and size of error. One study 36 

focusing on large U.S. companies, for instance, finds that companies on average reported less 37 

than 25% of their upstream scope 3 emissions in 2013.18  38 

Here we show that emission data disclosed in corporate reports omit half of the total 39 

emissions. Applying the framework we present in this study to quantify scope 3 emissions in 40 

a standardized way to a sample of 56 tech companies, we find a total gap between reported 41 

and harmonized emissions of 391 megatons (Mt) carbon dioxide equivalents (CO2e) per 42 

annum. 202 MtCO2e thereof result from omitted upstream emissions and 189 MtCO2e from 43 

omitted downstream emissions. On the industry level, we find similar deviations between 44 

harmonized and self-reported carbon footprints: for IT software and service companies in our 45 

sample +99%, and for technology hardware and equipment companies +110%. On the firm 46 

level, emissions increase in the median by a factor of four through the harmonization, with 47 

deviations ranging from +0.06% to a factor of +185x in one case. The current lack of 48 
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methodological clarity impedes effective carbon management strategies, hinders reduction 49 

target setting, and decreases the informative value for stakeholders.  50 

Results 51 

Accounting and Reporting of Corporate Emissions 52 

The GHG Protocol reflects the most widely used framework for corporate carbon 53 

accounting.8 The framework distinguishes three types of emissions: Scope 1 refers to direct 54 

emissions from owned or controlled sources, scope 2 refers to emissions from the generation 55 

of purchased electricity, and scope 3 refers to all other indirect emissions from up- and 56 

downstream activities along the value chain. To enable consistent and transparent reporting of 57 

scope 3 emissions, the GHG Protocol specifies 15 distinct categories up- and downstream in 58 

the value chain of the reporting company as listed in Table 1.19 For each category, the GHG 59 

Protocol provides a minimum boundary in order to standardize which activities should be 60 

included. 61 

 Scope 3 category Category description Minimum boundary 

1 Purchased 
goods and 
services 

Extraction, production, and transportation of goods 
and services purchased or acquired by the reporting 
company in the reporting year, not otherwise 
included in Categories 2 - 8 

All upstream (cradle-to-gate) emissions of purchased 
goods and services 

2 Capital goods Extraction, production, and transportation of capital 
goods purchased or acquired by the reporting 
company in the reporting year 

All upstream (cradle-to-gate) emissions of purchased 
capital goods 

3 Fuel- and 
energy-related 
activities (not 
included in 
scope 1 or 
scope 2) 

Extraction, production, and transportation of fuels 
and energy purchased or acquired by the reporting 
company in the reporting year, not already accounted 
for in scope 1 or scope 2, including: 

a. Upstream emissions of purchased fuels (extraction, 
production, and transportation of fuels consumed by 
the reporting company) 
b. Upstream emissions of purchased electricity 
(extraction, production, and transportation of fuels 
consumed in the generation of electricity, steam, 
heating, and cooling consumed by the reporting 
company) 
c. Transmission and distribution (T&D) losses 
(generation of electricity, steam, heating and cooling 
that is consumed (i.e., lost) in a T&D system) – 
reported by end user 
d. Generation of purchased electricity that is sold to 
end users (generation of electricity, steam, heating, 
and cooling that is purchased by the reporting 
company and sold to end users) – reported by utility 
company or energy retailer only 

a. For upstream emissions of purchased fuels: All 
upstream (cradle-to-gate) emissions of purchased fuels 
(from raw material extraction up to the point of, but 
excluding combustion) 
b. For upstream emissions of purchased electricity: All 
upstream (cradle-to-gate) emissions of purchased fuels 
(from raw material extraction up to the point of, but 
excluding, combustion by a power generator) 
c. For T&D losses: All upstream (cradle-to-gate) 
emissions of energy consumed in a T&D system, 
including emissions from combustion 
d. For generation of purchased electricity that is sold to 
end users: Emissions from the generation of purchased 
energy 

4 Upstream 
transportation 
and 
distribution 

Transportation and distribution of products 
purchased by the reporting company in the reporting 
year between a company’s tier 1 suppliers and its 
own operations (in vehicles and facilities not owned 
or controlled by the reporting company) 

Transportation and distribution services purchased by 
the reporting company in the reporting year, 
including inbound logistics, outbound logistics (e.g., 
of sold products), and transportation and distribution 
between a company’s own facilities (in vehicles and 

The scope 1 and scope 2 emissions of transportation 
and distribution providers that occur during use of 
vehicles and facilities (e.g., from energy use) 

Optional: The life cycle emissions associated with 
manufacturing vehicles, facilities, or infrastructure 
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facilities not owned or controlled by the reporting 
company) 

5 Waste 
generated in 
operations 

Disposal and treatment of waste generated in the 
reporting company’s operations in the reporting year 
(in facilities not owned or controlled by the reporting 
company) 

The scope 1 and scope 2 emissions of waste 
management suppliers that occur during disposal or 
treatment 

Optional: Emissions from transportation of waste 

6 Business travel Transportation of employees for business-related 
activities during the reporting year (in vehicles not 
owned or operated by the reporting company) 

The scope 1 and scope 2 emissions of transportation 
carriers that occur during use of vehicles (e.g., from 
energy use) 

Optional: The life cycle emissions associated with 
manufacturing vehicles or infrastructure 

7 Employee 
commuting 

Transportation of employees between their homes 
and their worksites during the reporting year (in 
vehicles not owned or operated by the reporting 
company) 

The scope 1 and scope 2 emissions of employees and 
transportation providers that occur during use of 
vehicles (e.g., from energy use) 

Optional: Emissions from employee teleworking 

8 Upstream 
leased assets 

Operation of assets leased by the reporting company 
(lessee) in the reporting year and not included in 
scope 1 and scope 2 – reported by lessee 

The scope 1 and scope 2 emissions of lessors that occur 
during the reporting company’s operation of leased 
assets (e.g., from energy use) 

Optional: The life cycle emissions associated with 
manufacturing or constructing leased assets 

9 Downstream 
transportation 
and 
distribution 

Transportation and distribution of products sold by 
the reporting company in the reporting year between 
the reporting company’s operations and the end 
consumer (if not paid for by the reporting company), 
including retail and storage (in vehicles and facilities 
not owned or controlled by the reporting company) 

The scope 1 and scope 2 emissions of transportation 
providers, distributors, and retailers that occur during 
use of vehicles and facilities (e.g., from energy use) 

Optional: The life cycle emissions associated with 
manufacturing vehicles, facilities, or infrastructure 

10 Processing of 
sold products 

Processing of intermediate products sold in the 
reporting year by downstream companies (e.g., 
manufacturers) 

The scope 1 and scope 2 emissions of downstream 
companies that occur during processing (e.g., from 
energy use) 

11 Use of sold 
products 

End use of goods and services sold by the reporting 
company in the reporting year 

The direct use-phase emissions of sold products over 
their expected lifetime (i.e., the scope 1 and scope 2 
emissions of end users that occur from the use of: 
products that directly consume energy (fuels or 
electricity) during use; fuels and feedstocks; and GHGs 
and products that contain or form GHGs that are 
emitted during use) 

Optional: The indirect use-phase emissions of sold 
products over their expected lifetime (i.e., emissions 
from the use of products that indirectly consume energy 
(fuels or electricity) during use) 

12 End-of-life 
treatment of 
sold products 

Waste disposal and treatment of products sold by the 
reporting company (in the reporting year) at the end 
of their life 

The scope 1 and scope 2 emissions of waste 
management companies that occur during disposal or 
treatment of sold products 

13 Downstream 
leased assets 

Operation of assets owned by the reporting company 
(lessor) and leased to other entities in the reporting 
year, not included in scope 1 and scope 2 – reported 
by lessor 

The scope 1 and scope 2 emissions of lessees that occur 
during operation of leased assets (e.g., from energy 
use) 

Optional: The life cycle emissions associated with 
manufacturing or constructing leased assets 

14 Franchises Operation of franchises in the reporting year, not 
included in scope 1 and scope 2 – reported by 
franchisor 

The scope 1 and scope 2 emissions of franchisees that 
occur during operation of franchises (e.g., from energy 
use) 

Optional: The life cycle emissions associated with 
manufacturing or constructing franchises 

15 Investments Operation of investments (including equity and debt 
investments and project finance) in the reporting 

See the description of category 15 (Investments) in 
section 5.5 for the required and optional boundaries 
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year, not included in scope 1 or scope 2 

Table 1 | Overview of scope 3 categories and minimum boundaries as stated in the GHG Protocol.19 62 

Voluntary corporate carbon reporting standards and frameworks complement the GHG 63 

Protocol with the aim to ensure consistency, reliability, and completeness. Prominent 64 

examples are the Global Reporting Initiative (GRI) standards, the Sustainability Accounting 65 

Standards Board (SASB) standards, and the International Integrated Reporting (IR) 66 

framework provided by the International Integrated Reporting Council (IIRC). While such 67 

standards and frameworks set the foundation for more comprehensive and consistent 68 

sustainability reporting, their approaches towards scope 3 disclosure remain inconclusive. 69 

The GRI, for instance, provides standards for the reporting of economic, environmental and 70 

social impacts, which include a dedicated standard for GHG emissions. This GRI standard 71 

305 recognizes the importance of including scope 3 emissions and recommends the GHG 72 

Protocol’s scope 3 standard for accounting and disclosure.20 Still, companies are not required 73 

to disclose their full or most material scope 3 emissions to be GRI-compliant. The same 74 

applies to the SASB standards, which contain industry-specific guidelines to account for 75 

sustainability topics. Regarding GHG emissions, the SASB standards only comprise scope 1 76 

disclosure for 22 out of 77 industries, without requiring scope 2 and 3 disclosures at all.21 77 

Likewise, the IR framework aims to guide corporate disclosure by combining financial and 78 

non-financial areas in order to highlight coherences and interdependencies. The framework, 79 

however, does not specify which types of GHG emission to report and remains silent on scope 80 

3 emissions.22 81 

Besides corporate reports, thousands of companies have disclosed their environmental impact 82 

through the CDP (previously Carbon Disclosure Project). The CDP collects information from 83 

questionnaires that companies can submit on a voluntary basis.23 The resulting reports of the 84 

CDP follow the structure provided by the GHG Protocol framework to report corporate 85 

carbon footprints. Although data needs to be handled carefully, as it is purely self-reported by 86 

companies, CDP is a comprehensive database for climate-related corporate actions and 87 

represents a key source for corporate sustainability indices. 88 

As investors try to understand and manage their climate risks, financial data providers have 89 

created indices to benchmark corporate carbon exposure. MSCI, for instance, builds on CDP 90 

data and data from company reports in order to evaluate the weighted average carbon 91 

intensity of over 15,000 indices globally.24 The definition of carbon intensity, however, 92 
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excludes scope 3 emissions, and MSCI only divides the sum of scope 1 and scope 2 emissions 93 

by corporate sales. Others have started to include scope 3 emissions at least partially. Trucost, 94 

the data provider of S&P Carbon Efficiency Indices, for instance, accounts for the emissions 95 

from first-tier suppliers in addition to scope 1 and scope 2 emissions.25 Indices such as the 96 

S&P Dow Jones Sustainability Index, however, resort to ESG scores based on industry-97 

specific questionnaires or use publicly available information to select suitable companies 98 

instead of requiring uniform carbon measurement. Still, scope 3 data is not directly 99 

incorporated in the S&P indices although disclosure is queried and acknowledged.26,27 100 

Three Sources for Error and How to Overcome Them 101 

Previous literature identifies multiple sources of error in publicly disclosed scope 3 emissions. 102 

We cluster these in three areas, which are reporting inconsistency, boundary incompleteness, 103 

and activity exclusion.  104 

First, companies report scope 3 emissions inconsistently across different communication 105 

channels. Depoers et al. (2016)14 find that French companies disclose lower total GHG 106 

emission figures in their corporate reports (CRs) than to the Carbon Disclosure Project (CDP). 107 

The reason for the discrepancy can be found in partially or completely omitted scope 3 108 

emissions, which suggest that companies intentionally understate scope 3 emissions in CRs. 109 

Since the full range of responses is only shared with CDP’s investor signatories, companies 110 

may withhold more comprehensive emission data from the general public.14 This behavior 111 

might be reinforced by the evaluation scheme of the CDP, which openly communicates scores 112 

without indicating emission figures. In the evaluation process, the CDP disregards 113 

information outside the program responses and there is no obligation to provide consistent 114 

information in CRs.28 Hence, a good score may improve a company’s publicly perceived 115 

credibility with regard to the quality and completeness of their disclosures – despite reporting 116 

inconsistently across channels. This can also apply to high emitting companies as the CDP 117 

scoring system aims to provide an indication of a company’s level of action to assess and 118 

manage its environmental impact instead of its level of sustainability.28 119 

Second, emission calculations of scope 3 categories partly face incompleteness with regard to 120 

the minimum boundaries set by the greenhouse gas (GHG) Protocol. The GHG Protocol’s 121 

scope 3 standard recommends companies to choose the most suitable calculation approach for 122 

each of the 15 scope 3 categories depending on data availability and quality.29 The proposed 123 

methods can be traced back to three basic carbon accounting approaches: economic input-124 

output, process-based, or a hybrid of the two. Economic input-output analysis is a top-down 125 
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technique that uses financial transaction data. Combined with emission factors, this method 126 

enables straightforward and system-complete emission calculations.30 In contrast, process-127 

based analysis is a bottom-up technique that uses detailed estimations of each step.31 A hybrid 128 

model starts with a bottom-up estimate and fills the gaps with top-down figures.32 To enhance 129 

specificity, companies are encouraged to draw on primary data for categories which are 130 

highly influential.19 The CDP fosters primary data collection for upstream emissions through 131 

its ‘Supply Chain Program’, which contains emissions data of over 5,500 tier 1 suppliers of 132 

115 member companies. However, only one third of the suppliers reports own scope 3 133 

emissions.33 As a consequence, most companies cannot quantify the emissions along their 134 

entire supply chain with primary data only, which results in boundary incompleteness if the 135 

gaps are not filled with secondary data. 136 

Third, reporting companies may neglect relevant scope 3 activities entirely. Although the 137 

GHG Protocol’s scope 3 supplement provides guidance for companies, the supplement falls 138 

far short of meeting the acceptance of the basic standard.13 The CDP structures its 139 

questionnaire along the 15 scope 3 categories but leaves it to the participants to identify 140 

relevant categories (see supplementary data: sheet 4.3). It is estimated that two categories 141 

alone, purchased goods and services (category 1) and use of sold products (category 11), 142 

together account for almost the entire scope 3 emissions.34 Still, across industries, the relative 143 

importance of categories appears to differ. The share that the categories 1 and 11 capture 144 

varies between 25% (electric utilities & independent power producers) and 85% (Electrical 145 

Equipment & Machinery).35 Thus, different scope 3 categories appear to be particularly 146 

relevant in certain industries. As of 2017, only a quarter of the companies reporting scope 3 147 

figures within the CDP disclosed emissions for all categories they consider as relevant.35 148 

In sum, reporting inconsistency, boundary incompleteness, and activity exclusion contribute 149 

at different stages to errors in scope 3 emissions measurement. While reporting inconsistency 150 

occurs after the accounting process, boundary incompleteness and activity exclusion occur 151 

due to misjudgments prior to the actual measurement. As previous literature has discussed the 152 

three sources of error independently, our framework aims for completeness. Correcting for the 153 

errors in the three areas allows for quantification of omitted scope 3 emissions, as well as for 154 

calculating harmonized carbon footprints. Figure 1 illustrates the stepwise approach of the 155 

framework. The mathematical formulation and a flow chart showing all key input and output 156 

flows can be found in the methods section. 157 
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 158 

Figure 1 | Visualization of the framework to harmonize corporate carbon footprints. The dark grey parts 159 

represent the carbon footprint as provided in the corporate report (CR). The blue parts represent potential sources 160 

of errors which together form the sum of all omitted scope 3 emissions. The correction of these errors leads to a 161 

harmonized carbon footprint. 162 

To overcome the three sources of error, we analyze each independently to derive the 163 

combined effect. Therefore, we resort to information from CRs and the CDP (see 164 

supplementary data: sheets 4.1-4.3). CRs include voluntary reports, such as sustainability 165 

reports or annual reports, and mandatory reports, such as forms filed for state authorities. 166 

They provide information regarding the company’s carbon footprint as well as financial and 167 

company-related details and may have been prepared in accordance with reporting standards 168 

and frameworks, such as the GRI standards, SASB standards, or IR framework. The CDP 169 

responses supplement the data basis with more comprehensive environmental information. 170 

CDP responses contain emissions figures structured in accordance with the 15 distinct scope 3 171 

categories and provide explanations on the methodology and justifications with regard to 172 

missing emission figures. 173 

For reporting inconsistency, we quantify the error by taking the difference between the 174 

amount of emissions reported in the CR and in the CDP. We only consider scope 3 emissions 175 

since they pose a key challenge – both, in size and complexity. As scope 1 and 2 emissions 176 

are mainly calculated using internal data, we assume them in our framework to be reported 177 

completely and consistently. 178 

For boundary incompleteness, we classify an emission figure as incomplete in case it does not 179 

follow the category-specific minimum boundary of the scope 3 standard in the GHG Protocol 180 

(See Table 1). Incomplete boundaries occur, for instance, if only selected means of 181 
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transportation are included in emissions from business travel or only emissions from first-tier 182 

suppliers are included instead of the entire upstream emissions (see supplementary data: sheet 183 

3.1 for case-specific explanations for our case study). To correct incomplete emission figures, 184 

we derive category-specific carbon intensities of the peer industry group. Carbon intensities 185 

and corrected emission figures are calculated utilizing key performance indicators as emission 186 

predictors (see supplementary data: sheet 2.4 and 3.2). We exclude peer companies with 187 

incomplete emission figures and use the median to control for outliers. A special case are 188 

emission figures subject to incomplete boundaries, but which still show higher intensities than 189 

the peer median. In such cases, we do not adjust the emission figures downwards but keep the 190 

self-reported value. 191 

For activity exclusion, an activity is deemed excluded in case the company does not provide 192 

an emission figure even though the category is relevant to the business. We assume categories 193 

to be relevant unless the company specifically states that emissions are non-existent. All other 194 

justification, such as unavailability of data, non-significant amounts of emissions, or the lack 195 

of evaluation are not accepted (see supplementary data: sheet 3.1 for case-specific 196 

explanations for our case study). This strict approach helps to overcome the challenge posed 197 

by the qualitative formulation of the criteria for identifying relevant scope 3 activities in the 198 

GHG Protocol. It avoids different interpretations and limits the leeway granted in favor of 199 

enhanced comparability. We derive the emissions of excluded scope 3 categories analogous to 200 

the calculation of adjusted emissions in case of boundary incompleteness. 201 

Case Study on Harmonizing Carbon Footprints of Tech Companies 202 

Tech companies themselves have identified climate change as a key area of concern for their 203 

businesses since it poses important social and environmental issues that need to be managed. 204 

Several have announced progressive pledges to reduce their greenhouse gas (GHG) emissions 205 

and become entirely carbon neutral or even carbon negative.4–7 In addition to the general 206 

ambiguities in carbon disclosures, these climate action ambitions are criticized for a lack of 207 

transparency.36  208 

The amount of energy consumed by tech companies elevated the need for a standardized view 209 

on carbon emissions in this sector. With their energy consumption, digital technologies cause 210 

4% of global GHG emissions as of 2020, and the share is set to double by 2025.37 The tech 211 

sector consists of industries that are among the highest emitting.35 With 97% upstream scope 212 

3 emissions, the United States (U.S.) computer manufacturing industry surpasses the industry 213 

average of 75%.10,38 214 
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For our case study, we select companies that adhere to the Forbes Global 2000 List 2019. This 215 

index ranks the world’s largest public companies according to sales, profit, assets, and market 216 

value.39 The focus on public companies offers the advantage of higher data availability. The 217 

technology sector in the index is split into three industries: IT software and service (ITSS), 218 

technology hardware and equipment (THE), and semiconductors. To ensure the continued 219 

relevance of the sample, we exclude companies which are no longer part of the Forbes Global 220 

2000 List 2020. This results in 55 ITSS companies, 51 THE companies, and 26 221 

semiconductor companies spread across Asia, Europe, and the U.S (see supplementary data: 222 

sheet 3.4 for summary statistics). For our case study, we exclude the smallest group, 223 

semiconductor companies, since the framework’s robustness is linked to the number of 224 

comparable peers. The framework set-up requires company-specific information from 225 

corporate reports (CRs) and the Carbon Disclosure Project (CDP). Thus, only companies, 226 

which submitted a CDP response in 2019 can be considered. Less than half and around two 227 

thirds of the companies in the ITSS and the THE sample respectively submitted a valid CDP 228 

response in 2019. This results in our final samples with 22 ITSS and 34 THE companies. 229 

For the first source of error, reporting inconsistency, we find lower scope 3 emissions in the 230 

CR than in the CDP response for half the tech companies. In the ITSS sample, we find this 231 

gap between CR and CDP for 68% of the companies. Thereby, ITSS companies report certain 232 

scope 3 categories inconsistently. For instance, five out of the eight companies report 233 

emissions from business travel (category 6) and employee commuting (category 7) 234 

inconsistently. In the THE sample, 38% of the companies report inconsistently. Nonetheless, 235 

it is worth noting that disclosing no scope 3 emissions on either channel results in consistent 236 

reporting although full-scale reporting is absent. This applies to five companies in the THE 237 

sample but none in the ITSS sample (see supplementary data: 2.3). 238 

For the second source of error, boundary incompleteness, we find that in total, the 56 tech 239 

companies report 380 category-specific scope 3 emission figures. Of these 380 figures, we 240 

find 15% to be incomplete. Boundary incompleteness applies to 33 companies, 11 from the 241 

ITSS and 22 from the THE sample. The extent at the firm level ranges from one to eight 242 

incomplete categories and appears particularly often in upstream categories such as business 243 

travel and purchased goods and services (see supplementary data: sheet 2.2 and 3.1 for 244 

details). 245 

For the third source of error, activity exclusion, we find 282 excluded categories in total, 246 

spread across 18 ITSS and 29 THE companies (see supplementary data: sheet 2.1 and 3.1 for 247 
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details). The extent of exclusion ranges from neglecting a single category to omitting the 248 

entire scope 3. Notably, categories which contribute significantly to total emissions are found 249 

lacking (e.g., 30% of the companies neglect purchased goods and services and 43% neglect 250 

use of sold products).  251 

In total, we find for our sample of 56 tech companies a gap between reported and harmonized 252 

emissions of 391 megatons (Mt) carbon dioxide equivalents (CO2e), of which 202 MtCO2e 253 

originate from omitted upstream and 189 MtCO2e from omitted downstream emissions. 254 

Accounting for these omitted emissions more than doubles self-reported emissions of 255 

360 MtCO2e to harmonized emissions of 751 MtCO2e. In the following, we present the 256 

combined effects on the industry, company, and category level. 257 

On an industry level, emissions levels differ widely between the ITSS and THE industry in 258 

absolute terms; companies in the THE sample have eight times higher emissions than in the 259 

ITSS sample after the harmonization. Still, the relative gap between self-reported and 260 

harmonized emissions appears to be similar. For the ITSS industry, total harmonized carbon 261 

emissions nearly double the self-reported figures, which leads to an increase of 39.5 MtCO2e. 262 

The increase is based on reporting inconsistency at 60%, boundary incompleteness at 19%, 263 

and activity exclusion at 20%. For the THE industry, total harmonized emissions more than 264 

double, with an increase of 351.5 MtCO2e. The increase is based on reporting inconsistency at 265 

31%, boundary incompleteness at 24%, and activity exclusion at 55%. Figure 2 illustrates the 266 

results for both samples. 267 
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 268 

Figure 2 | Total harmonized carbon emissions of the IT software and service (ITSS) and the technology 269 
hardware and equipment (THE) sample in 2019. The different sample sizes need to be considered when 270 
comparing absolute figures (ITSS: n=22; THE: n=34). The analysis is based on CDP responses of 2019 and 271 
corporate reports of the corresponding reporting period. Carbon intensities are calculated by dividing total 272 
carbon emissions by total revenues of the sample. See supplementary data: sheet 2.1-2.3 for calculations. 273 

On a company level, the omitted scope 3 emissions are unevenly distributed, both in absolute 274 

and relative terms. We find deviations ranging from 0.06% to a factor of 185x, with a 275 

quadrupling in the median (see supplementary data: sheet 1.1 for details). This is about twice 276 

as high as the increase on industry level, underlines the skewness of the distribution within the 277 

sample, and highlights the incomparability of self-reported carbon footprints. In the ITSS 278 

sample, almost one third of the companies is subject to omissions in all three areas, another 279 

third is subject to two error types. The remainder is affected by one error type. Companies 280 

subject to reporting inconsistencies tend to omit a large share of emissions; almost 200% in 281 

the median. In cases of boundary incompleteness and activity exclusion, emissions increase in 282 

the median by 83% and 117% respectively. For companies from THE sample, 21% are 283 

subject to all three error types, and 41% fail on two types (thereof, nearly 60% with boundary 284 

incompleteness and activity exclusion). 35% of the companies fall under one type of error 285 

(thereof, more than 90% activity exclusion). For THE companies, reporting inconsistency, 286 

boundary incompleteness, and activity exclusion increase emissions by 76%, 21%, and 32% 287 

respectively in the median. It is noteworthy that additional guidelines do not necessarily 288 

prevent scope 3 omissions. ITSS firms that report in accordance with the GRI standards show 289 
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even higher omissions in the median than firms that do not use or just reference them, while 290 

the reverse is true for THE firms. Firms using the IR framework chart a similarly ambiguous 291 

picture with fewer omissions in the ITSS sample but more in the THE sample. For both 292 

samples, the companies using SASB standards show higher omissions in the median. 293 

However, due to their novelty in 2019, SASB standards were only applied by two ITSS and 294 

two THE companies and thus the sample might not be representative. Figure 3 and Figure 4 295 

chart the harmonized carbon footprints on company level for both industries and indicate the 296 

accordance of the respective CRs with voluntary standards and frameworks. 297 
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 298 

Figure 3 | Harmonized carbon footprints of IT software and service (ITSS) companies. Analysis is based on 299 
CDP responses of 2019 and corporate reports of the corresponding reporting period. For each company the sum 300 
of the initial carbon footprint, as provided in the corporate report, and the omitted emissions form the 301 
harmonized carbon footprint. Omitted emissions results from sources of errors such as reporting inconsistency, 302 
boundary incompleteness and activity exclusion. See supplementary data: sheet 2.1-2.3 for calculations. The 303 
Global Reporting Initiative (GRI) standards, Integrated Reporting (IR) framework or Sustainability Accounting 304 
Standards Board (SASB) standards are ticked in case the corporate report was prepared in accordance with them. 305 
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 306 

Figure 4 | Harmonized carbon footprints of technology hardware and equipment (THE) companies. 307 
Analysis is based on CDP responses of 2019 and corporate reports of the corresponding reporting period. For 308 
each company the sum of the initial carbon footprint, as provided in the corporate report, and the omitted 309 
emissions form the harmonized carbon footprint. Omitted emissions results from sources of errors such as 310 
reporting inconsistency, boundary incompleteness and activity exclusion. See supplementary data: sheet 2.1-2.3 311 
for calculations. The Global Reporting Initiative (GRI) standards, Integrated Reporting (IR) framework or 312 
Sustainability Accounting Standards Board (SASB) standards are ticked in case the corporate report was 313 
prepared in accordance with them. 314 

On a category level, we find that most omitted emissions result from a few dedicated 315 

categories. The main part of the increase results from flawed disclosure in the two categories 316 

purchased goods and services and use of sold products. Besides these two, only omitted 317 

emissions from capital goods contribute a two-digit share with 10% in the ITSS sample. 318 
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0 20 40 60 80 100

Samsung Electronics
Hon Hai Precision

HP
Cisco Systems

Nokia
Ericsson

Dell Technologies
Apple

Lenovo Group
TDK

Pegatron
BOE Technology Group

Seagate Technology
OMRON
Wistron

Samsung SDI
Flex
NEC

Hewlett Packard Enterprise
Jabil Circuit

Compal Electronics
Western Digital

Murata Manufacturing
Corning
Fujitsu

TE Connectivity
Kyocera

Delta Electronics
Amphenol

NetApp
Hoya

Keysight Technologies
Arista Networks

Olympus

Total annual carbon emissions [Mt CO2e]

Harmonized carbon footprints of THE companies

Initial carbon footprint Reporting inconsistency Boundary incompleteness Activity exclusion

G
R

I

IR

SA
S

B

x

x

x

x

x

x

x

x

x

x

x

x

x

x x

x

x x

x

x

x

x

x

x

x

x

x

x

x

x



16 
 

error (see supplementary data: sheet 2.1 and 3.1 for comparison). Figure 5 depicts the 320 

breakdown by category for both samples. 321 

 322 
Figure 5 | Distribution of omitted emissions by scope 3 category of the IT software and service (ITSS) and 323 
the technology hardware and equipment (THE) sample. Analysis is based on CDP responses of 2019 and 324 
corporate reports of the corresponding reporting period. See supplementary data: sheet 2.1-2.3 for calculations. 325 

Discussion 326 

This paper highlights that current carbon accounting and reporting practices remain 327 

unsystematic and not comparable, particularly for emissions along the value chain (scope 3). 328 

The framework we present enables the closing of gaps in corporate carbon footprints by 329 

accounting for reporting inconsistency, boundary incompleteness, and activity exclusion. We 330 

find that companies report different emission levels on different channels, fail to meet the 331 

minimum boundaries of emitting activities, or omit relevant scope 3 categories entirely. 332 

In a case study of the tech sector, we find that corporate reports largely understate emissions. 333 

By harmonizing scope 3 emissions, we find for a sample of 56 major tech companies a gap 334 

between self-reported and harmonized emissions of 391 megatons (Mt) carbon dioxide 335 

equivalents (CO2e). Thereof, 202 MtCO2e originate from omitted upstream emissions and 189 336 

MtCO2e from omitted downstream emissions, which represents an almost equal contribution 337 

to the increase. Interestingly, omitted emissions stem from very few categories which 338 

highlights the disproportionate importance of certain scope 3 areas for some industries. 339 

Accounting for all omitted emissions more than doubles the amount of self-reported 340 

emissions of 360 MtCO2e to harmonized emissions of 751 MtCO2e. The size of the gap 341 

between self-reported and harmonized corporate carbon footprints suggests a limited 342 
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consistency in scope 3 emission measurements, which impedes meaningful comparisons. The 343 

omitted emissions per annum just from our sample are in the same ballpark as the total annual 344 

greenhouse gas (GHG) emissions produced by the nation of Australia.40 Fortunately, 345 

companies with progressive reduction pledges show less discrepancies with a gap of less than 346 

20% (i.e., Microsoft, Google, and Apple). 347 

The case study provides only a snapshot of how reporting inconsistency, boundary 348 

incompleteness, and activity exclusion affect corporate carbon footprints. Future research 349 

should therefore explore further sectors – and include further companies – to gauge the total 350 

gap between self-reported and actual corporate footprints. The oil and gas industry, for 351 

instance, poses a particularly interesting case given its high carbon intensity and recent 352 

pledges to move towards net-zero by mid-century.41–43 A recent Dutch court ruling on Shell 353 

underpins the topicality and need for action in this sector.44 The landmark ruling orders Shell 354 

to reduce 45% of emissions by 2030 – including scope 3 – and holds Shell responsible for up- 355 

and downstream emissions.45 356 

As harmonized carbon footprints are calculated on the basis of peer companies, future 357 

research with larger samples as well as longer analysis periods may better control for outliers. 358 

Nonetheless, besides the tradeoff between homogeneity and size of the sample, secondary 359 

data and adjusted emission figures may never capture all company-specific circumstances. 360 

The use of emission predictors and carbon intensities derived from peer companies requires 361 

similar expense structures across the sample and underlines the need to analyze industries 362 

separately. The challenge of comparability remains as companies may choose different 363 

approaches to account for up- and downstream players in different parts of the world. Thus, 364 

the calculated emission estimates represent a mix of calculation methods and regional 365 

characteristics and cannot fully replace company-specific scope 3 accounting. Still such case 366 

studies may provide insights on industry level, and point to gaps in corporate carbon 367 

footprints. 368 

Additionally, omitted emissions impede investigating the effectiveness of corporate climate 369 

actions on emission reductions. Such transparency, however, is essential to review 370 

effectiveness and improve the design of corporate strategies on the pathway to net-zero 371 

emissions. This is important for investors, financial data providers, and policy makers alike. 372 

Panel data analyses, for instance, might generate valuable insights to explore the time lag 373 

between strategy implementation and visible emission reductions as well as the effect of 374 

corporate climate measures. In this context, consistent and complete emission data on 375 
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company level are required to investigate these relations. Therefore, action to overcome the 376 

demonstrated shortcomings appears indispensable. 377 

In light of the current underreporting, it seems unlikely that the current multitude of voluntary 378 

guidelines will trigger more accurate carbon disclosure in the future. Standardized and 379 

binding regulations with unambiguous guidelines might be more effective. While reporting 380 

inconsistency could easily be avoided through obligations to synchronize emission data in 381 

corporate reports with any other channel such as the Carbon Disclosure Project (CDP), 382 

boundary incompleteness and activity exclusion require more profound advancements. 383 

One option to close the gaps is mandatory regulation for improved full-scale value chain 384 

disclosures. In 2019, for instance, the European Union introduced non-binding guidelines for 385 

reporting climate-related information, which strongly recommend to disclose scope 3 386 

emissions.46,47 The guidelines acknowledge the need of comprehensive corporate carbon 387 

disclosures and might mark the first step towards binding mandates. Moreover, the European 388 

Commission currently reviews the entire Non-Financial Reporting Directive as part of the 389 

action plan on financing sustainable growth, which also includes climate-related 390 

information.48 The public consultations in this context show that more than two-thirds of the 391 

users see significant issues with the reliability, comparability, and completeness of the 392 

currently reported data, and there is strong support for a requirement on companies to use a 393 

common standard.49 Still, without enhanced digitalization of processes, there is a risk of major 394 

inefficiencies in corporate reporting along the supply chain as it requires handling of 395 

extensive and complex data. In this context, industry-specific standards which mandate the 396 

disclosure of selected scope 3 categories could reduce complexity as well as ambiguity of 397 

disclosures.  398 

Binding and internationally standardized scope 1 and 2 emission disclosure may also 399 

contribute to close reporting gaps and inconsistencies. Accounting measures today differ 400 

among jurisdictions, covering various extents of corporate activities and consequently 401 

omitting relevant emissions. The diplomatic and political momentum needed to mandate such 402 

standardization, however, has been lacking in the past, and it seems unlikely that all or even a 403 

majority of countries will adopt binding reporting guidelines in the near future to correct for 404 

the shortcomings, gaps, and ambiguities of existing voluntary guidelines. Even in a scenario 405 

with binding reporting guidelines, those would presumably vary greatly across jurisdictions, 406 

as seen with other policies and standards. Therefore, improving and consolidating voluntary 407 

guidelines appears to be a more realistic option. SASB and IIRC, for instance, merged in June 408 
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2021 to form the Value Reporting Foundation,50 and CDP, GRI, SASB, IIRC and others have 409 

announced to seek closer collaboration to improve current guidelines.51 Also, hybrid 410 

approaches aligning voluntary guidelines and global standardization through the International 411 

Organization for Standardization (ISO) or the International Financial Reporting Standards 412 

(IFRS) could facilitate the pathway to harmonized domestic standards as well as international 413 

policy implementation. 414 

Besides transparency for external stakeholders, binding mandates for scope 1 and 2 can also 415 

yield emission reductions without a negative effect on financial performance, as initial 416 

empirical evidence from the United Kingdom indicates.52,53Additionally, this would make it 417 

easier for companies to add up scope 1 and 2 emissions of all suppliers in order to obtain their 418 

scope 3 emissions. Binding scope 1 and 2 emission disclosure would furthermore facilitate 419 

effective border carbon adjustments.54 Scope 3 emissions may partly be interpreted as the 420 

outsourced environmental damage, and even within the same industry, relative scope 1 and 2 421 

emissions can vary significantly if carbon-intensive activities are shifted to external 422 

suppliers.55 A topical example is the outsourcing of IT infrastructure to cloud service 423 

providers.56 Preventing carbon leakage to jurisdictions with less stringent climate policy 424 

regimes calls for transparency on corporate carbon footprints and product embedded 425 

emissions. 426 

  427 
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Methods 428 

This section provides the formulas to harmonize a company’s carbon footprint by quantifying 429 

omitted scope 3 emissions. The total carbon footprint is calculated from the sum of the three 430 

emission scopes. 431 CFୌୟ୰୫୭୬୧ୣୢ = Eୗୡ୭୮ୣ	ଵ + Eୗୡ୭୮ୣ	ଶ + Eୗୡ୭୮ୣ	ଷ౪ౢ (1) 432 

with: 433 

- CFୌୟ୰୫୭୬୧ୣୢ = harmonized	carbon	footprint	[t	COଶe]	434 

- Eୗୡ୭୮ୣ	ଵ = scope	1	emissions	[t	COଶe]	435 

- Eୗୡ୭୮ୣ	ଶ = scope	2	emissions	[t	COଶe]	436 

- Eୗୡ୭୮ୣ	ଷ౪ౢ = total	scope	3	emissions	[t	COଶe]	437 

This framework focuses on scope 3 emissions and thus assumes scope 1 and 2 emissions to be 438 

complete and consistently reported across communication channels. Total scope 3 emissions 439 

are composed of the emissions reported in the corporate report (CR) and the omitted 440 

emissions. 441 Eୗୡ୭୮ୣ	ଷ౪ౢ = Eୗୡ୭୮ୣ	ଷి + Eୗୡ୭୮ୣ	ଷోౣ౪౪ౚ (2) 442 

with: 443 

- Eୗୡ୭୮ୣ	ଷ౪ౢ = total	scope	3	emissions	[t	COଶe]	444 

- Eୗୡ୭୮ୣ	ଷి = scope	3	emissions	reported	in	CRs	[t	COଶe]	445 

- Eୗୡ୭୮ୣ	ଷోౣ౪౪ౚ = omitted	scope	3	emissions	[t	COଶe]	446 

Figure 6 gives an overview of the framework to calculate the omitted emissions with key 447 

input and output flows. 448 

 449 
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 450 

Figure 6 | Overview of the framework with key input and output flows. Input data is provided by CDP 451 
Climate Change Responses and corporate reports. Throughout the process, the framework checks and adjusts for 452 
reporting inconsistency, boundary incompleteness and activity exclusion. The sum of these three sources of 453 
errors forms the omitted scope 3 emissions. 454 

Omitted scope 3 emissions are defined as the sum of reporting inconsistency (RI), boundary 455 

incompleteness (BI), and activity exclusion (AE). 456 Eୗୡ୭୮ୣ	ଷోౣ౪౪ౚ = Eୗୡ୭୮ୣ	ଷ + Eୗୡ୭୮ୣ	ଷా + Eୗୡ୭୮ୣ	ଷఽు (3) 457 

with: 458 

- Eୗୡ୭୮ୣ	ଷ = omission	due	to	reporting	inconsistency	[t	COଶe]	459 

- Eୗୡ୭୮ୣ	ଷా = omission	due	to	boundary	incompleteness	[t	COଶe]	460 

- Eୗୡ୭୮ୣ	ଷఽు = omission	due	to	activity	exclusion	[t	COଶe]	461 	462 
Reporting inconsistency 463 

Reporting inconsistency is observable in a scenario in which a company is reporting different 464 

levels of scope 3 emissions across communication channels. We calculate the difference by 465 

deducting the amount of scope 3 emissions reported in the CR from the amount of scope 3 466 

emissions reported in the Carbon Disclosure Project (CDP). The framework does not allow 467 

for negative values for reporting inconsistency. For cases in which scope 3 emissions in the 468 

CR are higher than in the CDP response we set reporting inconsistency to zero since we 469 

assume CDP data to be generally more comprehensive. 470 Eୗୡ୭୮ୣ	ଷ = Eୗୡ୭୮ୣ	ଷిీౌ − Eୗୡ୭୮ୣ	ଷి,												s. t.				Eୗୡ୭୮ୣ	ଷ  0		 (4) 471 

with: 472 

- Eୗୡ୭୮ୣ	ଷిీౌ = scope	3	emissions	reported	in	CDP	[t	COଶe]	473 
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- Eୗୡ୭୮ୣ	ଷి = scope	3	emissions	reported	in	CR	[t	COଶe]	474 

 475 

Boundary incompleteness 476 

We define a scope 3 category as incomplete if the respective minimum boundary described in 477 

the GHG Protocol (see supplementary data: sheet 3.3) is not met. We adopt the classification 478 

of the 15 distinct scope 3 categories used by the CDP and originally proposed by the GHG 479 

Protocol.19 The sum of all complete scope 3 categories constitutes the total scope 3 emissions. 480 Eୗୡ୭୮ୣ	ଷ౪ౢ = ∑ e୧ଵହ୧ୀଵ  (5) 481 

with: 482 

- e୧ = emissions	of	scope	3	category	i	[t	COଶe]	483 

- i = scope	3	category	type	(1 = 	purchased	goods	and	services,	484 																				2 = capital	goods, … , 15 = investments)	
To recalculate adjusted values for incomplete emission figures, we derive category-specific 485 

carbon intensities of the peer industry group. The carbon intensity of each scope 3 category 486 

results from the median of the ratios of the category-specific emissions to the emission 487 

predictors across all observed companies. Ratios are only included if the emission figure is 488 

above zero and considered complete. Emission predictors vary across scope 3 categories and 489 

need to be determined under the constraints of data availability (see supplementary data: sheet 490 

3.2).  491 

Order	 ቀୣቁ୨ ,				j = 1,… , N, by	size, ∀	e୧	is	complete ∩	e୧ > 0492 

 (6)493 
 494 

 495 

	I୧ = ۔ۖەۖ
ቀୣቁొశభమۓ 																											for	N	odd	

ଵଶ ቈቀୣቁమొ + ቀୣቁమొାଵ 	for	N	even 	 (7) 496 

with:	497 

- I୧ = median	carbon	intensity	of	scope	3	category	i	[t	COଶe/[P୧]]. 498 

- P୧ = emission	predictor	of	scope	3	category	i	ൣ[P୧]൧ 499 

- j	=	observed	peer	company	(1,	...,	N) 500 
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We calculate the adjusted emissions of the incomplete scope 3 categories by applying the 501 

respective category-specific carbon intensity to the company’s emission predictor. 502 e୧,ୟୢ୨୳ୱ୲ୣୢ = P୧ ∗ I୧			 (8) 503 

with: 504 

- e୧,ୟୢ୨୳ୱ୲ୣୢ = adjusted	emissions	of	scope	3	category	i	[t	COଶe] 505 

The sum of the differences between the adjusted emissions and the initially reported 506 

emissions over all categories represents the omission due to boundary incompleteness. 507 

Eୗୡ୭୮ୣ	ଷా = ∑ e୧,ୟୢ୨୳ୱ୲ୣୢ − e୧,୧୬୧୲୧ୟ୪ଵହ୧ୀଵ ,				∀	incomplete	e୧,୧୬୧୲୧ୟ୪	 (9) 508 

with: 509 

- e୧,୧୬୧୲୧ୟ୪ = initial	emissions	of	scope	3	category	i	[t	COଶe] 510 	511 

Activity exclusion 512 

The exclusion of activities that cause emissions results from the disregard of entire scope 3 513 

categories. We assume a category to be excluded if the company does not provide an emission 514 

figure in the CDP response despite considering the category to be relevant for their business. 515 

We derive the added emissions of undisclosed scope 3 categories with the aid of emission 516 

predictors analogous to the calculation of adjusted emissions in case of boundary 517 

incompleteness. 518 e୧,ୟୢୢୣୢ = P୧ ∗ I୧,								∀		e୧,୧୬୧୲୧ୟ୪ = 0	and	relevant (10) 519 

with: 520 

- e୧,ୟୢୢୣୢ = added	emissions	from	scope	3	category	i	[t	COଶe] 521 

The omission due to activity exclusion is the sum of the added emissions of the excluded 522 

scope 3 categories. 523 	Eୗୡ୭୮ୣ	ଷఽు = ∑ e୧,ୟୢୢୣୢଵହ୧ୀଵ  (11) 524 

  525 
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Data availability 526 

All data used and generated in this study is available within the Supplementary Data. The data 527 

used in this article includes data points from CDP. The reproduction of any part of the CDP 528 

data by any third party is forbidden. 529 
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