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Ulf von Kalckreuth, Deutsche Bundesbank 

Abstract 

This note presents a system of greenhouse gas (GHG) content indicators for markets 
and policymakers. The system is lean and informative. It condenses the relevant 
product and enterprise-specific information into a single number: the GHG value. Like 
prices, GHG values are easy to understand, manage and communicate. The envisaged 
scenario is one in which, at all levels of production, goods and services have two tags 
– the financial price to pay and the GHG value.  

GHG values of products are interdependent. The massive information processing this 
simultaneity involves can be handed over to the market. As in a price system, markets 
learn collectively and decentralised. A micro-simulation exercise based on existing 
statistics is carried out, and the results indicate that convergence is fast. With 
appropriate institutional underpinning, the disclosure of GHG values by producers 
may become self-sustaining. Ultimately, the note develops a number of specific policy 
options. 

Keywords: greenhouse gas intensities, carbon accounting, green finance 

JEL classification: Q56, Q51, C81 

 
Contents 
 
1 The vision ............................................................................................................................................ 2 
2 Coping with simultaneity .............................................................................................................. 3 

2.1 A reduced form for carbon contents ............................................................................. 3 
2.2 Micro-level information flows .......................................................................................... 4 
2.3 Pulling oneself up by one’s bootstrap .......................................................................... 5 

3 A micro-simulation experiment on decentralised learning ............................................ 5 
4  Policy implications ........................................................................................................................... 7 
References ................................................................................................................................................ 10 
Annex 1: An IO view on product level carbon contents ......................................................... 11 
Annex 2: GHG content for product groups, Germany 2018 ................................................. 14 
 

 
1  Contact: Ulf von Kalckreuth, Deutsche Bundesbank, Postfach 100602, 60006 Frankfurt am Main, 

Germany. Phone: +49 (0)69 9566 36010. Email: ulf.von-kalckreuth@bundesbank.de. This policy note 
is a condensed version of von Kalckreuth, Ulf, Pulling ourselves up by our bootstraps: the greenhouse 
gas value of products, enterprises and industries, Deutsche Bundesbank Discussion Paper 23/2022. 
The paper will published both as a SUERF policy note and as a contribution to the 11th IFC Biennial 
Conference, BIS Basel, 25-26 August 2022. It represents the author’s personal opinions and does not 
necessarily reflect the views of the Deutsche Bundesbank or its staff. 

https://www.bundesbank.de/resource/blob/892886/6a16590638efc7610b862da55b619449/mL/2022-06-17-dkp-23-data.pdf


  

 

2 Product level greenhouse gas contents – how to get there? 
 

1 The vision 

This note brings together three strands of scientific work: input-output (IO) 
methodology and its capability to keep track of indirect emissions in interlinked 
systems of production, the carbon accounting literature on how to evaluate carbon 
emissions in single companies, making “dual use” of financial and cost accounting 
methodology, and the work on GHG Protocol emission classes in environmental 
reporting. 

At the heart of environmental problems is a situation in which the effect that 
producing and using goods has on scarce resources is not properly reflected in the 
price system. In the case of GHGs, the scarce resource is the capacity of the 
environment to absorb carbon emissions – or, to be more precise, the maximum 
permissible quantity of carbon emissions in line with global warming targets 

For a massive reduction of GHG emissions, it is vital that consumers, investors 
and policymakers be able to properly evaluate the environmental consequences of 
production activities so that they can make the right choices. 

What is it one would ideally expect from an indicator system designed for climate 
mitigation and specifically for financial sustainability purposes? We need exact 
quantitative information on the relevant emissions at the level of both firms and 
products. All emissions, direct and indirect, need to be covered, the latter not as loose 
estimates, but based on realised material flows and micro-level production 
interdependencies. Granular information is notably scarce, especially on indirect 
emissions. But it is indeed granular information that is required to make meaningful 
distinctions that go beyond favouring products and firms in sectors with a low carbon 
intensity or selecting stocks that happen to be in high-tech sectors. 

A metric that summarises the relevant information needed to make decisions on 
the production, use and consumption of goods and services is the GHG value, defined 
in this note as the total amount of carbon equivalents emitted in the course of 
production of a good or service, either directly or indirectly through the use of 
intermediate input products.2 The definition of indirect emissions is recursive, 
recurring to the GHG values of earlier production stages. The concept has two 
additional important complements: a process of information exchange between 
providers and users of intermediate inputs, as described by Kaplan and Ramanna 
(2021a, 2021b), and micro-level standards for the measuring of direct emissions, such 
as the one provided by the GHG Protocol. 

There is a huge benefit in establishing and maintaining a system of product-level 
GHG values. Consumers can use them to compare alternatives. If they prefer less 
carbon-intensive alternatives and are willing to pay the price, this creates competitive 
pressure towards products with lower GHG contents. The pressure carries over to 
earlier stages of production: along the entire value chain, buyers of intermediate 
inputs will opt for less carbon-intensive alternatives. Whereas the effect of a carbon 
tax is working on the supply side, from the beginning to the end of the value chain, 

 
2  There are other terms for the amount of GHG emitted directly and indirectly in the course of 

production. “GHG content” is mostly used for sectoral IO measures, while the terms “GHG footprint” 
and “GHG intensity” are general and not tied to any measurement framework. The term “E-liability” 
is a concept proposed by Kaplan and Ramanna (2021a, b) to characterise a process for collecting, 
processing and reporting information on GHG emissions in an accounting framework.  
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the effect of disclosing GHG values takes the other direction, on the demand side, 
from the final products to the primary inputs. Administration and policymakers can 
be provided with a solid foundation for classifying firms – for taxes or subsidies, 
industrial policy or taxonomies for sustainable finance purposes. As an example: GHG 
value information is precisely what is needed to get EU plans for a carbon border 
adjustment mechanism off the ground.3 At each stage of production, the metric 
captures and carries forward the environmental resources that have been used up to 
that point. In a peer group of goods that are close substitutes, GHG values allow for 
the identification of inefficient producers and production technologies. Regarding 
unrelated goods, consumers and policymakers can compare and weigh their 
respective usefulness against their consequences for the climate. GHG values are like 
real rates of exchange between products and their consequences for the 
environment. It is a quantity structure that makes it possible to trace the price effects 
of carbon reduction policies at all levels – an important input for monetary policy in 
the transition to a low carbon economy. It may also be used to derive targets for 
allocation purposes. 

This is all that measurement can give. The rest of this note discusses the 
methodology that will enable implementation. The key is the recursive nature of the 
metric, enabling Input-Output (IO) analytics, and decentralised data generation from 
an exchange of information between buyers and sellers of inputs. The iterative 
process can be started based on existing statistics! 

2 Coping with simultaneity 

As mentioned above, the GHG value is defined recursively: it is the sum of direct 
emissions attributed to a product and the GHG values of all inputs, covering indirect 
emissions. Indirect emissions are a sum of input requirements, multiplied by their 
respective unit GHG values, see Annex 1 for the formal definition.  This is easy enough, 
but in order to use the definition directly, we need to have input GHGs in order to 
compute the GHG of output. How can GHG values of outputs be calculated in a world 
where not all the GHG values of inputs are known? GHG values are interdependent – 
the value for any product will depend on the value of all inputs. 

2.1 A reduced form for carbon contents 

Using a linear setting that starts from input requirements on the product level, we can 
express the solution of a system of interlinked indicators as a reduced form, using the 
apparatus of Input-Output (IO) analytics, see Annex 1. This reduced form yields a 
reference point for product level GHG values and it allows to compute GHG values 
for product groups, i.e. on the aggregate level. Yet, on the product level, computing 
the reduced form is not possible, as the required information will never be available 
centrally. The key message of this note is to show that this is not necessary. Producers 

 
3  As part of the European Green Deal, the European Commission intends to put a carbon price on 

targeted imports by 2026 to avoid “carbon leakage”, i.e. the migration of industries to countries with 
more relaxed emissions policies. Technically, importers need to buy carbon certificates corresponding 
to the carbon price that would have been paid if the products had been produced in the European 
Union; see here official information with further links to the proposed legislation. Without a 
quantification of carbon content, the WTO may well consider the proposal an illegal tariff.  

https://ec.europa.eu/taxation_customs/green-taxation-0/carbon-border-adjustment-mechanism_en
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do not have to be aware of all the stages of the value chain – they only need to know 
their own technology and the GHG values of the inputs provided by their immediate 
suppliers 

2.2 Micro-level information flows 

Kaplan and Ramanna (2021a, b) have recently argued that for solving the conundrum 
of production interactions, direct information flows between input providers and the 
buyers of inputs are needed. Kaplan and Ramanna suggest recording direct emissions 
as an “environmental liability”, or E-liability, and passing them on to the buyers of 
inputs, in the same way as a company’s value added is passed on to the buyers of an 
input. According to their proposal, E-liabilities are created when a company emits 
greenhouse gas in the course of production. They are acquired when an intermediate 
input with an E-liability attached is bought. In this case, a GHG account of the seller 
is credited and the respective account of the buyer is debited. The E-liabilities 
corresponding to direct emissions and to intermediate inputs will be assigned to 
products. The E-liability of the output will thus embody the direct emissions of all 
earlier stages. If the product is sold, either for final use or as an intermediate input to 
an external client, the company account is credited with the E-liability of that good. 
The E-liability characterises the product and is attached to it, and it leaves the firm 
with the output. On the other side, the GHG account of the buyer is debited. At the 
company level, any change in the E-liability over a given time interval will reflect the 
GHG content of inventory changes. 

E-liabilities are framed as a close, almost perfect analogue to costs. Both are 
valued resource consumption. The input vectors may figure both in cost accounting 
and in E-liability accounting, with only the valuation differing ‒ for standard cost 
calculation it is financial prices, whereas in the context of carbon accounting it is the 
E-liabilities of inputs. This enables the use of standard accounting techniques, the 
outcome of centuries of experience with valuation problems. Actually, E-liabilities are 
fraught with a large number of such valuation issues: emissions from overhead 
activities such as the heating of production facilities and office buildings, 
transportation, the E-liabilities of capital goods, or combined production 
technologies. These require the accounting allocation of company-level costs. The 
cost accounting solutions that exist simply need to be applied to the task of 
calculating E-liabilities. For an earlier literature review on carbon accounting, see 
Stechemesser and Guenther (2012). 

Kaplan and Ramanna leave it to the companies to decide just how they wish to 
allocate costs, provided that the accounting identities are respected and the 
allocation follows respected accounting principles. With a valuation vector for input 
goods at hand, it is possible to carry out information aggregation and processing 
using standard cost accounting software, both at the product and at the enterprise 
level. 

This raises a question we already have encountered. Whenever and wherever this 
system will start to operate, it will do so in a world where there are no E-liabilities for 
inputs from outside the company. How can those inputs be evaluated in E-liability 
accounting? If the flows of inputs in the value chain were unidirectional, from primary 
raw materials to high-tech products, it would be possible to work out E-liabilities 
sequentially, but what if a woodcutter needs a chain-saw, or a car, or a computer? 
Even disregarding circularity, the issue of missing valuations will persist, be it for 
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imported goods or with regard to producers that will be exempt for a variety of 
reasons. Thus, in order to become operational, the concept needs to be adapted to 
circumstances in which input providers cannot or do not want to declare their E-
liabilities. 

By imposing additional structure, the analytical view developed here will allow us 
to do so. Note that by considering all GHG value equations jointly and solving them 
for the reduced form, it is assumed that the definition of inputs is the same over 
processes. This also means that the allocation rules should be the same or at least 
comparable. Without this restriction, E-liability measurement is consistent between 
buyers and sellers of inputs, but not necessarily comparable between firms producing 
similar or identical goods. 

One other thing needed for comparability is a protocol for the measurement of 
direct emissions. A well-known and widely accepted rulebook for the measurement 
of direct emissions is provided by the GHG Protocol developed and supported by the 
World Resources Institute (WRI). The existing ISO norms visibly build on the GHG 
Protocol. 

2.3 Pulling oneself up by one’s bootstrap 

A key insight of this note regarding incomplete information on input GHG values is 
the following: Starting from estimates and using the GHG values provided by their 
suppliers whenever available, the GHG values computed by producers will converge 
to the true values. Instead of centralised processing, the market will perform the task 
in a decentralised and iterative manner.4 This is shown analytically in von Kalckreuth 
(2022) using a result on matrix power expansion, and the argument is supported by 
an extensive micro-simulation on the basis of sectoral data from Germany. The result 
on decentralised learning has a powerful implication: as technology and direct 
emission intensity change over time, the GHG measures provided by the market 
system will follow suit, staying informative, without the need for any central institution 
to take account and intervene. 

These results have a simple intuition: GHG values are an analogue to economic 
value, with direct emissions playing the role of the value added of a production stage 
and indirect emissions corresponding to the value of intermediate inputs. Just as 
input prices are processed in cost calculation, the GHG values of activities and 
products can be passed along the stages of the value chain. We can look at this as 
social learning – the participants of the production systems are like interconnected, 
information processing neurons. 

3 A micro-simulation experiment on decentralised learning 

Imagine that producers try to compute GHG values for their products based on their 
set of input requirements and incomplete information on the GHG values of inputs. 
If available, they will use GHG value indicators provided by their suppliers. If not, they 
will substitute estimates derived from existing aggregate statistics into the equation. 

 
4  This is analogous to the processing of information on economic scarcity in the price mechanism, as 

described by Hayek (1945).  
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They will pass the resulting indicators on to their clients. Thus, in the first round, all 
information on GHG values comes from sectoral averages. In subsequent stages, 
input indicators will be product-based. A simulation allows us to see how the system 
evolves. 

On the basis of statistical information on Germany for 2018, the author has 
simulated production interactions for a set of 7,699 hypothetical goods, each 
belonging to one of 71 product groups. For these product groups, the information 
on sectoral production interlinkages is available from Destatis (2021a) IO tables. The 
model is essentially an inflated and stochastic version of sectoral IO tables and direct 
emissions data for Germany, calibrated to reproduce the micro-level within-sector 
heterogeneity of direct emissions and Scope 2 emissions. The details are provided by 
von Kalckreuth (2022). The input coefficients matrix for the moderate number of 
products in the simulation has a size of 7,6992 cells, almost 60 million. This is enough 
to see that a centralised approach is not feasible for any realistic set of products. 

By computing the reduced form as derived in Annex 1, the model is solved for 
direct and indirect emissions. These are the ‘true values’, and we can observe how 
well the first round proxies and the micro level measures of GHG values perform. 

Graph 1: GHG values -- simulating 7,699 products based on German data 

 
Author’s estimates and computation, based on Destatis (2021a) and Destatis (2021b). 

 

Graph 1 displays the resulting distribution of direct emission versus indirect 
emission intensities. Three sectors have been singled out visually. Electricity and heat 
are the source of Scope 3 emissions, and they are characterised by very high direct 
and indirect emissions per unit of output. The GHG intensity of agriculture is also 
high, specifically because of CH4 (methane) due to livestock farming and NO2 (nitrous 
oxide) due to fertilisers. Lastly, basic iron and steel are characterised by high indirect 
emissions, mostly due to heavy use of products from the same sector. 

In order to get the iterations going, we need proxies as starting values. Group-
level GHG contents are calculated from the IO tables and the direct emission statistics. 
For computations, the author uses the IO matrix for total production plus imports and 
the emission intensity calculated as national emissions over national production by 
product group. This assumes that production abroad is carried out with the same 
technology as national production. The shortcut is not satisfactory, but certainly more 
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appropriate than considering only national production interlinkages in calculating 
GHG values. The results for sectoral GHG content are shown as a graph in Annex 2, 
see von Kalckreuth (2022).5 

The simulation then traces the evolution of GHG value measures in a situation 
where each producer only knows the input coefficients of their own product and the 
best effort GHG value estimates of others. This can be carried out on a small and 
decentralised information base, and the micro-simulation allows a study of whether 
and how fast decentralised learning converges to the true value. 

Graph 2: GHG value learning using sectoral GHG contents as initial value 

 
Author’s estimates and computation 

Graph 2 gives, for all product groups, a graphic representation of learning in 
iterations 1 to 10, depicting the mean absolute distance of estimates from the true 
GHG values, normalised by the level of GHG value. 

Convergence is very fast for almost all products. A major exception is product 
group CPA 24.1.-24.4, Basic iron and steel, products of the first processing of steel, 
where convergence is visibly slower. This is related to a large input coefficient of 0.5 
for inputs of goods of the same sector. With this, a “wrong” prior set of GHG values 
will be transmitted with a relatively high weight to the next iteration of the learning 
process. 

4  Policy implications 

To a certain extent, GHG value disclosure may rely on voluntary action by producers. 
There is a distinct commercial interest in obtaining and communicating carbon 

 
5  The product group-level GHG contents have been calculated here for the purposes of a simulation 

exercise, and they are not meant to provide statistical information. Still, as a consistency check they 
can be compared against the results for Germany in Destatis (2019). This publication gives a detailed 
evaluation of the carbon content of final use in 2008 to 2015. In spite of the differences in the 
reference year and some important methodological aspects, the figures compare well for the GHG 
content of overall production, electricity and heat and the large industrial and service sectors. For 
methodological differences, see von Kalckreuth (2022, fn 20 and 21. 
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accounting information. It is also clear that some firms have good reasons to declare 
the GHG value of their products either incorrectly or not at all. Just as with financial 
costs, if there is an opportunity to make products look cheaper than they really are 
or to avoid talking about costs altogether, some market participants will take it. 

Thus, to establish a GHG value system, some reporting obligations will be 
necessary. This section makes the argument that reporting obligations may not have 
to be broad-based. Instead, legislation only needs to make sure that a threshold 
volume of disclosure, e.g. from large companies, is surpassed. Under certain 
conditions, this will trigger a process that will end in almost universal voluntary 
disclosure. 

If companies subscribe to an E-liability system as envisaged by Kaplan and 
Ramanna (2021b), it is not in their interest to conceal GHG values – if they choose not 
to declare their E-liability, they will not get the credit. External auditing is needed to 
make sure that GHG debits and credits match inventory changes. In addition, basic 
valuation standards need to be backed up. Producers may rig the valuation of inputs 
that have no GHG values attached. By distorting the accounting allocation, they can 
make their output look “too cheap” in terms of GHG or cross-subsidise one product 
line with GHG-sensitive demand by charging other product lines where demand is 
inelastic. Thus, as a first component, formal auditing needs to make sure that the GHG 
value measure is a fair estimate, using the information on direct emissions and 
production interlinkages existing at the company level. Auditing is carried out against 
disclosure standards that have to be specified in advance. It is best organised in 
parallel with financial auditing, with governments having the right to scrutinise 
dubious statements. In this respect, it is promising that the IFRS is about to change 
its statutes in order to set up a board on disclosing standards for environmental 
information. 

Second, an information platform is required that makes accessible the information 
available on: 
 
− industry averages; 

− direct emissions from company reports; 

− product level GHG values, as far as they exist. 

There is a path that leads to voluntary disclosure by (almost) all firms. Suppose 
that the information platform, in addition to making existing information publicly 
available, computes estimated average GHG content for firms of a given industry that 
do not disclose their E-liabilities – from the known industry averages and the known 
E-liabilities of the firms that do disclose. These estimates will be used to evaluate the 
average GHG values of inputs produced by non-disclosing firms. 

Producers with low GHG values, relative to their peer group, will have a clear 
incentive to disclose, especially if they are active in GHG-sensitive markets. With low 
GHG values, they can charge higher prices to their buyers of intermediate or final 
goods or reap the rewards of positive publicity. This fact will generate a signal value 
for the decision not to disclose. The signal will be reinforced by calculating sector 
averages for GHG values conditional on not disclosing. With many companies 
disclosing, those that do not disclose will look increasingly unattractive. We may 
envisage an iterative process where first the cleanest firms disclose, then those that 
are not top tier, but still well above average, etc. In the end, the only firms to not 
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disclose will be those with rather extreme GHG values, and the fact that they do not 
disclose will be informative enough.  

This unravelling due to taking the average over the ever smaller number of non-
disclosing companies is quite similar to the Stiglitz and Weiss (1981) account of the 
possible breakdown of the credit market under asymmetric information. In the 
scenario at hand, however, the result is a separating equilibrium with voluntary 
disclosure. In order to create an incentive that is great enough to trigger this 
mechanism on a large scale, we may need to overcome a threshold number of 
participating firms. 

Just as in a system of market prices, information on carbon usage can be 
processed in a decentralised and efficient manner, even without specific disclosure 
obligation. The key ingredients are micro-level auditing and a centralised information 
platform. This is where central banks may have an important role to play. They need 
to collect much of the required information anyway in order to classify their assets 
and collateral and, in some important cases, to rate companies. In addition, they have 
the mandate to disseminate statistical information for policy purposes as well as all 
the necessary infrastructure, experience and working routines.  

The following is a list of policy options for central banks resulting from the 
discussion above: 

1. Cooperate with statistical offices in setting up rather disaggregated IO model for 
economic areas, such as the EU, and larger participant countries. The 
corresponding direct emission information is also needed. This is very effective 
in creating a joint framework for condensing data at a product group level.6 

2. Set up and maintain a dissemination platform for GHG content data at the level 
of sectors, enterprises and products. Disclosure standards may oblige producers 
to use GHG contents published on that platform for their inputs. These platforms 
may also name and make available reference proxies for cases where product-
level information is not available, especially in the case of imports. 

3. Support development and propagation of disclosure standards and assist in 
setting them as a basis for comparability and auditing. Those rules can build on 
the relevant GHG Protocol standards, at least for direct emissions.7 What inputs 
to consider and how to evaluate them needs to be determined.8  

4. Interact with government bodies and the IFRS on potential disclosure 
requirements. In the case of the EU, the ongoing work on the CSRD is especially 
relevant. In light of the discussion above, possible disclosure requirements 
should target large companies so as to overcome a threshold that will induce 

 
6  This matches Recommendation 1 in the suggested work plan for the new G20 Data Gaps initiative. 
7  See, in particular, WRI and WBCSD (2004) as a standard for Scope 1 and 2 emissions, WRI and WBCSD 

(2011a) for Scope 3 emissions at the enterprise level, WRI and WBCSD (2011b) for corresponding 
standards for Scope 3 emissions at the product level, and the Technical Guide on Scope 3 emissions 
in WRI and WBCSD (2013). 

8  See specifically ISO 14064-1:2018 on GHG reporting at the organisation level and ISO 14067:2018 on 
reporting at the product level.  
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voluntary disclosure by others, and by producers of primary goods and import 
goods so as to ensure valid GHG values at the front end of the value chain.9  

A limited GHG value system is conceivable, aiming at a targeted subset of 
products only, such as energy, transportation, agriculture and parts of the 
manufacturing sector; see Annex 2 for an overview. This is easier to initiate and may 
still reap large parts of the overall benefit. But the simplicity comes at a cost. For many 
input goods, GHG value coefficients will have to be imputed permanently, as even in 
the long run there will be no values from input providers. Good proxies would be 
more essential than in an encompassing GHG value system. But even in this limited 
version, granular information would come from producers using their private 
knowledge on the input composition. This is perhaps the most important feature of 
a system of GHG values. 
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Annex 1: An IO view on product level carbon contents 

The GHG value encompasses both direct and indirect GHG emissions as a 
consequence of the production of a good or service. Indirect emissions are the result 
of direct emissions in a chain – or rather a fabric – of other production processes. 
Those production interlinkages are key for the consistent treatment of indirect 
emissions. IO analysis is designed for this type of interlinkages, and in fact it has been 
used in tackling the issue of attributing resource consumption to final output at the 
sectoral level since the 1970s. IO analysis makes the structure of an interlinked system 
of GHG values accessible.  

To fix ideas, consider the following. In production planning, every process is 
defined by a bill of material (BoM) that specifies all inputs, plus a route sheet that 
explains how to combine them. A complex production process may be decomposed 
into several stages. Consider the BoM of product k, 

 ( )1 2 'k k k kKa a a=a    

with kia  being the quantity of good i that enters the production process. There are 
entries for all input goods in the economy, most of them with a value of zero, of 
course. Let the amount of GHG emitted directly be given as kd . Let scalar ig  be the 
GHG value of good i, the quantity of GHG that is emitted in the production of one 
unit. List the GHG values of all input goods in a vector as well: 

( )1 2 'Kg g g=g   

 . 
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The GHG value of product k is then given as the sum of direct and indirect 
emissions. Importantly, we do not add a definition for indirect emissions, but simply 
define them recursively as the GHG values of inputs: 

 'k k k k i kii
g d d g a= + = +∑g a . (1) 

Indirect emissions are the direct emissions at earlier stages of the value chain. The 
equation is both perfectly general and encompassing. It relates to products and 
activities and – for a defined time span – to enterprises and sectors as well. 

As it stands, the equation is a definition. It helps us understand the problems 
associated with gathering and processing information. For actual computation, all the 

ig corresponding to the BoM of product k are required. If these are known, we can 
calculate the GHG value of product k in a straightforward way from direct emissions 
and the BoM. This is like computing the energy content of food: it is enough that 
producers know the composition of their product and the energy content of the 
ingredients. 

If the relevant elements of g  are unknown, we can use equation (1) recursively 
and try to compute the GHG values involved, going up the value chain from more 
complex intermediate inputs down to primary and primitive inputs. The structure is 
well known from linear production planning and IO analysis, pioneered by Wassily 
Leontief, and it was indeed the same author who first proposed using IO models for 
analysing pollution generation associated with inter-industry activity.10 Conceptually, 
we can solve for the GHG values of all products simultaneously. Let  

( )1 2 K=A a a a  

be the matrix of the BoMs for all output goods, 1,…,K. With d being the column vector 
of the associated direct emissions, one may write: 

 ' ' '= +g d g A  (1)’ 

Reordering and postmultiplying the “Leontief inverse” ( ) 1−
−I A  yields:  

 ( ) 1' ' −
= −g d I A  (2) 

The GHG values of products (product k and all the others) result from their own direct 
emissions and the direct emissions of all the intermediate goods used for their 
production by intermediation of a matrix derived from the BoM that reflects the 
interlinkages in production. If the coefficients in the GHG equation refer to empirical 
production technologies actually being used to produce goods, 1,…,K, it can be taken 
for granted that the inverse exists and all its elements are non-negative. 

As simple and beautiful as this relationship is, it is not possible to use it directly. 
Matrix A comprises the BoMs for all products in the economy, including those that 
have been imported, and if a certain input is produced using two different 
technologies, it should actually have two separate entries. Meanwhile, vector d  

 
10  Wassily Leontief was awarded the 1973 Nobel Prize for the development of IO analysis. Leontief 

(1966, 1986) covers much of his work. Leontief (1970) himself introduced pollution by augmenting 
the technology matrix to include a row of pollution generation coefficients; see Qayum (1994) for a 
consistent reformulation. For IO analysis in general, see Miller and Blair (2022), and specifically 
Chapter 10 for environmental IO analysis.  
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collects the direct emissions that characterise all of these processes. Except for simple 
cases, this cannot be dealt with at the micro level. However, sector-level 
approximations of factor intensities using IO models are feasible. And just as the price 
mechanism is able to process an enormous amount of information in a decentralised 
way, there are ways to make the coordinated exchange of information between 
producers do the rest of the work. 
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Annex 2: GHG content for product groups, Germany 2018 

 



Product level greenhouse gas contents – how to get there?
Pulling ourselves up by our bootstraps

Dr. Ulf von Kalckreuth, DG Statistics, Centre of Excellence, Deutsche Bundesbank

11th Biennial IFC Conference 

“Post-pandemic landscape for central bank statistics”

BIS, Basel, 25-26 August 2022, 



GHG value – the vision

• This talk is on mitigation. For decision making with an eye to emissions, we need product level carbon
content information!

• Deutsche Bundesbank Discussion Paper 23/2022

• GHG value: direct and indirect GHG emissions on the product level

• Implicit definition: GHG value depends on direct emissions, inputs and their GHG value!

• GHG use is indicated on every stage of production and passed on, like a second price tag!

• Producers, investors, consumers and political authorities can have the information needed for decision
making. Competition among producers may induce rapid adjustment!

• Carbon taxes work on the supply side, from the beginning to the end of the supply chain. The GHG value
works on the demand side, from the end to the beginning of the value chain!
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Indirect

emissions

With GHG values for all products, the system can work smoothly. 

But for most goods, there aren‘t. How do we get there?

https://www.bundesbank.de/resource/blob/892886/6a16590638efc7610b862da55b619449/mL/2022-06-17-dkp-23-data.pdf


(1) GHG value equation – an IO approach

Consider the vector of inputs of product k, with 𝑎𝑘,𝑖 being the quantity of good i embodied in the 

production process of one unit: 

Let 𝑑𝑘 be the amount of GHG directly emitted and 𝑔𝑖 be the GHG value of input i. 

Then the GHG value of good k is given as the sum of direct and indirect emissions:

(1)

If the gi are known, we can calculate the GHG value of product k directly, based on our

knowledge of direct emissions and technology. 
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direct em. indirect em. value structure

quantity structure

𝐚𝑘 = 𝑎𝑘1 𝑎𝑘2 … 𝑎𝑘𝐾 ′

𝑔𝑘 = 𝑑𝑘 + 𝐠′𝐚𝑘 = 𝑑𝑘 +෍
𝑖
𝑔𝑖𝑎𝑘𝑖

GHG value vector



The reduced form

If the gi are unknown, the GHG value is still defined. The equation is recursive. Eq. (1) is an IO 

model for production. We can solve for the GHG values of all products simultaneously. Let

be the matrix of the Input coefficients for all produced goods. With d the vector of direct 

emissions for products 1,…, K, we may write: 

and solving for c yields

(2)
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GHG values of

all goods

Leontief inverse, reflecting

production interlinkages

Direct emissions

for all goods

Micro level: we do not need to compute this solution. 

Let decentralised information processing do the work!

𝐀 = 𝐚1 𝐚2 … 𝐚𝐾

𝐠′ = 𝐝′ + 𝐠′𝐀

𝐠′ = 𝐝′ 𝐈 − 𝐀 −1

Sectoral level: this can be calculated from existing data. 



(2) Accounting and sparse micro level communication

Robert Kaplan (Harvard) and Karthik Ramanna (Oxford): Harvard Business Review 
November/December 2021 

K&R propose to treat emissions as a liablility -- E-liability -- that is moved forward with input supply
along the supply chain and allocated over products. E-liabilities can be a measure of total (direct and
indirect) GHG content – conceptually, emissions are collected over the value chain. 

Introduce a sparse information flow from input providers to producers! The relevant information is
revealed, but neither inputs nor technology!

Standard techniques and routines can be used to process E-liability information. Allocation of
emissions to products largely unconstrained, left to producer.

To adress the issue of missing input information, circular value chains and to ensure
comparability, the linear structure outlined above is extremely useful.
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The key result

Producers do not need to know the GHG values of the entire economy, only those of their own
providers, or estimates thereof!

Information processing very effectively on a decentral basis. Iterating equation (1) will lead to the
correct GHG values!

This is shown both analytically and by simulation, based on production interactions in Germany.

Jumpstart the system and boot it bottom up!       Hayek and the „man on the spot“!
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'k k kg d= + g a

Direct emissions, known by producers

Input coefficients, known by producers

GHGVs stated by input providers or estimates as inital valuesProducers‘ 

GHGV estimate

Operational version of the definition equation



Simulation – market learning of the GHG value system
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The first step (use of private information

on input structure) is the most important

Simulating GHGVs for 7699 products Evolution of mean absolute error

Basic iron 

and steel



There is a path that leads to voluntary

disclosure by (almost) all firms: 

Disclosure is a signalling game

• Producers with low GHG value will have an 

incentive to disclose, as they can charge

higher prices.

• Signal value for the decision not to disclose

• Reinforced by disseminating disclosed

GHG values on a central data platform

• Reinforced further by calculating sector

averages conditional on not disclosing

Auditing to make sure that the GHG values are
a fair estimate

Centralised platforms to make available the
existing information

• on industry averages

• on GHG values on a product and on the
company level, if available

Compute estimated carbon content for firms
of a given industry that do not disclose their
GHG values, from the known industry averages
and the known GHG values of the firms that do 
disclose.

Strong incentive for disclosure!

Signalling and a role for institutions
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Angaben zum Referenten, Ordnungsmerkmal, Ortsangabe

Signalling Auditing and an information platform



Policy options for central banks and international organisations

The GHG value is a decentral information system, but it needs institutional support, eg from
central banks and international organisations

1. Co-operate with Statistical Institutes in setting up a rather disaggregated IO-models. This will 
give us useful group level GHGVs immediately and serve as a basis for product level GHGVs. 
Already suggested for the Data Gaps Initiative within the G20.

2. Set up and maintain a dissemination platform for GHG value data on the level of sectors, 
enterprises and products (eg with CPA classification system as a basis)

3. Support development of disclosure standards, as a basis for comparability and auditing. For 
direct emissions, those rules can build on the relevant GHG Protocol standards. 

4. Interact with supervisory authorities and the IFRS on disclosure and auditing requirements, eg
regarding the CSRD. Possible disclosure requirements should target large companies, as well as 
producers of primary goods and importers.

In addition, support for ongoing field studies may be very useful!

Page 9

Dr. Ulf von Kalckreuth S0-30


	Cover S4.2 DE (von Kalckreuth)
	Product level greenhouse gas contents – how to get there?0F
	Ulf von Kalckreuth,  Deutsche Bundesbank

	4.3_Paper DE (von Kalckreuth)
	Product level greenhouse gas contents – how to get there?0F
	Product level greenhouse gas contents – how to get there?0F
	1 The vision 2
	2 Coping with simultaneity 3
	2.1 A reduced form for carbon contents 3
	2.2 Micro-level information flows 4
	2.3 Pulling oneself up by one’s bootstrap 5

	3 A micro-simulation experiment on decentralised learning 5
	4  Policy implications 7
	References 10
	Annex 1: An IO view on product level carbon contents 11
	Annex 2: GHG content for product groups, Germany 2018 14
	1 The vision
	2 Coping with simultaneity
	2.1 A reduced form for carbon contents
	2.2 Micro-level information flows
	2.3 Pulling oneself up by one’s bootstrap

	3 A micro-simulation experiment on decentralised learning
	Graph 1: GHG values -- simulating 7,699 products based on German data
	Graph 2: GHG value learning using sectoral GHG contents as initial value

	4  Policy implications
	References
	Annex 1: An IO view on product level carbon contents
	Annex 2: GHG content for product groups, Germany 2018

	4.3_Presentation DE (von Kalckreuth)


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /PageByPage

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.6

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages false

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.1000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams true

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo false

  /PreserveCopyPage false

  /PreserveDICMYKValues true

  /PreserveEPSInfo false

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

    /SymbolMT

    /Wingdings-Regular

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 150

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 150

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.00000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /ColorImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 150

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 150

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.00000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /GrayImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 600

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.00000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<





    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>







    /HUN <>

    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>





    /SKY <>



    /SUO <>

    /SVE <>

    /TUR <>



    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)

  >>

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [595.276 841.890]

>> setpagedevice



