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Abstract

There are now several research works dealing with
tables in physical flows. These works are crucial to
try to answer questions about the possible trajecto-
ries of our societies and modes of consumption. In
this paper, we wish to bridge the gap between these
works and the analysis of material flows and to de-
velop a methodology capable of providing physical
flow tables in a unified formalism.

1 Introduction

Input-Output (IO) tables are an accounting frame-
work for national economies popularized by Leon-
tief (Leontief, 1970; Miller and Blair, 2009). This
formalism makes it possible to provide a representa-
tion of the interactions between three components:
(1) factors of production seen as exogenous to the
system under study (such as labour or the environ-
ment as a supplier of resources or a recipient of emis-
sions), (ii) economic sectors that transform factors of
production to produce goods and services, and (iii)
final consumption.

10 Analysis has gained popularity in the environ-
mental assessment community (Suh, 2009) because

it allows, by tracing the interactions between eco-
nomic sectors, to describe supply chains and allo-
cate factors of production (in the broadest sense, in-
cluding induced environmental pressures) to the final
consumer. In this way, it is possible to perform envi-
ronmental accounting from the consumer’s point of
view, including direct and indirect effects, in other
words to calculate “footprints”.

In practice, such tables are available today for
most countries of the world in different formats
(e.g. EXIOBASE, EORA, GTAP, WIOD, ...). The
”model’s core”, i.e. the exchanges between sectors
and towards final consumption are quantified in mon-
etary units and the environmental extensions (e.g.
carbon emissions) in physical units.

For several years now, research efforts has been
aimed at moving towards tables expressed partially
or totally in physical flows (Hubacek and Giljum,
2003; Suh, 2009; Teixeira et al., 2020; Nakamura
et al., 2007; Bruckner et al., 2019), which have sev-
eral advantages. The first is to arrive at an inte-
grated energy/material description of a state of the
economy whether past, present or scenarized (Teix-
eira et al., 2020). This is crucial to ensure the over-
all coherence of the evolutionary trajectories under
debate: for example, do we have enough materi-
als to implement the energy transition? What is the



climatic impact of this more material-intensive sce-
nario (see also on this subject Vidal et al. (2018))?
What are the trade-offs to be made in the allocation
of resources between sectors according to the tar-
geted criteria (e.g. level and mode of consumption,
production mode, environmental pressures)? A sec-
ond advantage is to provide a description of produc-
tion chains that is closer to the reality on the ground,
and therefore more likely to allow the identification
of levers of change, thanks to a finer description of
products and sectors (at least in some places) com-
pared to monetary tables. For example, the notion of
one euro spent or generated by the agricultural sec-
tor as a whole remains relatively abstract, whereas
describing cereal supply chains is more concrete. Fi-
nally, the strong sustainability framework in which
we place ourselves (Daly and Farley, 2011) naturally
invites to describe the economy from the point of
view of its material substrate, insofar as it is inscribed
in a finite world involving biophysical constraints.

This paper proposes to bridge the gap between
these past and current research efforts and the
methodology of material flow analysis (MFA) of
supply chains developed by Courtonne et al. (2015);
Courtonne (2016) and in the ADEME AF-Filiere
project (www.flux-biomasse.fr). The path explored
consists in using existing sectoral expertise, often
very detailed, to transcribe them one by one into a
common formalism (MFA of supply chains) before
merging them to produce a single supply and use ta-
ble for the economy, or rather, as we shall see, a table
per relevant unit of account.

We first describe the method that we have devel-
oped to meet these objectives before presenting some
initial use cases and discussing the prospective.

2 Methods for merging multi-unit
data

2.1 Description of the formalism

To achieve this, we used a formalism (Courtonne
et al., 2015) based on the Supply Use Tables (SUTs)
that describes all the flows between the sectors and
products of the economy. The SUTs combine two

tables, “Supply” and “Use” (see table 1) in which in-
formation about the flows is stored. Let us take as an
example a simple flow graph (figure 1), we can then
translate it into SUTs (and vice versa) by assuming
that the nodes B,C,E,G are sectors and a, d, f, h are
products.
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Figure 1: Simple flow graph
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We thus obtain the following two tables: Use la
and Supply 1b which describe our figure above.

|B C E G
a
di|2 4
f 3
h 3
(a) Supply Table
|B C E G
al 2
d 6
f 3
h

(b) Use Table

Table 1: SUT - Supply Use Tables

To build a model of a given industry, we first need
to model its structure and then gather large amounts
of data to determine the value of the flows. In our
formalism, this results in SUTs as before but which
only reference potential flows (table 2). Thus, a “1”
in the table indicates that a flow is possible between
the two fields. Moreover, we have the possibility to
give aggregation levels for each product and sector.
These two options will allow us to propagate flows
for which we have recorded data and deduct those
we don’t have (missing flows).

Here we enter the heart of our method. Indeed, to
compute these missing flow data, we have developed
an algorithm that first assigns one of the following
four types to each flow according to different crite-



a
di|1 1
f 1
h 1
(a) Supply Table
|B C E G
a|ll
d 1
f 1
h
(b) Use Table

Table 2: Existing flows

ria (figure 2): “determined” (DV), “measured” (MV),
“redundant” (RV) and “free” (F'V). The data labeled
as MV and RV are the inputs of our tool while DV
and FV will be calculated. The FV are the most in-
teresting variables because we cannot calculate them
precisely. We are therefore forced to use intervals
to describe them. To compute the F'V as well as the
DV we use a data reconciliation algorithm based on
numerical optimization under constraints (some of
which represent material balances): each node (prod-
uct or sector) of our graph must have a balanced ma-
terial balance. Therefore, each node will represent a
set of constraints depending on the variable we want
to compute. Thanks to this, we are able to determine
all the variables identified as DV and to calculate the
interval of the FV (the algorithm tries to reduce as
much as possible the bounds of the starting intervals
associated with each variable). Finally, our tool uses
Monte-Carlo simulations to estimate and propagate
the uncertainties of the calculated values (Courtonne
et al., 2019).

It is difficult to construct a complete representa-
tion of a large economic structure at once, in partic-
ular because of the too great quantity of flows to be
known. However, it is possible to proceed n a piece-
wise manner. Based on this observation, we have de-
veloped a simple algorithm able to merge two supply
chains without losing information on the underlying
data structure (in our cqgses, excel files obeying a spe-
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Figure 2: Types of variables (Courtonne et al., 2019)

cific structure) of these supply chains. Thus the ag-
gregation levels remain coherent and the flows linked
to them also remain consistent. This algorithm works
by concatenating the information on the sectors until
it finds a product or a sector present in both chains,
in which case it will simply merge the corresponding
data avoiding duplicates.

2.2 Handling multiple units

When working on a merging system subject to ma-
terial balance constraints, the units are an important
aspect: the principle of material balance works with
a reference unit which is of course most of the time
grams or tons. However, not all physical flows intrin-
sic to each product can be described with mass units.
Indeed, the data collected will have other types of
units such as cubic meters, liters or even Watt-hours.
We can then say that there are two main types of bal-
ances: material and energy. But how then can we
merge and reconcile two supply chains if the units of
several flows are different?

Three specific cases related to this question can
be described. The first one is quite basic, it is only



about conversion factors. Many units have a logi-
cal link for the same balance between them such as
ton, liter, etc. for the material balance and Watt-hour,
Joules, etc. for the energy balance. These units can
change our interpretation of the flow but it is possi-
ble to switch from one to the other within the same
balance with a simple calculation. This case can be
easily taken into account: all we need to do is to con-
vert all the needed flows into the same “reference”
unit and then reconcile them as described above. In
this way, the balance constraints can be respected and
the variables calculated.

The second case is a little more delicate. Indeed,
we sometimes wish to take into account both types
of balances, material and energy. The more we add
products in the modeling of the chains, the more
likely we are to end up with several different units,
but especially related to the different types of bal-
ances. Let us take an example of a simple chain rep-
resenting a node in our flow chart. Suppose this node
models a coal-fired power plant. This power plant
will obviously use tons of coal as input and produce
energy such as heat or electricity. However, if we
follow the combustion so that it respects the material
balance, we see only coal, then CO,, H,O, ashes. It
is only when we decide to observe the energy bal-
ance that the power plant’s electricity production ap-
pears. Thus, this combustion can be described ac-
cording to both balances. The material balance: there
is a certain tonnage of coal that enters the plant and
coupled with oxygen we obtain a certain quantity of
CO, with other co-products. The energy balance: the
plant will produce a certain amount of electricity that
can only be measured in “energy’ units such as Watt-
hour. The energy input, however, is not a truly visi-
ble flow. Indeed, this energy comes from the energy
contained in the coal. We will therefore add a flow
that will correspond to the HHV or LHV (Higher or
Lower Heating Value) of the coal. In this way, the
energy balance can also be respected.

The following graphs represent this simple exam-
ple. Figure 3 shows the input data. The missing flows
can be clearly seen in order to make a precise analy-
sis of the “supply chain”.

With this input data, the reconciliation gives us fig-
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Figure 3: Input data graph
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Figure 4: Sankey diagram of the reconciliation result
without prior data processing

Figure 5, after processing the data according to
both, mass/energy aspects, is probably closer to re-
ality and the material and energy balances are re-
spected.
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Figure 5: Sankey diagram of the correct result in-
cluding the proposed multi-units handling

We have taken this case into account in our ap-
proach to merging and reconciling industrial sectors.
When a sector is crossed by at least two flows of “in-
compatible” units (for which both types of balance
sheets are required) as is the case for the power plant,
we add a level of representation by creating a “copy”
of the sector for each “incompatible” unit. In this
way, we will be able to represent each aspect and



reconcile our data according to each unit. This gives
us figure 5.

Finally, the third case is about the composition of
the flows. It is possible that we want to respect a ma-
terial balance with different types of mass unit. It is
therefore interesting and useful to know the percent-
age of each component of a product for reconcilia-
tion. If we take the example of the milk industry, it
is possible to set (also via a constrained optimization
method) the transformation coefficients of the pro-
cesses as well as the compositions of the different
products in order to simultaneously satisfy the bal-
ances in total, dry, fat and protein mass: Courtonne
et al. (2019).

2.3 Summary of the methodology
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Insertion in the
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Figure 6: Schematic summary of the supply chain
fusion method

Thus, to summarize, we first start from several raw
sectoral expertises that may have different formats
and origins. We transcribe them (step 1 figure 6) in
the formalism described here, i.e. we create tables
for each expertise and each relevant unit. Then, we
merge them into one and the same table, always tak-

ing into account the multi-units (step 2 figure 6).

In figure 6, the T, represent the different tables and
PTX (resp. STx) all the products (resp. sectors) of the
table T, which are not in the previous tables. Indeed,
if they contained all the products (or sectors) it would
simply be a table concatenation. Here we can write
that each row (resp. column) is constructed accord-
ing to these equations :

A

Pr, =Pr,
vie(|2nll, Pr=P;\(Ui<j<iPrN Pry)
(resp. SAT,- et S7,,)

Where Pr, (resp. S7;) represents all products (resp.
sectors) present in the table 7;, PTi (resp. SAT,-) is de-
scribed above, and n represents the number of tables
to be merged.

From an operational point of view, we use spread-
sheets to store our data and our algorithms are im-
plemented in the Python language with sometimes
external libraries like Pybindl I to speed up the com-
putation time.

3 Applications to data sets

We have started to collect and structure data on the
French national economy. We decided to use as a
starter the 2015 data from negaWatt! present in the
Sankey diagram of their 2015-2050 scenario” in or-
der to reproduce it. Thus, we were able to put the
2015 data of the scenario in our formalism and to
represent it with our tools (see figure 7 in the ap-
pendix).

In addition, we choose to work on the coupling be-
tween mobility and energy. We have thus carried out
a simplified inventory of the French private car fleet
(Warburg et al., 2011) focusing on diesel and petrol
cars. We produced from that the graph presented in
the appendix (figure 9) and we have also reduced and
aggregated the energy sector to focus on the mobility
aspect (figure 8). Then we merged these two energy
sources (figure 10).

Twww. negawatt.org
2www.negawatt.org/scenario/sankeys/2015



4 Discussion

Our methods and associated software are designed to
facilitate the modeling of a complex economic struc-
ture. The SUTs filled with the flows labeled as “may
exist” allow us to better understand the structure of
the studied economy and thus to easily draw inter-
action graphs. Once the structure is established, it
is “only” necessary to collect the data corresponding
to the flows, which is the most time-consuming task
when we want to model an economy. But the rec-
onciliation system helps us to reduce the time spent
on this task by calculating some missing flows. Our
tool can be useful for understanding the interactions
between sectors of an economy and their impacts on
the environment. The aggregation system allows us
to have a certain freedom in the way we model pre-
cisely a given sector and to visualize it in more or
less detail. It also gives us an answer to multi-unit
systems which can be challenging because national
economies use energy and material flows. One of
the recurring problems when working on production
lines is the double counting of flows when gather-
ing information. However, our reconciliation system
coupled with our visualization tool prevents this type
of problem and easily detects a flow counted twice.
This article is a proof of concept; in coming work we
will apply this methodology to all the supply chains
for which expertise exists.

5 Conclusion

This article proposes a first methodology to allow to
represent by intervals flows whose information is dif-
ficult to collect and also to gather data under the same
formalism by merging the available expertise to cre-
ate a single table at the desired scale. In this way, we
are building a bridge between the work mentioned
in the introduction and the analysis of material flows
of supply chains (Courtonne et al., 2015; Courtonne,
2016). As mentioned above, this work is part of a
project that wishes to build a national physical ta-
ble of our economy. However, the creation of this
table is not the only objective; we wish to work on
the multi-scale aspect of this table, i.e. to be able

to descend from the national to the regional, or even
infra-regional level. A medium-term objective is to
use the formalism and methods presented in partici-
patory territorial foresight exercises, for example to
scenarize alternative economic arrangements in a ter-
ritory and evaluate them according to criteria of sus-
tainability or resilience. This is therefore the first
step towards a multi-scale environmental assessment
of our economy.

References

Bruckner, M., Wood, R., Moran, D., Kuschnig, N.,
Wieland, H., Maus, V., and Borner, J. (2019).
Fabio—the construction of the food and agricul-
ture biomass input—output model. Environmen-
tal Science & Technology, 53(19):11302-11312.
PMID: 31479245.

Courtonne, J.-Y. (2016). Environmental assess-
ment of territories through supply chain analysis:
biophysical accounting for deliberative decision-

aiding. Phd thesis, Université Grenoble Alpes.

Courtonne, J.-Y., Alapetite, J., Longaretti, P.-Y.,
Dupré, D., and Prados, E. (2015). Downscal-
ing material flow analysis: The case of the cereal
supply chain in France. Ecological Economics,
118:67 — 80.

Courtonne, J.-Y., Bevione, M., Alapetite, J.,
Wawrzyniak, V., and Ravaud, Y. (2019). AF
Filieres - Analyse des Flux des Filieres biomasse
pour des stratégies régionales de bioéconomie.

Daly, H. E. and Farley, J. (2011). Ecological eco-
nomics: principles and applications. Island press.

Hubacek, K. and Giljum, S. (2003). Applying phys-
ical input—output analysis to estimate land ap-
propriation (ecological footprints) of international

trade activities. Ecological economics, 44(1):137—-
151.

Leontief, W. (1970). Environmental repercussions
and the economic structure: An input-output ap-
proach. The Review of Economics and Statistics,
52(3):262-271.



Miller, R. E. and Blair, P. D. (2009). Input-output
analysis: foundations and extensions. Cambridge
University Press.

Nakamura, S., Nakajima, K., Kondo, Y., and Na-
gasaka, T. (2007). The waste input-output ap-
proach to materials flow analysis. Journal of In-
dustrial Ecology, 11(4):50-63.

Suh, S. (2009). Handbook of input-output economics
in industrial ecology, volume 23. Springer Sci-
ence & Business Media.

Teixeira, A., Lefevre, J., Saussay, A., and Vicard,
F. (2020). Construction de matrices de flux de
matieres pour une prospective intégrée énergie-
matieres-économie. Web site of ADEME.

Vidal, O., Le Boulzec, H., and Francois, C. (2018).
Modelling the material and energy costs of the
transition to low-carbon energy. In EPJ Web of
Conferences, volume 189, page 00018. EDP Sci-
ences.

Warburg, N., Forell, A., Guillon, L., Teulon, H.,
and Canaguier, B. (2011). Elaboration selon les
principes des acv des bilans énergétiques, des
émissions de gaz a effet de serre et des autres
impacts environnementaux induits par I’ensenbme
des filieres de véhicules électriques et de véhicules
thermiques, vp de segment b (citadine polyva-
lente) et vul a ’horizon 2012 et 2020. Web site
of ADEME.



Annexes
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Figure 7: Visualization of negaWatt data transcribed in our formalism
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Figure 10: Merger Energy-Mobility 2015
Some nodes do not respect the material balance, this comes from the fact that not all flows and nodes are
displayed for a better visibility but they exist in our data. Moreover, the thickness of the arrows for two
different units cannot be compared: the size factor between units is arbitrary.
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