
1 
 

CARBON ACCOUNTS FOR MEASURING 1 

SUSTAINABILITY UNDER GLOBALIZATION 2 

 3 

 4 

 5 

 6 

 7 

MATTHEW AGARWALA1,2,3,4,*, GILES ATKINSON1,2, AND PABLO MUNOZ5 8 

 9 

 10 

 11 

Draft v1c. Please do not cite, quote, or circulate. 12 

This version April 30th 2019. 13 

 14 

 15 

 16 

Department of Geography and Environment, London School of Economics and Political Science, Houghton 17 

Street, London, WC2A 2AE 18 

 19 

  20 

                                                                 
1 Department of Geography & Environment, London School of Economics and Political Science, London, UK 
2 Grantham Research Institute on Climate Change and the Environment, London School of Economics and 
Political Science, London, UK  
3 Centre for Social and Economic Research on the Global Environment (CSERGE), University of East Anglia, 
Norwich, UK 
4 Bennett Institute for Public Policy, Dept. of Politics and International Studies, University of Cambridge, 
Cambridge, UK 
5 United Nations University, Bonn, Germany 
* Corresponding Author: mka30@cam.ac.uk  



2 
 

KEY WORDS:  21 

Carbon Accounting, Climate Change, Sustainable Development Goals, Inequality 22 

ABSTRACT: 23 

We contribute to sustainability accounting by examining three potential attribution rules, constructing a global 24 

account for each. We shift the focus from the location of emissions to the location of damages to introduce a 25 

new carbon accounting perspective that is fully consistent with: (i) sustainability theory, (ii) climate economics, 26 

and (iii) sustainability accounting for a world in which countries are not compensated for climate damages. Our 27 

approach extends the supply chain of virtual carbon flows beyond extraction, production, and consumption to 28 

incorporate the distribution of the global climate externality.  We determine the distribution of these damages 29 

in two ways, using a 140 region 57-sector multi-regional input-output model (MRIO):  a regional integrated 30 

assessment model with global coverage (Nordhaus & Boyer 2000); and econometric modelling of the historical 31 

relationship between GDP growth and temperature change (Burke et al 2015). Our results show that the damage 32 

based accounting approach using the former method has similar distributional implications to the production 33 

and consumption based approaches, but using the more recent method implies far more unequal outcomes, 34 

with some northern rich countries initially benefiting from warming while larger damages fall on other countries. 35 

We conclude that the observed progress towards national and global sustainability is sensitive to the accounting 36 

perspective used, suggesting that sustainability accounting requires a ‘dashboard’ approach combining multiple 37 

carbon accounts. The damage based approach has implications relating to the design of international climate 38 

agreements, the potential for climate compensation, and multiple Sustainable Development Goals: 8.4 39 

(Economic Growth), 10.b (Reduced Inequality), 12 (Responsible Production and Consumption), 13 (Climate 40 

Action), 17.11 (Trade), and 17.19 (Monitoring and Accountability).  41 
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1. INTRODUCTION 42 

Sustainability science for the 21st century must account for globalization across three domains: economies, 43 

environmental challenges, and policy needs. In the half century from 1961-2011, international trade grew from 44 

24% to 61% of gross world product (World Bank 2018), and goods traded internationally now drive 20-25% of 45 

global CO2 emissions (Afionis et al. 2017). Because production processes cross multiple borders along global 46 

supply chain, where we account for the associated embodied, or ‘virtual’ carbon flows becomes a key policy 47 

issue (Davis et al. 2011). But in failing to adequately address globalization, the carbon accounting literature is 48 

failing to reach its potential to inform sustainability theory, accounting, and policy. We place carbon accounts 49 

within a formal theory of sustainability, construct global greenhouse gas (GHGs) emissions accounts that are 50 

more consistent with economics and climate science, interrogate the resulting distributional effects, and 51 

consider policy implications.  52 

The ‘wealth theory’ of sustainability emerges from the notion that future consumption depends on future 53 

productive capacity, which in turn depends on current net investment in capital (Solow 1986; Dasgupta 2001; 54 

Dasgupta & Heal 1979; Asheim 2000). Defining comprehensive, or inclusive wealth as the sum of all forms of 55 

capital (e.g. human, man-made, and natural) that comprise an economy’s productive base, the theory provides 56 

a clear wealth management rule: endowing future generations with the potential to be ‘at least as well of as the 57 

present’ requires that comprehensive wealth is non-declining over time. Following initial empirical contributions 58 

by Pearce and Atkinson (1993), wealth accounting research seeks to measure the extent to which individual 59 

countries adhere to the capital management rule (Pearce & Atkinson 1993; Lange et al. 2018; World Bank 2006; 60 

World Bank 2011; UNU-IHDP & UNEP 2012; UNU-IHDP & UNEP 2014; Managi & Kumar 2018) (Fenichel et al. 61 

2018).  62 

The biosphere’s capacity to regulate climate is a component of natural capital. GHG emissions degrade this 63 

capital and are reflected in sustainability accounts as wealth depletions: the marginal ton of CO2 equivalent 64 

reduces future productive capacity by the value of the social cost of carbon (SCC). But while sustainability 65 

accounts are typically compiled at the national level, the integrated assessment models (IAMs) used to calculate 66 

the SCC and tend to be global in scope, or contain a small number of regions (e.g. RICE2010 contains 12 67 

region)(Nordhaus 2017). An attribution rule for distributing global wealth depletions across countries is needed 68 
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to measure the sustainability of individual nations, and their contributions to global (un)sustainability. This paper 69 

investigates potential attribution rules (henceforth, accounting perspectives).  70 

A rich literature explores the motivations and implications of attributing emissions to countries at different 71 

points along the global supply chain. Four main perspectives have been proposed. Extraction based (EB) 72 

accounts attribute emissions to the country in which fossil fuels were extracted, regardless of where they are 73 

combusted or the resulting goods are consumed. Production based (PB) accounts attribute emissions to the 74 

country in which emissions in the production of goods and services, regardless of where the source fuels 75 

originated or resulting goods are ultimately consumed. Consumption based (CB) attribute emissions to the 76 

country in which goods and services are consumed, regardless of where they entered the supply chain or were 77 

released into the atmosphere. Sharing based (SB) perspectives attribute emissions according to some form of 78 

shared responsibility, such as historical emissions or value-added (ie relative gains from trade) (Marques et al. 79 

2012; Steininger et al. 2016)(Kartha et al. 2009).   80 

Each perspective tells us something different about an individual country’s relationship to global GHG flows. 81 

More importantly, relying on any single accounting perspective creates and reinforces ‘policy blindspots’ 82 

(Steininger et al 2016).  For instance, a PB account can identify whether domestic emissions fall following 83 

implementation of a new climate policy, but would not identify whether the decrease in domestic emissions is 84 

offset by rising imports of carbon-intensive goods (ie carbon leakage), or whether a relatively low-carbon 85 

economy could reduce global emissions at lower cost by means of technology diffusion to countries from which 86 

it imports. EB accounts also have blind spots, most notably in that they omit all non-fossil fuel GHGs. And CB 87 

accounts attribute notional liabilities for foreign production processes to domestic countries, potentially raising 88 

questions of national sovereignty. Finally, the EB, PB, and CB perspectives focus on the location of emissions, 89 

regardless of the location of damages (and therefore the wealth depletions).  90 

We contribute to sustainability accounting by examining three potential attribution rules, constructing a global 91 

account for each, and calling for a ‘dashboard approach’ to emissions accounting for sustainability 92 

measurement. Shifting the focus from the location of emissions to the location of damages, we use a 140 region 93 

57-sector multi-regional input-output model (MRIO) to introduce a new carbon accounting perspective that is 94 

fully consistent with: (i) sustainability theory, (ii) climate economics, and (iii) sustainability accounting for a world 95 
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in which countries are not compensated for climate damages. The distribution of damages is determined by 96 

historical relationships between GDP growth and temperature change (Burke et al. 2015) and, for comparison, 97 

a regional integrated assessment model with global coverage (Nordhaus & Boyer 2000). Our approach extends 98 

the supply chain of virtual carbon flows beyond extraction, production, and consumption to incorporate the 99 

distribution of the global climate externality. Results show that observed progress towards national and global 100 

sustainability is sensitive to the accounting perspective used, suggesting that sustainability accounting requires 101 

a ‘dashboard’ approach combining multiple carbon accounts. Policy implications relate to the design of 102 

international climate agreements, the potential for climate compensation, and multiple Sustainable 103 

Development Goals 8.4 (Economic Growth), 10.b (Reduced Inequality), 12 (Responsible Production and 104 

Consumption), 13 (Climate Action), 17.11 (Trade), and 17.19 (Monitoring and Accountability). 105 

2. CARBON ACCOUNTING WITHIN A SUSTAINABILITY FRAMEWORK 106 

Accounts are tools for telling stories over time (Coyle 2015). Ideally, the information contained in these stories 107 

is driven by the specific goals and interests of decision-making end users. Formal accounting procedures are 108 

then developed to identify, collect, and report information material to those decisions. Buried within these 109 

accounting procedures are a combination of assumptions (e.g. regarding institutional, spatial, conceptual, and 110 

temporal boundaries, and notional liabilities) and compromises (often pragmatic) that shape the way accounts 111 

can be used and the stories they can tell. Once established, accounts may be used for purposes beyond their 112 

original intent: modern national accounts were developed to assess whether the US economy could sustain a 113 

war effort, but are now (mis)used in myriad applications. A chief motivation for this paper is to examine whether 114 

carbon accounts designed to inform climate policy can tell the story of national and global sustainability.  115 

Modern economies enable fossil fuels extracted in one country to be combusted in another to produce goods 116 

that are consumed in yet another, thus creating a global supply chain for CO2 emissions (Fig 1) (Davis et al. 2011).  117 

A rich literature explores the motivations and implications of attributing emissions to different points along the 118 

global supply chain. The various perspectives tell different stories about national contributions to global 119 

emissions, and have important implications for assessing the efficacy and efficiency of global climate policies. In 120 

general, the literature shows that: PB accounts tend to attribute fewer emissions to wealthy industrialized 121 

nations (e.g. Western Europe) and more to developing countries with carbon-intensive exports (e.g. China); that 122 
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CB accounts do the opposite; that emissions reductions in wealthy nations (measured in PB accounts) are often 123 

offset by increased imports of virtual carbon (leakage effects, identifiable in CB accounts) from developing 124 

nations (Peters et al. 2011; Peters & Hertwich 2008); that EB accounts only cover fossil fuel emissions; that PB 125 

accounts omit transport emissions; and that CB accounts have more complete coverage, but also more error 126 

due to aggregation and data issues in trade models.  127 

Despite these differences, the accounting perspectives share several common features. First, selection between 128 

them is arbitrary: nothing in climate science or economics compels us to adopt a given perspective, or to 129 

attribute emissions to any specific point along the global supply chain. Although PB accounts dominate global 130 

climate policy (IPCC 2006), this is more an accident of international legal norms, notions of sovereignty, and a 131 

convenient level of analysis than a scientific necessity. Indeed, it ignores a fundamental feature of climate 132 

science and key challenge for international negotiations, namely that the location of climate damages is 133 

independent of the location of GHG emissions. Second, the blind spots exhibited by each account suggest that 134 

sustainability is too complex to be fully measured from a single perspective. The multidimensional nature of 135 

national and global sustainability suggests a ‘dashboard’ approach might be necessary. Third, EB, PB, and CB 136 

accounts were deliberately designed to inform and evaluate carbon policy, rather than sustainability science (Fig 137 

1). While sustainability accounts must incorporate emissions, they need not be restricted by the existence of 138 

accounts designed for other purposes. Figure 1 extends the global supply chain from extraction, production, and 139 

consumption (blue) to include the location of damages (green), thus making the sustainability account more 140 

consistent with theory (Xepapadeas et al. 2012) and science (Ricke et al. 2018). 141 
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Figure 1. Emissions accounting along global supply chains 142 

Fig 1. The global supply chain of GHG emissions from extraction to production to consumption, as characterized by the 143 

carbon accounting literature (blue) and our extension to sustainability accounting (green). The existing carbon accounting 144 

literature focuses on completeness (ie full or partial emissions coverage), carbon leakage, notions of climate justice (e.g. 145 

producer vs. consumer liabilities), shared responsibility (based on income, historical emissions, inequality, or value-added), 146 

optimal instrument (tax) design, and monitoring and transaction costs of carbon polices. The vast majority of this literature 147 

focuses on PB vs CB accounting. But for sustainability accounts, the supply chain must reflect the actual incidence of the 148 

carbon externality, as this is what determines changes in wealth. Here we ‘extend the virtual supply chain’ to incorporate 149 

the location of the carbon externality (damage), making the sustainability account more consistent with climate science and 150 

sustainability theory.  151 

3. FROM CARBON ACCOUNTING TO SUSTAINABILITY ACCOUNTING 152 

Most wealth accounts incorporate emissions according to the PB approach (World Bank 2006; World Bank 2011; 153 

Lange et al. 2018). PB adjustments to inclusive wealth accounts would be appropriate if a global compensation 154 

mechanism fully compensated countries for the damages they suffer. Absent such compensation, there is no 155 

scientific or economic justification for linking the location of emissions to reductions in comprehensive wealth 156 

(though doing so may be relevant for policy design under the polluter pays principle). Whereas the former is 157 

driven by global political and economic factors, the latter is driven by biospheric processes. There are three 158 
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notable exceptions to PB wealth accounting (there are many exceptions when considering only carbon 159 

accounting). Arrow et al (2012) show formally that domestic wealth may be reduced (increased) by trans-160 

boundary negative (positive) externalities, such as the domestic consequences of foreign emissions. The 161 

Inclusive Wealth Reports (henceforth, IWRs) (UNU-IHDP & UNEP 2012; UNU-IHDP & UNEP 2014; Managi & 162 

Kumar 2018) incorporate the potential for transboundary externalities arising from GHG emissions. Finally, 163 

Atkinson et al (2012)  develop a wealth account using CB principles for emissions and other elements of natural 164 

capital.  165 

The distinction between PB and CB accounting is important for several reasons. First, IPCC and UNFCCC carbon 166 

accounting guidance dictates that “national inventories include greenhouse gas emissions and removals taking 167 

place within national territory and offshore areas over which the country has jurisdiction” (IPCC 2006). However, 168 

this territorial boundary condition excludes the 2.6 per cent of global emissions generated by international 169 

shipping and aviation (Smith et al. 2015), which is an important part of forward looking, 21st century 170 

sustainability accounts given the growth rate of emissions in this sector (80% from 1990-2010, compared with 171 

40% for the rest of GWP) (Bows-Larkin 2015) . Moreover, the territorial focus does not coincide with national 172 

statistics such as GDP (Pedersen & de Haan 2006; SNA 2009). However, perhaps the most important reason to 173 

consider consumption accounts is the prospect of carbon leakage when climate policies have relatively low 174 

participation. Leakage occurs when climate regulations apply unequally (e.g. more strict on developed than 175 

developing countries), thus generating an incentive for more strictly regulated economies to offshore carbon 176 

intensive activities and import carbon intensive products. Because most (60-70%) of carbon embodied in 177 

international trade is imported by wealthy countries (Hertwich, Edgar G; Peters 2008), consumption based 178 

accounts would attribute a greater share of emissions liabilities to these countries.  179 

Shifting the focus from carbon policy to sustainability measurement, we propose an accounting perspective that 180 

adjusts wealth according to country-level damages induced by global GHG emissions. Whereas EB, PB, and CB 181 

accounts focus on the location of emissions to inform carbon policy, the damage-based (DB) perspective focuses 182 

on the location of climate impacts, as this is what ultimately drives future productive capacity, and therefore 183 

comprehensive wealth. Such accounts could be used to inform sustainability measurement, motivate adaptation 184 

strategies, assess changes in country-level comprehensive wealth, and provide insight into which countries 185 

might be compensated for climate damages.  186 
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3.1 CALCULATING COUNTRY-LEVEL DAMAGES  187 

Empirical applications of Arrow et al’s theoretical contribution require a method for calculating country level 188 

damages. The existing literature provides two such methods: disaggregating global or regional IAM results down 189 

to the country level, or using econometric models of country-level long-run (50yr) relationships between 190 

weather and GDP growth to estimate the impacts of future warming.  The Inclusive Wealth Reports (IWRs) (UNU-191 

IHDP & UNEP 2012; UNU-IHDP & UNEP 2014; Managi & Kumar 2018) adopt the first approach. We construct 192 

and report both. 193 

The IWRs use the RICE99 IAM described in Nordhaus & Boyer (2000) to calculate country-level damage 194 

coefficients averaged over the period 1990-2010. Nordhaus & Boyer (2000) report regional damages as a 195 

percentage of GDP lost due to climate change in 13 regions under a 2.5C warming scenario. Multiplying each 196 

country’s GDP by its corresponding regional damage coefficient, and dividing by the sum of damages across all 197 

regions, the IWRs calculate country-level damage coefficients. The IWRs interpret these as the percentage of 198 

global damages suffered by each country. Country-level coefficients are multiplied by the total value of carbon 199 

emissions (calculated as the product of the quantity of global emissions and the SCC) to yield country-level 200 

damages in monetary terms.  201 

This procedure has the advantage of breaking the implicit link between the location of emissions and the location 202 

of damages. But several shortcomings remain. The first stems from its reliance on RICE-99 as a model not only 203 

of climate, but also economic change over 100 years. IAMs compound scientific unknowns surrounding climate 204 

sensitivity with economic unknowns such as the correct discount rate and the evolution of technical progress to 205 

yield results that are “close to useless for policy analysis” (Pindyck 2013). Published SCC estimates generated on 206 

the basis of IAMs vary from $-6.6/tC to $2,400/tC (Tol 2008). Moreover, IAM results are notoriously sensitive to 207 

arbitrary parameters (Pindyck 2013), which can be ‘adjusted’ to ensure model results are ‘consistent’ with what 208 

we thought we knew before using the model (Pezzey et al 2017). Finally, even as climate science progresses and 209 

provides better projections of future climate conditions, economists are left with the task of calculating the 210 

effect of these changes on economies 100 years in the future. In an important thought experiment, Schelling 211 

(1992) noted that economists in 1900 trying to do the same would have had to foresee the dominance of private 212 
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cars on paved roads, widespread use of vaccines and antibiotics, internet communications, industrially produced 213 

fertilizers, and mechanized agriculture.  214 

A second limitation of the IWR approach arises when extending regional results to the country level. RICE99 215 

divides the world into 13 sub-regions, which for modelling purposes are aggregated to 8 regions “on the basis 216 

of either economic or political similarity” (Nordhaus & Boyer 2008 p27). Each region is described by a single 217 

social welfare function. Sectoral damage functions are common across all countries in the region. The USA and 218 

China each constitute one region, leaving six regional social welfare functions to describe the rest of the globe. 219 

The ‘other high income’ group lumps together Japan, Aruba, Canada, Israel, Australia, and Hong Kong. ‘OECD 220 

Europe’ forces Greece and Portugal into the same climate change region as Finland and Iceland. And the ‘Middle 221 

income’ group places South Korea, Brazil, and Barbados together in the same region. The RICE99 regions include 222 

countries that are characterized by substantial heterogeneity in terms of size, latitude, elevation, coastal extent, 223 

ecosystems, GDP, and economic structures. In using RICE-99 to break the implicit link between the location of 224 

emissions and damages, the IWR approach may have adopted a new problem in treating such diverse countries 225 

as part of the same regions.  226 

A final and particularly important impediment to using RICE in the current analysis is that the model assumes 227 

relative autarky: there “is no international trade in goods or capital except in exchange for carbon emissions 228 

permits” (Nordhaus & Boyer 2000 p 11). Our task is to investigate how attributing emissions to different points 229 

along global supply chains informs our understanding of national versus global sustainability. It is difficult to 230 

justify an autarkic model as the basis for an accounting system to describe international trade.  231 

3.2 THE NEW CLIMATE ECONOMY APPROACH TO ASSESSING EMISSIONS 232 

Noting the challenges and uncertainties in IAMs, an emerging literature identifies country-level economic 233 

impacts of climate change uses econometric models to estimate the effect of variation in temperature and 234 

precipitation on economic output. (Dell et al. 2014). In an early contribution, Dell et al (2012) constructed a 53 235 

year, 125 country panel of weather and macroeconomic data to show that warming significantly reduces growth 236 

in poor countries (by 1.3 percentage points for every 1C temperature rise), but that in rich countries the effect 237 

is not robust.   238 
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Using data from 1960-2010 for 166 countries, (Burke et al. 2015) (henceforth BHM) build an econometric model 239 

to estimate the impact of changing temperature and precipitation on economic performance. Combining their 240 

model with a range of standardized future warming scenarios (Representative Concentration Pathways, 241 

RCPs)(Moss et al. 2008) and common assumptions governing the evolution of future economic and population 242 

trends (Shared Socioeconomic Pathways, SSPs) (O’Neill et al. 2014) they estimate the country-specific economic 243 

impact of future climate change. Using SSP5 and RCP 8.5 to compare a world with and without warming, BHM 244 

show a significant 22.6% shortfall in gross world product due to climate change by 2099. Globally, their results 245 

indicate much greater losses due to climate change than are predicted by leading IAMs, but at the country level, 246 

they show that currently cold countries could experience significant benefits from a warmer climate. Such results 247 

must be interpreted with caution. Numerous factors including global geopolitical responses and socio-economic 248 

tipping points could be imagined in a doomsday scenario of runaway climate change, but are not presently fit 249 

for inclusion in econometric models. 250 

There are several advantages to using new climate-economy results in assigning carbon damages to individual 251 

countries. By focusing on macro relationships, econometric models of this sort can side-step the challenge faced 252 

by IAMs of modelling: (i) every direct mechanism whereby climate change affects economic output and (ii) the 253 

myriad indirect feedback loops between them. The availability of data at the national level avoids the 254 

complications of extrapolating from regional results, and long panels mean this approach may be better at 255 

‘capturing’ country-level adaptation and changing trade relationship that may mediate climate impacts. Finally, 256 

our objective is to incorporate carbon damages arising along global supply chains within a sustainability 257 

accounting framework. Noting that accounts are only as reliable as the data on which they are built, it is helpful 258 

to use climate-economy relationships based on half a century of observed data. 259 

4. DATA AND METHODS 260 

Multi-Regional Input-Output (MRIOs) models are well suited to tracing emissions along global supply chains. We 261 

use the Global Trade Analysis Project’s version 9 database (GTAP9) to construct a 57-sector, 140-country MRIO6 262 

                                                                 
6 This is an extension over GTAPv7 used in Atkinson et al. (2012) which covered only 113 countries and regions. 

The list of countries and regional aggregations is available in Narayanan et al. (2015) and 

https://www.gtap.agecon.purdue.edu/databases/regions.asp?Version=9.211. 

https://www.gtap.agecon.purdue.edu/databases/regions.asp?Version=9.211
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for the year 2011 (Narrayan et al 2015). Two chief advantages of GTAP are that it is balanced (for use at different 263 

scales of analysis) and that sectoral disaggregation is harmonized across regions. As a result, GTAP databases 264 

have become a mainstay in the carbon accounting literature (Atkinson et al., 2012; Atkinson et al., 2011; Davis 265 

and Caldeira, 2010; Davis et al., 2011; Peters et al., 2011; Proops et al., 1999).  266 

GTAPv9 provides data on energy volumes and GHG emissions by sector and region. This includes the volume of 267 

firm and household energy purchases, as well as bilateral trade in energy products. Emissions data contained 268 

within GTAPv9 covers 28,818 million tonnes of CO2e emissions in 2011. This includes CO2 emissions from fuel 269 

combustion and major non-CO2 greenhouse gasses (CH4, N20, CF4, HFCs and SF6) for the year 2011. Due to the 270 

data and labour intensity of updating non-CO2 GHGs, these data in GTAPv9 are based on detailed raw input data 271 

for 2001 (see Rose et al. (2010a); Rose et al. (2010b) to which an emissions growth function based on EDGAR 272 

(2011) and FAOSTAT (2012) is applied (see Ahmed et al. (2014)). The decision to include non-fossil fuel GHGs 273 

imposes a trade-off: accounts that incorporate a wider range of emissions provide a more complete picture of 274 

national and global sustainability, but results will not be comparable to EB accounts constructed elsewhere 275 

(Davis et al. 2011; Steininger et al. 2016), as those studies only consider fossil fuel GHGs. 276 

We describe a simplified (2-region, n-sector) version of our model below, following Miller and Blair (2009). 277 

Industry 𝑖 (𝑖 = 1, … , 𝑛) in regions 𝑟 and 𝑠, produce output, 𝑥. The resulting output vectors by industry represent 278 

total supply by region. Supply equals demand as outputs become intermediate inputs 𝑧, or satisfy final demand 279 

𝑦 , which includes investment, consumption, and government expenditure. The resulting system of linear 280 

equations is described in Eq.1: 281 

   282 

 283 
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Equation system (1) describes trade interactions7 between regions and industries, and can be rewritten as Eq.2: 288 

 289 

(2) 290 

 291 

Technical coefficients, 𝑎𝑖𝑗  describe the ratio of intermediate input, z to output, x, and form the basis of input-292 

output analysis. Domestic, 
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These technical coefficients reflect the amount of industry input i required to produce one unit of output xj in 297 

region r (or s), taking into account the input precedence as well as the place where the output is produced (Miller 298 

& Blair 2009). Rearranging Eq3 and Eq4, and combining with Eq2, provides regional output in terms of domestic 299 

and interregional technical coefficients, Eq5: 300 

(5) 301 
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coefficients, the solution of the system in the matrix notation is shown in Eq.6: 304 
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Rewriting (6) once again in block matrix notation and multiplying the final demands of each region by the well-307 

known Leontief inverse Eq.7 is obtained:  308 

(7)   309 

where (I-A)-1 provides information about the direct and indirect output changes across regions and industries 310 

due to changes in the final demand in r or s. Vectors yr and ys represent the ‘total’ final demand - domestic plus 311 

imports - of region r and s respectively. Notice that 
-1 •( - ) rI A y  accounts for the change in production (x) in 312 

both regions due to a change in the final demand of r. The interpretation is similar for region s. 313 

The model is additionally extended to environmental impacts linked to the changes in production which are 314 

induced by the final demand in one specific region –‘s’ or ‘r’. We study carbon emissions across sectors and 315 

regions, denoted here as 'k’.  316 

Pre-multiplying both sides of Eq.7 by a diagonalized carbon intensity vector, 𝑓𝑘, describes the ratio of carbon 317 

emissions to output by sector and region. The pre-multiplication of the diagonalized intensity vector, 𝑓𝑘, and 318 

the Leontief inverse, (I-A)-1, yields resource multipliers, i.e. the total, direct and indirect, increase in emissions 319 

among industries and regions due to a change in final demand in region r (or s).  The resulting formulation is 320 

shown in Eq.8: 321 

(8)              𝐟k∗ = �̂�𝒌𝐱 = �̂�𝒌 (𝐈 − 𝐀)−𝟏𝒚∙𝒓 + �̂�𝒌 (𝐈 − 𝐀)−𝟏𝒚∙𝒔 322 

 323 

where fk* is the vector of total emissions across regions due to the consumption in yr and ys.  324 

4.1 CARBON PRICES 325 

The carbon price used in sustainability accounting should reflect the full social cost of carbon, defined as the 326 

discounted value of all future (net) damages arising from emitting a unit carbon today. However, despite 327 

considerable debate of what the SCC might be (Stern et al. 2006; Tol 2008; van den Bergh & Botzen 2014; Ricke 328 

et al. 2018; Nordhaus 2017) a globally agreed value for carbon emissions remains elusive. Nordhaus (2017) uses 329 

DICE to calculated a SCC of $31/tCO2 (Nordhaus 2017). Averaging results from multiple IAMs, the US Interagency 330 

Working Group on the Social Cost of Greenhouse Gases produced SCC values ranging from $11/tCO2 to 331 

r s -1 -1
x = (I - A ) y + (I - A ) y
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$105/tCO2, with variation due to different discount rates and treatment of low-probability, high-impact events 332 

(IAWG 2016). A survey of expert economists and climate scientists resulted in mean estimates between $150-333 

$200/tCO2 (Pindyck 2016), and a recent study of SCC estimates based on BHM records a global median SCC of 334 

$417/tCO2 (Ricke et al. 2018). 335 

The variation in SCC estimates is especially problematic for sustainability measurement as accounts could easily 336 

be dominated by carbon, thereby giving less weight to other elements of natural capital (Agarwala et al., 2014). 337 

Our primary interest is in the attribution of emissions and the distribution of their damages. As such, we present 338 

results as country-level attribution coefficients for PB, CB, and DB accounting perspectives, interpreted as the 339 

share of global emissions attributed to each country under each accounting perspective. Country-level 340 

attributions in monetary terms for each accounting perspective may be calculated as follows. Multiply the 341 

quantity of global emissions by a chosen carbon price to obtain the global monetary carbon liability. Multiply 342 

this global liability by the country attribution coefficient corresponding to the desired accounting perspective. 343 

In addition to country-level attribution coefficients, we report monetary values calculated in this manner, using 344 

SCC estimates of $31/tCO2, $150/tCO2, and $417/tCO2 for comparability.  345 

4.2 ASSIGNING DAMAGES TO COUNTRIES 346 

We use two approaches to assign climate damages to individual countries. First, we extrapolate from the RICE99 347 

IAM down to the GTAPv9 regional level as in the IWRs, for comparability. For example, RICE99 results indicate 348 

that OECD Europe loses 2.83% of GDP under a 2.5C warming scenario. Second, we use BHM’s central estimates 349 

of country level climate impacts under SSP5 and RCP8.5. The difference between GWP in a warming world 350 

relative to the baseline is the BHM global climate liability for a given year. Country-level damage coefficients are 351 

defined as the ratio of any individual country’s shortfall to the global total and indicate the proportion of global 352 

damages suffered by individual countries. Country-level damage coefficients averaged over 25 and 50-year slices 353 

of BHM results are also constructed. Finally, these are aggregated to match the 140 GTAPv9 regions. Negative 354 

damage coefficients represent country-level net benefits from climate change 355 

5. RESULTS 356 
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An important question is whether the various accounting perspectives described above provide differ 357 

meaningfully. If each perspective told a similar story then using PB accounts that are already compiled for carbon 358 

policy may be sufficient. If, however, the various perspectives illuminate different features of the carbon wealth 359 

of nations, then reliance on any single perspective would leave policy makers systematically underinformed. 360 

Table 1 shows summary statistics of country-level GHG attribution coefficients calculated under PB, CB, and four 361 

variants of DB accounting procedures, using an integrated assessment model (DB-IAM), and Burke et al (2015) 362 

country-level climate impact estimates for 2011, and averaged over 25 and 50 year horizons (BHM2011, BHM25yr, 363 

and BHM50yr, respectively) to calculate country-level coefficients. PB & CB coefficients exhibit a zero lower bound 364 

and are right-skewed (PB 7.44, CB 6.95): no country in the sample produces or consumes negative emissions.  365 

PB (CB) coefficients have standard deviation of 2.68 (2.48) and maximum value of 25.13 (20.80), in both cases, 366 

for China.  367 

Each variant of DB accounting reflects some negative damages (gains) from warming. The IAM based results 368 

have the lowest standard deviation (1.93) and range (-0.74 to 12.65). The lower variance may be due to 369 

structural factors of the RICE99 IAM, rather than the result of climate science or economic effects. Aggregation 370 

to just 8 modelling regions means that heterogeneous biomes and economies are modelled to experience 371 

homogeneous climate impacts. DB coefficients calculated according to BHM results for 2011 and the 25 and 50 372 

year horizons exhibit the highest standard deviation (9.47, 6.35, and 4.60, respectively), and greatest range 373 

(BHM2011: -42.38 to 34.78; BHM25yr: -25.23 to 27.75; BHM50yr -16.53 to 25.04). Skewness also rises from -0.61 374 

(2011) to 1.05 (50yr) as the time horizon is extended, reflecting greater losses from extreme warming. 375 

Table 1. Summary of Attribution Coefficients (% of Global Damages)  376 

    N  Mean  St. Dev  Variance  Min  Max  Skewness 

Production Based 140 0.71 2.68 7.16 0.00 25.13 7.44 

Consumption Based 140 0.71 2.48 6.16 0.00 20.80 6.95 

Damage Based (IAM) 138 0.70 1.93 3.72 -0.74 12.65 4.03 

Damage Based (BHM 2011) 134 0.75 9.47 89.67 -42.38 34.78 -0.61 

Damage Based (BHM 25 yr) 134 0.75 6.35 40.33 -25.23 27.75 0.17 

Damage Based (BHM 50 yr) 134 0.75 4.60 21.12 -16.53 25.04 1.05 

 

Table 1. Summary statistics of country-level attribution coefficients under each perspective. PB and CB coefficients have 377 

similar variance, range, and skew, and a 0-lower bound. Four variants of damage based coefficients are calculated using the 378 
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RICE99 integrated assessment model (DB-IAM), and results from Burke et al (2015) for the year 2011, and averaged over 25- 379 

and 50-year horizons. DB-IAM coefficients exhibit smallest variation and range, DB-BHM coefficients, the largest (but falling 380 

as time horizon is extended). 381 

 382 

Table 2 highlights (dis)agreement between accounting perspectives. Pearson correlation coefficients shows 383 

strong and statistically significant correlation 𝑟 = .99 between PB & CB, and 25 year slices of the BHM variants 384 

(BHM2011 & BHM25yr and BHM25yr & BHM50yr). Correlation between BHM coefficients over 50 years (BHM2011  and 385 

BHM50yr) are also significant and strong 𝑟 = .97. Interestingly, correlations between DB-IAM and the suite of DB-386 

BHM coefficients are the smallest, 𝑟  = -0.09, -0.04, and 0.04 (for BHM2011 , BHM25yr, BHM50yr, respectively), 387 

though none of these is statistically significant. DB-IAM is weakly (though significantly) correlated with both the 388 

PB and CB approaches 𝑟 = 0.32 and 0.39, respectively. Finally, the BHM correlation coefficients with both PB and 389 

CB are positive, significant (except for PB and BHM2011,) and strengthen as the time horizon rises. 390 

 391 

Table 2. Correlations between emissions accounting approaches  392 

 

Production 

Based 

Consumption 

Based 

Damage  

Based 

(IAM) 

Damage  

BHM 

(2011) 

Damage  

BHM  

(25 yr) 

Damage  

BHM  

(50 yr) 

Production Based 1.00 

Consumption Based 0.99* 1.00 

Damage Based (IWR) 0.32* 0.39* 1.00 

Damage BHM (2011) 0.21 0.23* -0.09 1.00 

Damage BHM (25 yr) 0.26* 0.29* -0.03 0.99* 1.00 

Damage BHM (50 yr) 0.31* 0.34* 0.04 0.97* 0.99* 1.00 

Table 2. Correlations between emissions accounting approaches. Reports pairwise Pearson correlation coefficients of 393 

country-level attributions under PB, CB, and four DB accounting perspectives: following the IWR approach (for 394 

comparability), and using Burke et al (Burke et al. 2015) results for 2011 and 25 and 50 year averages, respectively. * indicates 395 

significance at the 0.01 level. 396 

Figure 2 illustrates these relationships graphically, plotting country-level attribution coefficients for each 397 

possible pair-wise comparison of accounting perspectives. In the bottom right, BHM variants are highly 398 
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correlated. In the top left, PB and CB tell a similar story. No discernable relationship may be identified between 399 

DB-IAM and DB-BHM. Importantly, the PB and DB perspectives do not appear to ‘agree’ with any of the DB 400 

variants, leading us to conclude that DB accounts may illuminate elements of the carbon wealth of nations that 401 

are not readily apparent in standard accounts. 402 

Figure 2. Comparison of country-level attribution coefficients.  403 

Figure 2. Comparison of country-level attribution coefficients across all accounting perspectives. Displays correlation 404 

between the various accounting mechanisms, using the full sample. DB-IAM: Damage Based – Integrated Assessment Model, 405 

using RICE99 results reported in Nordhaus & Boyer (2000), aggregated to GTAPv9 regions as in IWR (2014). DB-BHM*: 406 

Damage Based using Burke et al (2015) country-level climate impacts for the year 2011, and averaged over 25 and 50 year 407 

slices of BHM modelling.  408 

Figure 3 indicates where (dis)agreement between perspectives arises. Splitting the sample geographically shows 409 

that there is generally agreement in most regions, with the strong exception of Europe and Central Asia.  410 

Disagreement between DB accounting mechanisms is largely driven by how they treat Europe, where strong 411 

negative correlations exist between DB-IAM and DB-BHM2011 (Fig 5, Europe & Central Asia). There’s more 412 

agreement between the DB-IAM and DB-BHM approaches in Latin America & Caribbean, Sub-Saharan Africa, 413 
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South Asia. Disagreement over Europe & Central Asia is due to the fact that BHM results indicate greater benefits 414 

to mild warming across northern Europe. 415 

Figure 3. Attribution coefficients by region. 416 

 417 

Figure 3. Comparisons of country-level attribution coefficients across different accounting perspectives. PB: Production 418 

Based accounts. IAM: damage based accounts, using the RICE99 integrated assessment model to identify country-level 419 

impacts as in IWR (2014). BHM: damage based accounts, using Burke et al (2015) results to identify country level impacts for 420 

the year 2011. For simplicity, CB and the 25- and 50-year slices of the BHM coefficients are omitted. Fig 2 shows that 421 

correlations between CB & PB, and between BHM2011 , BHM25yr, and BHM50yr, are so strong that no information is lost in this 422 

simplification. North American region is omitted (n=2). Outliers removed (China, USA, Russia, Japan, and India). 423 

5.1 CROSS-COUNTRY COMPARISONS 424 

Table 3 compares country level attribution coefficients constructed according to each accounting perspective 425 

for the 20 largest economies in 2011 (column 2: GDP in millions of 2011 USD). PB and CB accounts (columns 3 426 

and 4, respectively) have been converted into coefficients describing each country’s share of the total global 427 

burden, for comparison. Columns 5-8 show country-level damage coefficients under four variants of the DB 428 
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accounting perspective: the IAM approach (as in the IWRs), and the BHM-based approach for the year 2011, and 429 

averaged over 25 and 50-year time scales, respectively. We deliberately do not show results over the 100 year 430 

time scale Economic projections over such time scales can at best be considered meaningless, or worse, 431 

mistaken as meaningful. 432 

Table 3. Attribution coefficients for selected countries under different accounting perspectives 433 

  

Percentage of global damages attributed to each 

country 

 

GDP* 
Production 

 Based 

Consumption  

Based 

Damage Based 

IAM  
BHM 

2011 

BHM 

25yr  

BHM 

50yr 

United States 15517.93 17.72 19.26 8.10 32.81 24.35 18.69 

China 7572.55 25.13 20.80 0.59 7.50 7.14 6.79 

Japan 6157.46 3.57 4.25 3.64 16.31 10.26 6.73 

Germany 3757.70 2.41 2.92 12.65 -42.38 -24.34 -14.18 

France 2862.68 1.24 1.71 9.26 -14.58 -8.26 -4.85 

United Kingdom 2619.70 1.63 2.17 9.29 -22.71 -13.70 -8.52 

Brazil 2616.20 1.29 1.59 3.23 31.10 20.72 14.34 

Italy 2276.29 1.35 1.74 7.97 0.74 0.81 0.81 

Russian Federation 2051.66 5.22 4.64 -0.74 -33.91 -22.71 -16.23 

India 1823.05 6.15 5.82 5.31 34.78 27.75 25.04 

Canada 1788.65 1.82 1.78 -0.64 -41.03 -25.23 -16.53 

Spain 1488.07 0.98 1.10 4.55 7.59 4.65 2.99 

Australia 1390.56 1.32 1.38 -0.42 8.31 5.58 3.90 

Korea, Rep. 1202.46 1.74 1.62 2.72 -3.83 -2.38 -1.39 

Mexico 1171.19 1.47 1.54 2.24 20.52 13.40 9.22 

Netherlands 893.76 0.59 0.58 2.72 -6.16 -3.55 -2.09 

Indonesia 892.97 1.34 1.48 1.09 10.05 8.04 7.33 

Turkey 832.55 0.99 1.16 1.19 -1.34 -0.77 -0.38 

Switzerland 699.58 0.14 0.32 1.68 -9.47 -5.67 -3.52 
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Saudi Arabia 671.24 1.27 1.33 0.89 26.23 18.36 13.00 

* billions of 2011 USD. IAM refers to the RICE99 integrated assessment model. Country level GHG attribution coefficients for 434 

the 20 largest economies in 2011. GDP reported in billions of 2011 USD. Coefficients are percentages of the global GHG 435 

liability attributed to each country under each accounting perspective. Columns 3-4 report PB and CB coefficients, 436 

respectively. Columns 5-8 report DB coefficients based on IWR (using RICE99 and averaged over 1990-2010 for comparison 437 

with IWRs) and BHM results for 2011, and averaged over 25 and 50-year time horizons, respectively. Negative values indicate 438 

net benefits from climate change. Coefficients can be multiplied by total emissions (28,818 million tons in GTAPv9 for the 439 

year 2011), or by total emissions and SCC for comparison with other research. 440 

 441 

Consistent with previous research, our results show that the US and China are dominant outliers under both the 442 

PB and CB accounting perspectives, representing a cumulative 42.85% and 40.06% of global emissions, 443 

respectively. DB accounts tell a different story. IAM-DB (column 5) are mostly positive (except for Russian 444 

Federation, Canada, and Australia), and with absolute value ≤ 12.65. In contrast, BHM-DB coefficients are 445 

negative for 9 of 20 of the world’s biggest economies in 2011 and the maximum absolute value is more than 446 

three times larger, at 42.38. BHM coefficients become less extreme as the time horizon is extended, reflecting 447 

that gains from moderate warming are eventually outweighed by damages at more extreme temperatures.  448 

 449 

5.2 PRODUCTION VERSUS CONSUMPTION BASED ACCOUNTS 450 

 451 

Figure 1 showed that the carbon accounting debate largely focuses on the distinction between PB and CB 452 

approaches (Afionis et al 2017). Table 2 and Figure 2 suggest a degree of agreement between PB and CB 453 

accounts. But Figure 4 shows the 20 economies with the greatest difference between PB and CB accounts, in 454 

millions of tons of CO2. Positive values indicate that PB emissions are greater than CB emissions, and the region 455 

is a net exporter of virtual carbon. Negative values indicate that CB emissions are greater than PB emissions, and 456 

the region is a net importer of virtual carbon.  457 

 458 

 459 

 460 
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Figure 4. Production minus Consumption Based Emissions 461 

 462 

Figure 4. The 20 countries with the greatest absolute value difference between PB and CB emissions. Values in millions of 463 

tons of CO2 for 2011. Rest of Western Asia includes Iraq, Lebanon, Occupied Palestinian Territory, Syria, and Yemen. Positive 464 

(negative) values indicate the country is a net exporter (importer) of virtual carbon. Can be converted to monetary accounts 465 

using an appropriate SCC estimate. 466 

Our results confirm that when considering the contributions of individual countries to global (un)sustainability, 467 

the distinction between PB and CB accounts is minor. For the median country, the absolute value of the 468 

difference between (PB – CB) emissions is 5.8 million tons of CO2, which is approximately 0.02% of global 469 

emissions, or roughly equivalent to the PB emissions of Senegal. But when considering country-level accounting, 470 

the distinction is important: for the median country, the absolute value of PB minus CB emissions represents 471 

23% of PB emissions. Moreover, the countries in Fig. 4 represent approximately 3.3 billion people, (48% of global 472 

population), and 78% (3.36 Gt) of the world’s total GHG emissions embodied in international trade (virtual 473 

carbon). Thus, for measuring global sustainability, the PB versus CB distinction is of minor consequence. Indeed, 474 

they cover approximately the same quantity of emissions (with the caveat that PB accounts omit international 475 
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shipping and aviation emissions). But for accounting at the country level, and for understanding the nature of 476 

national contributions to global emissions, the distinction can be meaningful. 477 

 478 

Figure 5 maps PB (Fig 5a) and CB (Fig 5b) coefficients for the full sample, using the same scale (note that intervals 479 

are the same for panels a and b, but that within panels the intervals are of unequal range). In both perspectives, 480 

China, the USA, India, Russia, Japan, and Canada are dominant. Europe’s share of global emissions appears lower 481 

in PB accounts relative to CB accounts, confirming that Europe is a net importer of virtual carbon.  482 

 483 

Figure 5a: Country-specific shares of global emissions under production based accounting 484 

 485 

 486 

Figure 5b. Country-specific shares of global emissions under consumption based accounting 487 

 488 
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Figure 5. Country-level attribution coefficients under PB (a) and CB (b) accounting perspectives. Both perspectives exhibit 0-489 

lower bound. Both versions are dominated by a small number of outliers. Full sample, n = 140 regions (as in GTAPv9). 490 

Country-level coefficients represent the share of global emissions attributable to each country under each accounting 491 

perspective. Intervals are the same for panels a and b, but within panels the intervals are of unequal range. 492 

 493 

5.3 DAMAGE BASED ACCOUNTS 494 

 495 

Figure 6 maps country level damage coefficients calculated according to Burke et al (2015) for the year 2011. 496 

These coefficients incorporate the country-level loss of production capacity and are subsequently theoretically 497 

most consistent with the capitals theory of sustainability. Under the BHM model, currently cold northern 498 

countries experience negative damages (benefits) to mild warming. The range [-42.0 to + 35.0] is much greater 499 

than for PB and CB emissions, indicating the extreme heterogeneity of climate impacts and subsequent 500 

sustainability (wealth) effects across countries.  501 

 502 

Figure 6. Country-specific shares of global emissions under damage based emissions (BHM 2011) 503 

 504 

Figure 6 shows country-level GHG attribution coefficients calculated according to the BHM2011 variant of damage based 505 

accounts. Negative damages (blue) are modelled benefits from mild warming. Impacts are aggregated to match the 140 506 

regions contained in GTAPv9 for comparison with other results. 507 

The countries with the greatest magnitude difference between DB-BHM2011 and PB emissions include 508 

Germany, Canada, and the Russian Federation, whose economies are expected to benefit from mild warming, 509 
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and Brazil, India, and the United Arab Emirates, who are expected to suffer damages disproportionate to their 510 

PB emissions. For instance, at 372 million tons of CO2, Brazil’s PB emissions represent just 1.3% of the global 511 

total, but the DB account reveals that it suffers 31.1% of the global loss of wealth due worldwide emissions from 512 

2011. Similarly, India contributes 6.15% of global emissions (1,771.3 million tons of CO2) under the PB account, 513 

and suffers 34.78% of the value of global damages. At the global scale, some of these extreme damages are 514 

balanced by modelled gains. For instance, the long-run, observed, functional relationship between temperature 515 

and GDP growth derived in BHM indicates that Germany and Canada are expected to experience benefits 516 

equivalent to 42.4% and 41.0% of the global GHG liability from 2011, respectively.  517 

5.4 DISTRIBUTIONAL IMPLICATIONS 518 

 519 

One of the most important implications of constructing GHG accounts from multiple perspectives is the ability 520 

to understand the distributional impacts of emissions from multiple angles. Figure 7 illustrates the unequal 521 

distribution of ‘notional liabilities’ for GHG emissions across the global population by constructing population-522 

weighted Lorenz Curves for PB, CB, and DB-IAM accounts. Lorenz curves plot the cumulative attribution of global 523 

emissions (vertical axis) against the cumulative share of the global population (horizontal axis). The black line 524 

(y=1) denotes the line of perfect equality. At any point along this line, the global share of GHG attributions is 525 

equal to the global share of population. Deviations to the lower right of the line of equality demonstrate 526 

increasing inequality. For instance, at the midpoint of the line of equality, 50% of the world’s population would 527 

be ‘responsible for’ 50% of the world’s GHG emissions. However, the various accounting perspectives attribute 528 

only about 5-7% of global emissions to 50% of the global population.  529 

 530 

Lorenz curves for the PB and CB perspectives describe the inequality in the global distribution of production 531 

versus consumption based emissions. The Lorenz curve for the DB-IAM reflects the inequality in the distribution 532 

of damages (wealth losses) due to global emissions, regardless of where they were released or where the 533 

resulting goods were consumed. Tightly nested Lorenz curves across PB, CB, and DB-IAM perspectives in Figure 534 

7 indicate highly and similarly unequal global distribution of GHG attributions.  535 

 536 

 537 
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Figure 7. Inequality in emissions attributions: PB, CB, and DB-IAM accounting perspectives. 538 

Figure 7. Population-weighted Lorenz Curves for PB, CB, and DB-IAM accounting perspectives suggest that each accounting 539 

perspective describes similar inequality in the distribution of GHG allocations. The black line indicates the line of perfect 540 

equality. Deviations to the lower right indicate rising inequality in the distribution. Attributions are highly and similarly 541 

unequal across each PB, CB, and DB-IAM perspectives: approximately half the world’s population is accountable for just 5-542 

7% of emissions attributions. 543 

Comparing the full suite of accounting perspectives, Figure 8 shows that the DB-BHM perspectives yield the most 544 

unequal distribution of wealth depletion due to climate change. It is possible for Lorenz curves to drop below 545 

the horizontal axis. Here, negatively sloped Lorenz curves demonstrate shares of the global population that are 546 

expected to experience benefits from warming (as determined by each accounting perspective).  547 

Within the three variants of the DB-BHM accounts, inequality decreases as the time horizon increases. This is 548 

because the initial marginal benefit of warming (negative damages) in currently cold countries are exhausted 549 

early-on. As climate changes, the negative consequences of additional warming moderate the distribution. 550 

However, Figure 8 clearly demonstrates that the DB-BHM perspectives indicate substantially more inequality 551 
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arising due to GHG emissions than could be anticipated under PB, CB, or DB-IAM accounts. This is especially 552 

problematic because in the absence of international compensation for the wealth losses due to global emissions, 553 

this is the most reflective of the real world. 554 

Figure 8. Inequality in emissions attributions: all perspectives. 555 

Figure 8. Lorenz curves illustrate inequality in emissions attributions across all accounting perspectives. DB-BHM_2011, DB-556 

BHM_25yr, and DB-BHM_50yr refer to damage based coefficients calculated according to the 2011, 25-year, and 50-year 557 

slices of country-level climate impacts from Burke et al (2015), respectively.  The black line indicates the line of perfect 558 

equality. Deviations to the lower right indicate rising inequality in the distribution.  559 

6. DISCUSSION & POLICY IMPLICATIONS 560 

GHG emissions represent a market failure that requires policy intervention. But in an increasingly globalized 561 

world, with goals in multiple domains of sustainable development, interventions must consider various 562 

interdependencies, vicious and virtuous feed-back loops, and complex trade-offs. Doing so requires a robust and 563 

reliable evidence base. Global climate change and the suite of Sustainable Development Goals represent 564 

multidimensional challenges. They are ill-served by unidimensional metrics. The argument here is not that one 565 
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perspective should be adopted in lieu of the others, but that each offers useful insight into how progress towards 566 

sustainability might be measured. Sustainability science should provide the appropriate evidence bases to 567 

address multidimensional challenges from multiple angles.  568 

 569 

GHG accounts are a useful starting point. Noting that countries can impact emissions at multiple points along 570 

the GHG supply chain (Davis et al; Steininger et al) an important literature has emerged exploring the 571 

implications of developing carbon accounts from various perspectives. But these have typically emphasized the 572 

location of emissions, and ignored the distribution of resulting damages.  If the sustainability of nations is the 573 

goal, then wealth accounts reflecting the damages of climate change are the appropriate metric. Thus far, the 574 

carbon component of wealth accounts has typically relied on PB accounts. Not only is this the wrong evidence 575 

base for sustainability measurement, reliance on PB accounts systematically ignores the potential for countries 576 

to promote upstream and downstream decarbonization. Perhaps most importantly, failing to account for carbon 577 

damages overlooks what may be the greatest source of inequality within the SDG remit: the distribution of 578 

wealth depletions due to climate change. Our results have shown that for some countries, the difference can be 579 

substantial. 580 

The research presented here could inform measurement and guide policy related to multiple SDGs. In particular, 581 

progress towards SDG 12 on responsible production and consumption will require at least PB and CB accounts 582 

to be constructed and monitored. These should reflect impacts along global supply chains, and incorporate 583 

additional elements of natural capital beyond carbon emissions. Similarly, SDG 8.4 aims to promote sustained, 584 

inclusive and sustainable economic growth by improving resource efficiency in production and consumption, 585 

decoupling growth from environmental degradation, and developing 10-year framework programs on 586 

sustainable production and consumption. To be meaningful, these framework programs should include PB and 587 

CB GHG accounts, and attempts to decouple growth and environmental impact need to account for upstream 588 

and downstream effects along global supply chains.  589 

Our results also indicate that climate change could undermine progress towards reduced inequality (SDG 10) by 590 

more than was previously thought. The DB-BHM2011 perspective uncovers the potential for much greater 591 

inequality in wealth depletions than is found in either PB or CB accounts. This is clearly evident in the variation 592 

in country-level damage coefficients illustrated in Fig 6, and the resulting Lorenz curves in Fig 8. That the SDG 593 
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devoted to reducing inequality, and its suite of indicators, fails to mention inclusive wealth suggests that these 594 

inequalities could easily be overlooked. 595 

Perhaps the most relevant SDG for this research is SDG 13: taking urgent action to combat climate change and 596 

its impacts. These goals provides the strongest justification for the development of damage based accounts. The 597 

impacts of climate change are not captured in PB or CB accounts. Only the DB perspective (whether using an 598 

IAM or country-level macroeconometric results as in BHM) actually complete the supply chain of GHG emissions 599 

by incorporating the incidence of the externality within an accounting framework. Moreover, the sustainability 600 

accounting story – linking the value of emissions to the wealth of nations according to their share of climate 601 

damages – also relates to ongoing policy discussions, particularly around how to disperse funds under the Green 602 

Climate Fund (SDG 13.a). One appropriate method could be to link the distribution of funds to shares of climate 603 

damages. This could identify those countries that should be ‘first in line’ for climate finance, and the actual 604 

release of funds could be tied to the merits of each individual project. That is, the Green Climate Fund could 605 

support a reverse auction in which funds available to any given country could be weighted by their share of 606 

climate-induced wealth depletions.  607 

Finally, this research directly contributes to SDG 17.19: building on existing initiative to develop measurements 608 

of progress on sustainable development. Sustainability accounts constructed on the basis of any single 609 

accounting perspective will systematically ignore important lessons from climate science and undermine our 610 

understanding of the carbon wealth of nations. Climate change and the sustainability policies are too important 611 

to be exposed to the systematic blind-spots of any individual accounting perspective. A suite of accounts 612 

emphasizing different components of the carbon wealth of nations is necessary. The resulting evidence will be 613 

relevant to the design and evaluation of both climate and sustainability policies, and more importantly, to 614 

making them compatible with one another.  615 

7. CONCLUSIONS 616 

An important debate within the carbon accounting literature compares the ethical, policy and economic 617 

implications of accounting for the emissions generated within a country’s borders (the territorial, or production 618 

perspective), versus adopting a consumption perspective that considers the (virtual carbon) emissions implicitly 619 
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embodied within a country’s final demand. We have contextualized this debate within the broader context of 620 

sustainability accounting and developed extended accounts to reflect the wealth impacts of the incidence of 621 

carbon externalities. Results indicate that different accounting perspectives yield substantively different 622 

understandings of country-level emissions and the contributions of individual nations to global 623 

(un)sustainability.   624 

Carbon accounting has failed to reach its full potential in guiding sustainability science for several reasons. First, 625 

carbon accounts have not connected with the increasingly influential ‘capitals theory’ of sustainability, and its 626 

associated wealth accounting literature. This is because PB and CB accounts focus on the location of emissions, 627 

at the expense of the location of the wealth depletions. Moreover, the failure to address globalization and the 628 

rapid increase in international trade has undermined the potential impact of carbon accounts and national 629 

policies by failing to highlight opportunities for de-carbonization along global supply chains.   630 

To address this we have developed multiple carbon accounts, made them theoretically consistent with the 631 

capitals approach to sustainability (by extending accounting procedures to include the incidence of climate 632 

damages, ie wealth depletions), and examined the distributional effects highlighted by each accounting 633 

perspective. Damage based accounts are constructed according to two scientific evidence bases, the RICE99 IAM 634 

and Burke et al (2015). Results are linked to multiple SDGs, and a dashboard approach comprising multiple 635 

accounting perspectives is advocated to help identify and overcome blind spots, and identify new areas to target 636 

effort and influence. 637 

 638 
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