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RESUME

L’analyse du cycle de vie (ACV) est une méthodologie qui évalue les impacts des produits et
activités selon différentes catégories d’'impact. La ou d’autres méthodes ne regardent que les
impacts directs d’un produit (par exemple les émissions de gaz a effet de serre des voitures
pendant leur phase d’utilisation), I’analyse du cycle de vie prend également les impacts indi-
rects (comme la production et la fin de vie de la voiture elle-méme) en compte. Ce faisant,
les impacts complets d'un produit peuvent étre quantifiés et comparés aux impacts complets
d’une alternative, évitant le déplacement de 'impact vers, par exemple, différents pays ou
étapes du cycle de vie. L’ACV peut ainsi aider des processus de prise de décision en com-
parant les impacts environnementaux des alternatives possibles pour différentes catégories
d’impact. Pour réaliser une ACV, toute la chaine de valeur d’'un produit ou d’une activité
doit étre modélisée. Pour éviter d’avoir a modéliser la chaine de valeur complete a partir
de zéro pour chaque ACV, des bases de données avec des produits, des processus et des
chaines de valeur prédéfinis ont été développées. Parmi ces bases de données d’inventaires de
cycle de vie (ICV), ecoinvent est parmi les plus importantes et utilisées au monde. Jusqu'a
présent, le développement de ces bases de données s’est concentré sur la quantification des
inventaires et les impacts connectés de chaque produit et activité sans prendre en compte la
dimension matérielle. La dimension matérielle n’a pas été prise en compte, car les marchés
ont été supposés homogenes. Cela implique que la composition des produits qui permettent
la fabrication d’un autre produit n’a pas influencé les impacts dudit produit, rendant la di-
mension matérielle inutile. En raison de ce manque de concentration sur la composition des
matériaux, il était impossible d’utiliser la loi de la conservation de la masse pour évaluer la
validité de chaque modele de processus individuel et la cohérence globale de ’ensemble de
la base de données. Pourtant, il reste des preuves anecdotiques que la conservation de la
masse, I'une des lois fondamentales de la nature, n’est pas respectée. De plus, I’émergence
de notions d’économie circulaire comme le décyclage et le traitement en fin de vie a souligné
I'importance de la pureté et de la composition des produits.

Dans ecoinvent version 3.6, des déséquilibres de masse sont présents et la composition des
produits est largement indéfinie ou inconnue. Ce projet vise a résoudre ce probleme et a
bonifier la base de données ACV de telle sorte qu’elle puisse servir de base de données de
flux de matieres (AFM). Tout d’abord, une revue de littérature pour évaluer I’état de l'art
en matiere d’hybridation AFM et ACV a été menée. Ensuite, les déséquilibres de masse
et leurs principales causes ont été identifiés, grace au développement d’un algorithme de

rééquilibrage efficace, transparent et réutilisable. Ce mémoire se concentre spécifiquement
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sur la conservation du fer. Pour chaque produit de la base de données, une estimation initiale
et la teneur en fer minimale et maximale sont estimées avant que la base de données ne soit
redimensionnée et transmise a l'algorithme de rééquilibrage. L’algorithme calculera ensuite
la composition en fer de chaque produit en équilibrant les entrées et sorties de fer de chaque
activité tout en minimisant la différence par rapport a 'estimation initiale. Cette approche
a permis d’identifier différentes sources de déséquilibres et d’élaborer un schéma pour les
résoudre. Apres quelques itérations, cela a abouti a une teneur en fer équilibrée pour tous
les produits de la base de données ecoinvent 3.6 et pour tous les produits qui ont été ajoutés
pour atteindre le bilan massique. Cette approche peut ensuite étre utilisée pour rééquilibrer
chaque élément dans la base de données.

La résolution des déséquilibres de masse permet le rapprochement avec le bilan de masse, le

remplissage de la base de données et la validation du calcul des impacts.
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ABSTRACT

Life cycle assessment (LCA) is a methodology which assesses impacts of products and activ-
ities for different impact categories. Where other methods only look at the direct impacts a
product has (for example the emission of greenhouse gases from cars during their use phase),
life cycle assessment also takes indirect impacts (like the production and end-of-life of the
car itself) into account. By doing so, the complete impacts of a product can be quantified
and compared to the complete impacts of a possible alternative, avoiding impact displace-
ment to, for example, different countries or life cycle stages. LCA can thus support decision
making processes by comparing the environmental impacts of the possible alternatives for
different impact categories. To be able to perform an LCA, the whole value chain of a prod-
uct or activity should be modelled. To avoid having to model the complete value chain from
scratch for every LCA, databases with predefined products, processes and value chains were
developed. Of these life cycle inventory (LCI) databases, ecoinvent is the self-proclaimed
world’s leading. Until now, the focus for developing these databases lied on quantifying the
inventories and connected impacts of every product and activity without taking the material
dimension into account. The material dimension was not taken into account because markets
were assumed to be homogeneous. This implies that the composition of products that enable
the production of another product did not influence the impacts of said product, making the
material dimension unnecessary. Because of this lack of focus on material composition, it
was impossible to use conservation of mass to assess the validity of each individual process
model, and the overall consistency of the entire database. Still, there remains anecdotal
evidence that conservation of mass, one of the fundamental laws of nature, is not respected.
Additionally, the emergence of circular economy notions like down-cycling and end-of-life
treatment underlined the importance of the purity and composition of products.

In ecoinvent version 3.6, mass imbalances are present and product composition is largely un-
defined or unknown. This project aims to solve this and transform the LCA into a material
flow analysis (MFA) database. First, a literature review to assess the state-of-the-art in MFA
and LCA hybridization was conducted. Next, mass imbalances and their main causes were
identified, thanks to the development of an efficient, transparent and reusable rebalancing
algorithm. In this thesis, the algorithm is used to identify the iron content of each product.
For all products in the database, an initial guess and minimal and maximal iron content
is estimated by hand before the database is rescaled and fed to the rebalancing algorithm.
The algorithm will then compute the iron composition of each product by mass balancing

each activity while minimizing the difference to the initial guess. This approach allowed to
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identify different sources of imbalances and develop a schematic for resolving them. After a
couple of iterations, this resulted in a balanced iron content for all products in the ecoinvent
3.6 database and for all products that were added to achieve mass balance. This approach
can then be extended to rebalance every element in the database.

The resolution of mass imbalances allows for reconciliation with mass balance, completion of

the database and validation of impacts calculation.
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CHAPTER 1 INTRODUCTION

Our society impacts the environment in which it resides through a multitude of causal links.
Every product and activity, from a toothbrush to the operation of an industrial arc furnace,
ultimately requires the use of resources and generates emissions, bearing positive or negative
impacts on the environment. When faced with a decision — during the design process
of a product, choosing between two technologies, assessing what product to invest in or
what product should be taxed — standardized quantification methods which can compare
impacts of different alternatives should be used. Life cycle assessment (LCA) is one of these
quantification methods, and it sets itself appart by its ability to take into account not only
direct (for example the greenhouse gas emissions of cars) but also indirect impacts (the
production and end-of-life of the car itself). By taking indirect impacts throughout the value
chain into account, it is possible to avoid displacement of impact to different life cycle stages
or regions. As an example, when looking at the direct impacts, an electric car (which has
no emissions) clearly has less impacts than a car with a combustion engine (which emits
greenhouse gases). An electric car can however be more polluting than a conventional car
with a combustion engine. The indirect impacts, like the production of the batteries and
the electricity the electric car runs on, should be included in the analysis and can change
the outcome of the study. By implementing a life cycle perspective, all impacts are included
and shift in impact from one stage to another (burning fuel in a generator which produces
electricity for the electric car to run on instead of burning it in a car with a combustion

engine) does not affect the outcome.

To perform an LCA, the impacts of all life cycle stages of a product should be quantified. For
every stage, products, materials, electricity and a factory are needed, these factory, electricity
and materials also need to be produced by other factories or machines using materials and
energy which in their turn have to be produced. The value chain of one product thus consists
of thousands of activities producing thousands of products. To avoid having to model every
background activity that contributes to the impacts of a product from scratch every time
an LCA is performed, databases with fixed process descriptions were developed. These
databases describe all the background processes which contribute to the impact of the so-
called foreground life cycle stages of a product. Where the foreground processes are specific
and often created based on the current study, background processes need to be detailed,

transparent and consistent in order to be reused for different LCA studies.

LCA databases in general have, however, been criticised in the literature for lack of detail,



high uncertainty and inconsistencies. [6-8] They are the object of ongoing research efforts.
We in this project focus on one of the greatest weaknesses of LCA databases: the lack
of quantification of the material compositions of their flows and, consequently, the lack of
explicit demonstration of conservation of mass and (non-radioactive) chemical elements in
their different processes [9,10]. Detailing the elemental and chemical composition of the
flows exchanged between the processes was never a priority in the development of LCA
databases, as these data did not directly influence the calculation of life-cycle impacts, under
the restrictive historical assumption that each product’s functionality can be quantified by a
single dimension, the “functional unit”, and that markets are homogeneous, as will be further
explained in section 2. Because this was never a priority, the absence of data on material
composition has made it impossible to directly assess the conformity with conservation of
mass. Furthermore, anecdotal evidence [9] suggested that conservation of mass, one of the

fundamental laws of nature, is not always respected.

Since the beginning of LCA, several databases [5,11-13] have been built which describe all
kinds of activities and products of the society in terms of their impact, focusing on their
resource uptake and emissions without checking if the internally defined processes are mass
balanced. Because of the heterogeneity of the market, not all products, even ones with the
same name, have the same composition. “Alloyed steel” is seen as an alloyed steel flow
without clarifying the alloying elements or level, thus creating imbalances in some processes
which, for example, expect the alloyed steel flow to be a form of Incoloy while in fact, its
production reflects that of corten steel. To give an example, the end-of-life phase of both
materials is different and will thus be misrepresented. Additionally, reinforced concrete used
in bridges does not have the same composition as reinforced concrete used in the construction
of a cement factory. Still, activities have been defined using products that were previously
defined for other activities and are thus not adapted to the newly defined activity, causing
imbalances because of the market heterogeneity. The imbalances entail deviations in the
calculation of impacts which can, in extreme cases, alternate the conclusion of LCA studies.
Reinforced concrete used in the construction of a bridge contains more iron and thus has
a bigger impact on the environment than concrete used for the contruction of a cement
factory. When assuming the same identifier and composition for both types of concrete, the
impact of the bridge will either be underestimated or the one of the factory overestimated.
Other examples are products for which the description is too broad, allowing for ambiguity
in their composition calculation. The ecoinvent product 'bicycle’ represents a bike of 17kg
including additionals (e.g. carriers, lights) with an aluminium frame. The identifier can
easily be mistaken for another kind of bicycle (iron, carbon, titanium or wood) making

the composition unclear. This heterogeneity can be compared to the price heterogeneity



in Input-Output (IO) tables. [14] 'The conceptual core of the different results that arise
from physical or extended monetary input—output models lies in the assumptions, explicit or

implicit, about unit prices. [15]

Adding to the importance of mass balance and materials composition is a new focus on
improving the material and resource efficiency of our economies, transitioning toward a more
circular economy with a central role for dematerialisation, improved recycling, substitution
of primary materials with secondary, etc. [16-19] This brings to the fore the need to account
for the material dimension. Aluminium, for example, is often mixed with other materials to
provide the desired mechanical properties, causing difficulties in recycling aluminium with
high purity, frequently leading to downcycling. [20] The quality of streams and their exact
composition thus becomes a crucial property. For this reason and to gain credibility, the
LCA database needs to be consistent with mass and elemental balance, converting it to a

material flow analysis (MFA) database.

A single process cannot be rebalanced without impacting the mass balance of other processes
in its value chain. A change in the composition of a product leads to changes in the processes
that consume that product, or the ones that supply its inputs. Since the entire technosphere
(the part of the environment that is made or modified by humans) is inter-connected and no
activity can produce products without the help of others, an optimization problem forms.
This optimization will require all activities in the LCA database to be mass balanced while
diverting as little as possible from the original data and the defined content of the flows they
interact with. In other words, a constrained optimization is needed to find reconciliation
between MFA and LCA system descriptions. Therefore, in this project, an algorithm was

developed in python to semi-automatically optimize the content of products.

This is made possible by an update of the ecoinvent database (the principal database in life
cycle assessment) to version 3. The transition to version 3 introduced unallocated process
descriptions, following a Supply and Use Table (SUT) structure (discussed in section 2.4)

enabling this optimization. [21]

This project will try to identify imbalances in the ecoinvent LCA database by requiring every
process to be mass (and element) balanced, keep the composition of flows as close as possible
to the original estimate value, and suggest solutions for the different problems identified,
converting the LCA into an MFA database.

In the next section, a literature review on the used methods, databases and gaps in them
will be presented, followed by the problem statement and objectives. Section 4 will discuss

the methodology used to achieve a more balanced version of the database before discussing



the results in section 5. Finally, a conclusion is formed and future recommendations given in

section 6.



CHAPTER 2 LITERATURE REVIEW

2.1 Life Cycle Assessment

2.1.1 Overview of the standard method

Life cycle assessment (LCA) is a methodology that assesses impacts of activities and products
on their complete life cycle. A complete life cycle consists of all the processes, from the
production of a product to its end-of-life, required to fulfill a function. In contrast to other
methodologies [22,23], LCA thus not only takes direct but also indirect impacts into account.
A furnace is not only rated on the amount of electricity it uses during its use phase but
also on the materials it is built from, their end-of-life, the equipment needed to build the
furnace and so on. By doing this, LCA aims to empower a real reduction of impacts, avoiding
underinformed, unintended impact displacements. A life cycle assessment consists of 4 stages:
Goal and scope definition, Inventory analysis, Impact assessment and Interpretation. These
stages are represented in figure 2.1. By assessing the complete life cycle, impact replacement
from one stage to another does not affect the results, and all impacts, direct and indirect,

are included in the assessment.
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Figure 2.1 The four life cycle stages representing the LCA process. During the interpretation
stage, feedback for the other stages is gained resulting in multiple iterations [1]



LCA is standardized in the ISO14040 and ISO14044 norms, describing its 4 stages [24,25]:

1. The goal and scope definition phase: In this stage, the reason why the study is con-
ducted is explained as well as the intended application and audience. Key parameters
like the product system, functional unit, system boundary, allocation procedures, data
requirements, assumptions, and limitations are defined. Of these key parameters, the
functional unit is the most central in defining the study, giving a reference for which two
activities can be compared. A fitting functional unit could be "the production of 100
kWh of electricity in Montréal in 2021" for the comparison between different electricity

producing technologies.

2. The inventory analysis phase: During this phase, all the necessary data is collected
and the relevant inputs and outputs of a product system are quantified in the life cycle
inventory (LCI). At the end of this phase, the quantity of elementary (flows to or from
the environment) and economic (flows between processes) flows to satisfy the functional
unit is calculated. This phase usually involves the use of a database in which most of

the activities and their flows are already defined.

3. The impact assessment phase: This phase converts the elementary flows calculated
in the previous phase to impacts on the environment. These impacts are divided
into several so-called “midpoint” impact categories like climate change, ozone layer
depletion, freshwater eutrophication etc. [3] These midpoint impacts then contribute
to damaging things that are valuable to humans, wich are captured in “endpoint”
impacts: damage to Human health, Ecosystem quality and Resources & ecosystem
services. The endpoint categories are easier to understand since they combine all the
midpoint into a mere three categories, but greater uncertainty is tied to the results in

endpoint than the results in midpoint categories.

4. The interpretation phase: The obtained results are analyzed and a conclusion is formed,
with recommendations for further research and to guide decisions. It is very rare that
one process is better than another for all impact categories. The result will thus depend
on the relative importance of the impact categories to the stakeholders and decision

makers.



Figure 2.2 The background processes (left) that are needed to fulfill the functional unit
(rightmost bold arrow). Every box represents a process, vertical arrows represent interaction
with the environment (i.e., elementary flows: natural resources entering and emissions leaving
every process) and horizontal arrows represent flows inside of the economy from one process
to the other. The non-bold economical flows coming out of the rightmost process represent
potential by-products and waste flows that are produced alongside the functional unit. The
figure represents a complete product system [2]

During the goal and scope definition, the boundaries of figure 2.2 as well as the reference
flow (100 kWh of electricity), fulfilling the functional unit, (middle horizontal arrow) coming
out of the rightmost process (box) are defined. During the inventory analysis phase, all other
boxes and their connecting flows are defined as well as the elementary flows (vertical arrows)
for each box. The vertical arrows coming out of the box are emissions (C'Os, particulates, ...)
and the ones going in are resources (Iron in ground, sand, ...) . The magnitude of these flows
is scaled to fulfill the functional unit and thus the reference flow. In the impact assessment
phase, the impact of the consumption of resources and emissions are calculated using a
framework, as illustrated in figure 2.3. Using midpoint (problem) or endpoint (damage)
level indicators, different for each impact category, the impacts are expressed in terms of
human health, ecosystem quality and resources ecosystem services. The indicators are
calculated using fate, exposure, effect and damage factors. The fate factor determines the

quantity of pollutant reaching the environment after an emission occurred. The exposure



factor relates this quantity in the environment to the amount that is taken in by an organism.
The effect factor then calculates the potential effect of this intake, after which the damage
factor deduces the potential damages of these potential effects. There are several impact
assessment frameworks with different characterisation factors, indicators and results. These
impact assessment frameworks are used in combination with a life cycle inventory like the
ecoinvent database, the focus of our research. The last step in an LCA is the interpretation
of the results. During this step, an answer on the initial question to compare two products
or services or reveal the most impacting life cycle stage is formed. Then, sensitivity and
uncertainty analyses are performed to assess the robustness of the results, which hypothesis
or uncertainties have the most impact on the result and what is the uncertainty of the result
itself. Since LCA is an iterative process, the first interpretation phase rarely gives the end
result. It is often used to change the impact method, complete the inventory or adapt the

functional unit.

There can be different reasons to conduct an LCA. An LCA can identify the alternative
with a lower impact in a comparison based on a functional unit or identify the hot spot, the
most polluting process, in a system. For both cases, consequential (CLCA) or attributional
(ALCA) LCA can be used to quantify the impact [26]. In ALCA, a stable, fixed situation
on which the choices tested during the LCA do not have any impact is analysed. Contrarily,
CLCA takes the consequences of choices made during the LCA process into account, hereby
including indirect impacts these consequences can generate. Economical and social LCA [27,]
gain importance in the field as well, allowing the assessment of a sustainable economy on

other than environmental scales.
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Figure 2.3 The characterisation of impacts in the IMPACT World+ framework. Emissions
and extractions are converted into impacts through characterization factors. These impacts
can be midpoint or endpoint level and are combined into three area of protection [3]

Figures 2.2 and 2.3 describe the steps that are subject to the most research in the LCA field,
building the LCI and calculating the impacts of this inventory. They are described in section
2.1.2 and 2.1.3 respectively.

2.1.2 LCI calculation

The life cycle inventory includes an overview of the quantity of elementary flows that interact
in a direct or indirect manner with each activity. Its calculation relies on two matrices where
each column represents an activity and each row represents a product or elementary flow,

respectively. An activity using 10 kg of reinforced steel per unit of output will have a
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coefficient of 10 in its column, on the row which represents reinforced steel. The matrix
which represent all the normalized economical flows (arrows connecting the different boxes
in figure 2.2) is matrix A. A fraction of a factory, transformed materials like reinforced steel
or tomatoes, and a fraction of a machine or barbecue are all possible economical flows. The
matrix which represents the elementary flows (vertical arrows representing resource uptake
and emissions in figure 2.2) is matrix B. Iron in ground, extraction of wood, water well in
ground and emissions like SO, to air, aerosols to air, oil to water and dissolved solids to

water are possible elementary flows.

During the LCI calculation phase [24], the inventory needed to fulfill the final demand vector
y is determined. This final demand vector contains the reference flow, which realizes the
functional unit. Furthermore, y is the foreground process specific to the LCA where matrices
A and B indicate the background processes, found in databases, needed to fulfill this final

demand.

2.1.3 Calculation of impacts

After quantifying all products and elementary flows that are needed to produce the reference
flow, their impacts, q, can be calculated. The calculation of q depends on the characterisation
factors, defined in matrix C. These characterisation factors are, as mentioned before, calcu-
lated through the fate, exposure, effect and damage factors and characterize the impacts of
the flows defined in the A and B matrices in different impact categories. The characterisation
factors are needed because an emission of 1 kg of CO5 does not have the same impacts as an

emission of 1 kg of CHy.

2.1.4 Equation and matrix representation
The LCA results can be calculated using the following equation [29]:

LCA _ CLCA % BLCA % (ALCA)—l LCA (2‘1)

q *y

Where qF¢4 represents the impacts (expressed in eg. CO, equivalent, disability adjusted

LCA
, C

life years (DALY) or potentially disappeared fraction of species (PDF)) the charac-

BLCA

terisation factors (converting emissions to impacts), the elementary flows (flows to

ALC4 contains the economical flows (flows to and from other

and from the environment),
activities) and y““4 the functional unit. An example of the inventory of the production of

an aluminium bike is shown in figure 2.4.
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Bike production Aluminium production  Functional unit

Aluminium use 5 0 0

Electricity use 2 20 0
Construction 0.001 0.005 0

shop use

ALCA yLCA

Wheel use 2 0 0

Bike use 0 0 1

€0, emission 0.7 BLCA 6.7

S0z~ emission 0.3 3.2

Figure 2.4 Visual representation of the A, B and y matrix used in an LCA process. The
reference flow is a bike, which is produced in the A matrix using different products that have
to be produced in their turn and emit emissions which are indicated in the B matrix

As the figure illustrates, the flows defining the different activities are all part of matrices
ALY and BEY4. To mass balance each activity, the flows interacting with it should be
balanced. This project will thus focus on the A*“4 and BXY“ matrices to verify if mass

balance is respected within.

2.1.5 Research frontiers in LCA

Recent research efforts in LCI include completing the database through hybridization with
IO tables [30] and the transition of ecoinvent version 2 to version 3. Version 3 introduced
regionalization of processes and parametrization of products which enables the validation
through mass balance and calculation of product composition [21]. These research efforts
came in response to the data accumulation problem in sustainability research [31] and the

long standing ambition to mass balance LCA [9,32]. Furthermore, data consolidation between

LCA, MFA and SUT is needed. [33]

Other LCI databases include the internally consistent but smaller and paying GaBi database
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[11], the even smaller but publicly available US LCI database [13] and the ESU LCA database
which focuses on food [12]. The GaBi database consists of 100% rolled-up LCI inventories
for which the unit-processes are not shared with the user, and is therefore not sufficiently
transparent for an analysis of its mass conservation. Our project will focus on ecoinvent
since it is widely considered as the main LCI database which models processes throughout

the whole economy and we have open access.

On the impact calculation side, new characterization factors have been proposed and im-
plemented through the IMPACT World+ framework [3]. Other developments include, for
example, the development of new characterization factors for marine litter impacts with a

focus on plastic [34].

In conclusion, LCA is a useful tool to accurately quantify impacts of specific processes.
Made possible through adjustable databases and open-source software (like openLCA and
SimaPro), enabling easy calculation of complex processes. Processes defined in the databases
already represent a big part of the economy and more are added continuously. LCA does
however also have some weak points. The results depend greatly on the hypotheses made.
Although being great for specific impact calculation, LCA is weak at estimating impacts
for big process systems because it assumes linear scaling for the economy. Allocations and
imbalances also contribute to these weak points. To solve the imbalances, MFA will be

introduced and discussed in the following section.

2.2 Material Flow Analysis

2.2.1 Overview of the standard method

Material flow analysis (MFA) aims to track the extraction, circulation, accumulation and
dissipation of materials, with the overall aim of enabling a more efficient use of these materials
[35], and thereby a reduction in our extraction of natural resources and in the emissions linked
with these materials’ transformation. The core principle of MFA modelling is the conservation

of mass and of the different (non-radioactive) chemical elements.

There are different kinds of MFA’s, some studies [36-38] follow mass as a whole, as it circulates
through society, to use as an indicator of economic throughput or a level of circularity.
Other studies follow specific substances (typically chemical elements) as they are transferred,
accumulated and dissipated in society [39-41]. Other applications are the identification of
critical flows for industrial sectors, the metabolism of regions or firms and the throughput of

countries. Where MFA is either applied to one particular flow [42] or the whole economy [43].

By conducting an MFA, each process is required to be mass balanced in terms of their flows.
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MFA is a dynamic tool that depends on time and place. The temporal dimension is added
due to stocks that can be built or used over time to satisfy the material balance. The spatial
dimension comes into play because the access to materials depends on location. The flow of
Nickel and Tungsten over time are for example accurately described in [40] and [41]. MFA
can describe a complete system by calculating the material balance in a stock, input or
output driven way. It can even predict stock dynamics by taking the durability, recycling
and extraction of materials into account. Coupled with a prediction of the future demand, it
can predict future flows and availability. An example is the prospective estimate of emissions

due to the aluminium stock dynamics, described in [39].

An MFA is conducted in 2 steps:

1. The system definition: In this stage, the system and its boundaries are defined. Ques-
tions like which processes and substances are involved, are answered during this stage.
Because of the abundance of distinct MFA’s, this stage needs to be clear to avoid con-
fusion in later stages. An example of a system definition would be 'the amount of steel

flowing into and out of the Canadian economy’.

2. The process balance: The material balance is constructed during this stage. Once the
system and its boundaries are defined in the previous stage, the process is required to
be mass, material and/or element balanced. The different flows and their composition

get quantified.
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Figure 2.5 Representation of the desired continuous flow of materials in a circular economy.
The left side represents the flows interacting with biosphere and the right those interacting
with the technosphere [4]

2.2.2 Research frontiers in MFA

To diminish the impact we have on our surroundings, our society has to evolve to a more
sustainable version of itself. One of the widely proposed examples for this sustainable version
is a circular economy. As illustrated in figure 2.5 where, on the left side, the biosphere and
on the right, the technosphere interactions in a circular economy are represented. A circular
economy aims to minimize the waste of all processes by sharing, prolonging the lifetime of,
reusing, remanufacturing or recycling materials. MFA is a key tool to validate these material
flows, calculate impurities and predict downcycling where these flows cannot be achieved, as
shown in [16-18,44] and [39]. MFA can also track substitutability of one material by another,
further specifying material interdependencies and recycling opportunities, as shown in [19].

It proves where a transition to a circular flow is impossible.

One of the weaknesses of MFA is the lack of a central database. Each MFA is built for a

specific process and has to start from scratch, contrary to LCA [45]. MFA focuses on material
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flows and lacks a direct connection to the environmental impacts of these flows because causal
links that lead to impacts do not include a material flow (eg. electricity consumption). MFA
is therefore complementary with LCA. MFA aims at empowering gains in material efficiency,
but to translate what these gains mean in terms of environmental impact, we need a lifecycle

perspective.

2.3 MFA in LCA

Because of the mass balance issues and augmented interest in the material dimension in
LCA, discussed in section 1, a primitive form of MFA in which space and time are not taken
into account needs to be implemented. Some issues, like the imbalances caused by allocation
because of multifunctionality [8], cannot be fixed by requiring mass balance. When calculat-
ing the impact of cow milk, it is unclear which part of the total impact of the cow should
be attributed to the milk, meat and hide. In attributional studies, allocation necessarily
introduces imbalances because of the deliberate fiction modeled to cope with multifunction-
ality. In this case, we are tracking responsibility for impacts which does not necessarily follow
mass or elements, but potentially economic value. Consequential studies on the other hand
would, ideally, not introduce imbalances but in practice they do when products with differ-
ing compositions substitute one another and the receiving processes do not adjust their flows
due to lack of parametrisation. Prior to allocation, however, the raw process description
with its multifunctionality in place in the Supply and Use Tables (SUT) should at least be
mass balanced. The previous sections underlined the complementarity of MFA and LCA and
described a knowledge gap in both domains which can be filled by their symbiosis in this

project.

The implementation of mass balance for this project will take place for the A*¢4 and BX¢4
matrices thus including all flows going in and out of activities. All flows will be accounted for
and their composition in terms of elements estimated. Due to the nature of these matrices,
the temporal and spatial dimensions of MFA will not be used. The temporal dimension will
not be used since these matrices do not have any stock building up as will be explained in
section 2.4. The spatial dimension is not taken into account either because of the aggregation

in SUT, as explained in section 2.4.

2.3.1 Typical implementations

There are multiple articles combining MFA and LCA [46-48]. These articles do however only

use MFA to calculate the quantities for the inventory, after which LCA is used to translate
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this inventory into extractions, emissions and eventually impacts. They thus consist of a
sequential use of MFA and LCA without integrating the mass balance principle into the
LCA database. This leads to inconsistency in their calculation approach since mass balance
is strictly required for the MFA stage after which the results are used in LCA which itself
is not mass balanced. The additional effort put into calculating the MFA is, afterwards,

(partly) negated by the imbalances in the LCA phase.

2.3.2 More consistent implementations

Some implementations of MFA and LCA are consistent in terms of mass balance. These
are often waste LCA’s where the part specifically constructed for waste management is mass
balanced, but the more upstream part depends on ecoinvent and therefore fails to respect
mass balance. An example is the EASETECH model described in [49], where the first of five
layers in the model will define the material fraction in terms of chemical composition and
fraction-specific parameters which is maintained throughout the model. The second layer
then uses this data in combination with the LCI data to quantify the emissions and resource
consumption. If this LCI data is collected from ecoinvent without any modifications, mass
balance might not be respected. The EASETECH model then further evolved to be less
dependant of ecoinvent, using a process-oriented modelling framework to perform a complete
MFA from resource extraction until end-of-life, including interactions between materials and

transformation of substances, described in [50].

2.4 FEcoinvent database structure

This project will focus on the ecoinvent version 3.6 database. It is the principal LCA database
consisting of 16640 datasets. These datasets each describe an activity, giving its id, name,
classification, geography, technology, time period, macro economic scenario and flows it in-
teracts with. By providing the flows activities interact with, the activities get linked with
other activities to form supply chains. These supply chains can then be used to calculate the

impact certain activities or products have on their environment [21].

One major change of version 3 compared to the previous versions is the existence of a single
identifier for each product. With the aim ’to more easily identify activities with the same
product as output.’ [21]. By doing this, products got more aggregated when similarly named
products with different composition should have gotten a different identifier. This step led
to more market heterogeneity when it could not have if performed properly. Another major

change is the introduction of unallocated process descriptions, following a Supply and Use
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Table (SUT) structure [21] enabling validation through mass balance.

Some datasets are build specifically to represent an accurate supply chain. These are called
market datasets. Since multiple activities across different geographies can produce the same
product, these market datasets generate product mixes that are consumed by activities in
various regions. To have an accurate product mix, market datasets bundle the activities
that produce the same product into a single supply chain, based on the geography in which
they are used. Transport and corresponding losses and emissions are also taken into account
in these market datasets. An average value for the contribution of each supplying activity
is used where a specific market dataset should be defined for each consuming activity of
each product to have an accurate supply chain and a negation of the market heterogeneity

problem.

Why is there a dependance of market datasets on geographical location? Because one of the
describing parameters of an activity is the geography in which it is performed. There are
476 different regions defined, going from countries to continents or RoW (Rest-of-World).
These regions are defined because the in-and outputs of activities depend on their region.
Electricity is, for example, produced differently in different countries and thus also has a
different impact. The database therefore necessitates the implementation of different regions

for which the activities and product mix can be defined differently.

Different properties are defined for different flows (eg. mass concentration, iron; iron content;
dry mass; wet mass). These properties characterize the content of the flows but are only
sparsely defined. They do however form a great starting point for a rebalancing algorithm,

benchmarking some compositions.

When trying to visualize this database with all its features, some simplifications need to be
made. Figure 2.2 visualizes the aggregation of different activity datasets to form a product
system. An example of this system can be manufacturing an electric car where the box most
to the right is the final assembly of the electric car (rightmost arrow). This is made possible
by the column of boxes before which are battery manufacturing, frame manufacturing and
the use of an assembly facility which are in their turn made possible by a battery assembly
facility, a lithium mine and electricity production for the battery manufacturing, and so
on. All these activities (boxes) also use elementary flows (extracted immediately from their
environment), represented by the arrows coming in from the bottom and produce emissions

(elementary flows to their environment), which are the arrows going out from the top.

The datasets can be ordered into matrices, called Supply and Use Tables (SUT’s) which
are clearer to work with than the aggregated datasets since all information is centralized

in 3 tables. This transformation can be performed since we are using the unallocated (the
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activities are not linked together in product systems) form of ecoinvent because allocations
do not preserve mass balance [14]. We will go through these tables as the materials flow
through the processes and using the production of a bicycle as an example. First, there is
the use table (U) whose rows are products and columns are activities. U describes how much
of each product is used by each activity. It thus quantifies the amount of material that flows
into the activity. For the bicycle, a frame, a saddle, two wheels consisting of tires and rims
and a handlebar will enter. Next, the supply table (V) quantifies the amount of each product
that is supplied or produced by every activity. V quantifies the amount of material that flows
out of the activity. Like U, V has products as rows and activities as columns. For the bike
example, the produced product is 1 bike. The third and last matrix is the elementary flow
matrix (F). It quantifies the amount of elementary flows going in to and coming out of every
activity. F has elementary flows for rows and activities for columns. The direct emissions
of the production process of the bike will be described in this table as well as the direct

consumption of, for example, wood as a packaging material.

Through the application of [51], the ecoinvent datasets get converted to SUT’s by aggregating

activities for different locations (the transformation is explained in section 4.2.1).

After aggregation, there are 4318 elementary flows, 3205 economical flows (or products) and
16561 from the original 35708 activities left. All these activities have been defined manually
by people all around the world and checked by a select number of ecoinvent employees.
Despite this review process, some mistakes are still caused by the shear size of the database

in combination with human nature.

2.5 Balancing algorithms

Because the connected nature of our economy, no one process can be changed without in-
fluencing others. For our material rebalancing, the composition of each flow should thus
be calculated simultaneously. Resulting in a constrained optimisation problem. The litera-
ture [52-57] describes different balancing techniques which can be split into two kinds. The
first can be described as RAS-type with a straightforward algorithm and a more difficult
objective function. The second kind, quadratic or linear programming, consists of a complex

algorithm but easier objective function. [58]
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CHAPTER 3 PROBLEM STATEMENT AND OBJECTIVES

3.1 Problem statement

As explained in the previous section, mass imbalances are present in the ecoinvent LCA
database. They are present due to market heterogeneities, the shear size of the database,
and the focus on linkage between processes rather than on the composition of the flows.
On the other hand, MFA lacks a central database to build upon. The combination of both

methodologies can form a symbiosis due to their complementary nature.

3.2 Objectives

The objective of this thesis is to pave the way for an integration of life cycle assessment and
material flow analysis databases, i.e. to put forward a practical approach to document the
material dimensions of the LCA flows efficiently and resolve any material imbalances in the

ecoinvent database.

This objective is split up into different sub-objectives:

1. Characterize and identify the different types of imbalances in the ecoinvent 3.6 database

and their causes, along with their occurrences.
2. Develop an opensource rebalancing algorithm which is efficient, transparent and reusable.

3. Illustrate the application of the developed algorithm by rebalancing the ecoinvent

database for 1 element (Iron).

4. Develop the approach to generalize the algorithm for all elements and contributors to

mass.
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CHAPTER 4 METHODOLOGY

Due to the small number of products with a predefined iron content, the mass imbalances
cannot be identified before an algorithm is developed which tries to determine the composition
of all products by balancing all activities. The rebalancing algorithm was developed with
different variations for three different phases. In phase 1, only the composition of flows can
change where in phase 2, the magnitude of the flows can change and in phase 3, missing flows

can be added. These phases are further explained in section 4.2.4.

4.1 Strategy

To achieve the objectives set in section 3, the LCA database should be transformed to an
MFA database. We will try to achieve this for iron by requiring every activity in the SUT
to be balanced and for the iron composition to deviate as little as possible from an initial
guess. This approach assumes that the total magnitude of all flows in the SUT are correct
and none are missing, making every activity balanceable by adjusting the iron concentration
of the flows. In its simplest form, this approach also assumes that products to not require
disaggregation (no excessive market heterogeneity), and that the bounds defined on the iron
content of every product are accurate. The parameters that are needed for rebalancing

(equation 4.1) are described in table 4.1.

Table 4.1 Parameters used in the objective function and

constraints

A Final, balanced product iron content

A0 Initial product iron content

M Elementary flow iron content

ef Elementary flows

U Use table

\Y Supply table

F Elementary flow table
min | Minimum bound for the iron content per product
max | Maximum bound for the iron content per product
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A — )\0)2
minimize Z ( £
A pEproducts )\2
subject to D" Ay (Voa = Upa) + 3 N Fea =0, (4.1)
pEproducts ecef

Ya € activities,

min, < A\, < max, Vp & products

Equation 4.1 describes the minimization of the relative difference in iron content between
the final iron content and the initial guess for every product. The first constraint requires
every activity to be balanced in terms of iron. The iron that leaves minus the iron that
enters for every products the activity interacts with plus the iron that is exchanged by the
elementary flows should be equal to zero for every activity. The second constraint requires
the iron content to stay in between the predefined bounds. Our approach thus consists of a
quadratic objective function subject to linear constraints. The objective function is based on
the normalized squared difference method which is frequently used to update input-output
matrices [59]. Complete rebalancing of ecoinvent is more complicated and does not follow the
assumptions made above due to a range of issues (scaling, database inconsistencies, etc.). The
following section strives to have a systematic algorithm to implement this strategy despite

all the hurdles encountered.

4.2 Rebalancing algorithm

The algorithm is included in appendix A and gets called in a jupyter notebook, added in
appendix B. An overview of the algorithm is given in figure 4.1. The algorithm will try
to balance each activity by adjusting the content of the products interacting with it while
extracting the maximum amount of data that has been defined in the database. In other
words, the flow chart aims to implement the maximum amount of available data. The steps
inside of the red box are called and performed in the jupyter notebook. The steps inside the
green box are imported from manually produced csv files. All steps are explained below and
some are divided into multiple sub-steps. These will get their own flow chart with a number

referencing to the step in figure 4.1 they explain.
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Figure 4.1 A flowsheet of the iterative application of the algorithm to rebalance the Ecoinvent
3.6 database. Starting at Ecoinvent 3.6 and (hopefully) ending without imbalances at the
end. The filters are presented and several boxes are split up in the following figures
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The algorithm has seventeen different steps. The first four can be described as data prepara-
tion. After which the data is read in (5), the model constructed (6) and the solving method
chosen (8). Then, depending on the solving method chosen, soft constraint variables (7),
constraints and the objective are defined (9) before solving (10). The last step consists of
analysing the results (11) to adjust the input for the next run if balance was not achieved or
contents were not accurately estimated. If there are no remaining imbalances, the algorithm
ends and the results can be retrieved from an automatically generated pickle file. If, however,
imbalances are still present, the activities with an imbalance are inspected (12) to assess if
they should be filtered out (14, 15). If the activity should remain in the dataset that should
be balanced, the bounds for the products interacting with the activity are inspected (13). If
they are accurate, the algorithm will try to solve the problem in the next phase (leading to
the iteration arrow leaving step 13, as explained in section 4.2.4) and refine them otherwise
(16). The overall goal of the algorithm (in phase 1) is to fulfill mass balance for all activities,
described in equation 4.2 (where ef stands for elementary flows and imb for imbalance) while
minimizing the relative difference between the initial composition A and the resulting com-
position A. The second term in the objective function minimizes the residual imbalances. For
phase 2, the magnitude of the flows in U, V and F can change as well and are thus included
in the objective function. In phase 3, all imbalances are solved by adding a waste or emission

flow that was not but should have been included in the activity definition.

Aip — A0\ imb 4 imb;
m)i\nimize > ((W)) + (big x L pa T g ’a> Vi € elements
D

s imb pEproducts a€activities tOtalflowSiypﬂ

subject to Y Nip (Voo — Upa) (+imby,, — imb;, ) + 3 M Foa =0,

pEproducts e€ef
Ya € activities, 1 € elements,

min, < A\p < max, Vp € products
(4.2)

4.2.1 Data preparation

Data preparation consists of all the steps needed to provide and transform the data to a
suitable form before using it as inputs for the algorithm. The ecospold files are converted to
SUT (2), the useful activities and products selected (14, 15) and bounds and initial guesses
assigned and added (3, 16) before the data is scaled.
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Ecoinvent to SUT

First, the ecoinvent database will be transformed to SUT using the ecospold_to_sut al-
gorithm as mentioned in section 2.4. ecospold_to_sut is one of the functionalities of the
Ecospold2Matrix class which can recast the unallocated Ecoinvent 3 data as SUT [51] and
is publicly available on GitHub. This algorithm first stores and logs all relevant parame-
ters before quality checks are performed and potential issues fixed. The unallocated data is
then arranged as SUT and saved as a pickle. Duplicate entries are removed and flows are
connected to their parent activity or a parent activity is generated. The results are pandas
DataFrames which include, among others, the use, supply, elementary flow, activities and
products matrices which will be rescaled in the next step. Through this conversion, we can
apply our balancing algorithm on the SUT’s by requiring each activity (column) to be bal-
anced over the 3 matrices. This is possible since there is no temporal dimension in ecoinvent,
as mentioned in section 2.3 and thus no stock build-up in the tables either. Landfills being an
exception that only have inputs and thus a build up of stock. For the rebalancing, landfills
will be excluded and waste flows will not have constraints for their composition since they

will not be used by other processes and only accept waste.

Bounds and initial guesses

The complete bounds and initial guesses for iron for economical products (Iron) and natural
resources (Iron_el) can be found in appendix D. The first column of the csv file gives the
name of the product, the second whether or not the product is a capital product, the third
the bounds for iron content, the fourth the initial iron content guess, the fifth whether or
not the product is a heterogeneous product and should thus be disaggregated and the sixth
column gives a comment in case the bounds or guess do not seem logical. For the natural
resources, the three columns give the name, bounds and guess respectively. The bounds are
defined between 0 and 1, designating 0 and 100 m% iron, if they are not defined, they are
taken as 0,1 and give a range of possible iron contents to the rebalancing algorithm. The
initial guess is a value within the bounds and serves as a starting point for the solver. It
needs to be as accurate as possible since the solver will strive to minimize deviations from

this initial guess.

Bounds

For each product in the database, an upper and lower possible content of the element to
balance is manually initialized in the csv file in step 3 of the algorithm. They are later
iteratively refined in step 16. The bounds are either 0,0 if there is no content of the element in

the product possible and 0,1 if the element can be present in the product but the composition
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is unknown. For some products, more specific bounds can be given if they are known or after
analysing the results from a solve. The bounds get attributed to a product following the flow
chart shown in figure 4.2. The bounds defined in the csv file are taken as default. If ecoinvent
has an iron content defined for the product, the bounds are taken as 99% and 101% of this
iron content unless the initial bounds were specified (not 0,1). In that case, the user receives
a prompt where he or she can choose which bounds are taken, the ones defined in the csv file
or in ecoinvent. If no iron content is defined in ecoinvent, we look whether or not a dry mass
is defined for the product. If a dry mass is defined, the bounds are rescaled according to that
dry mass. If not, the unit of the product is checked. If the product is not defined in kg, we
check whether or not the unit can be related to kg through a physical principle. If it can be
related, the unit is m3, 1 or not a mass bearing unit, the bounds are rescaled with the density
of the heaviest element (*22590 kg/m3, ¥*22.59 kg/1) or put to 0 respectively. The density of
the heaviest element is used rather than the density of the actual product since there is no
accurate data on the density of all products and to make sure the maximum bound is never
too strict. If the unit is not relatable through a physical principle, accurate bounds are not
obtainable and the bounds will be from 0 to infinity, leaving the algorithm to choose any
suitable iron content for this product. If the product is expressed in kg, the bounds remain
those defined in the csv file. The bounds of sponge iron will, for example, first be set as
(0.8,1) following the input in the csv file. There is an iron content defined for sponge iron in
ecoinvent so the user will receive the following question: Do you want to overwrite the iron
content defined in ecoinvent for sponge iron from 0.82 to 0.8,1.07 [y/n]. After answering
this question with y (yes) or n (no) the bounds will become (0.8,1) or (0.99%0.82,1.01*0.82)
respectively. On the other hand, the bounds for aluminium hydroxide factory will first be
(0,1). There is no iron content or dry mass defined in ecoinvent for this product and the
unit is 'unit’, which is not relatable to a kg through a physical principle. The bounds for
this factory will thus be (0,None), indicating that the iron content of this factory must be

contained between 0 kg and infinity.
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Figure 4.2 Bounds initialization flowsheet, starting from the bounds extracted from the csv
and ending with more refined bounds, depending on the additional information available

For the elementary flows, bounds are defined in the iron_ el csv file for all natural resources.
Since elementary flows often consist of pure chemical elements, the bounds are either set
to (0,0) or (1,1). Bounds for elementary flows that can have impurities are chosen to be
(0,1). This is only the case for natural resource flows since the emissions are considered to
be pure. Emissions that are not pure (aerosols, particulates, dissolved solids, inorganic solids
and suspended solids) still have their iron content fixed to 0 because they represent small

emissions in every activity.

Initial guess
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For each product, an initial guess of the content of the element to balance is manually
initialized in the csv file in step 3 of the algorithm. This guess is later iteratively refined
in step 16. The guess is made on a m% basis and falls inside of the bounds. The guess
is attributed to the product in a similar way as the bounds, following the approach shown
in figure 4.3. The initial guess is first taken as the one defined in the csv file. If an iron
content is given in ecoinvent, the guess will be changed to this defined iron content. If not,
the uncertainty of the guess is assessed. If the guess is made with a high certainty (more
than 3 significant figures), it is kept. Else, we look whether or not a dry mass for the product
has been defined in ecoinvent. If it is, the guess is rescaled using that dry mass. If it is not,
the unit is checked. If the unit is not kg, but relatable through a physical principle (m?, 1 or
not a mass bearing unit), the guess is adapted using the density of iron or set to 0. In this
case, the density of iron is used rather than the density of the heaviest element to keep the
accuracy as high as possible and because the initial guess is not binding. If the unit is not
relatable through a physical principle or the unit is kg, the initial guess from the csv file is
kept.
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Figure 4.3 Guess initialization flowsheet, starting from the initial guess extracted from the
csv and ending with more refined guesses, depending on the additional information available

The initial guesses of the elementary flows are initialized at 0, 1 or a specific value using the

iron_ el csv file and remain unchanged.

Filter activities and products

During the first iteration, all products and activities were taken into account. Analyzing the
first results quickly led to the realization that not all activities and products should be taken
into consideration or balanced. This led to the introduction of step 14 and 15 which are

explained below.

Some datasets in ecoinvent do not have any flows interacting with them since they are old
and not used anymore or an empty skeleton built for future datasets. These completely

empty activities are filtered out. Landfilling activities are excluded since they are modelled
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as only having inputs. The rebalancing algorithm cannot process these kind of activities
because it will try to reduce all these inputs to zero to achieve a mass balanced activity. By
excluding these activities from the optimization and leaving their inputs unbounded, a more
accurate representation of a landfill is achieved. In other words, the rebalancing algorithm
is not designed to process activities that have a build up of stock. This stock accumulation
is modelled post rebalancing as the sum of all products and their composition destined to
landfill. Market datasets are filtered out as well since they are not linked to the other
activities, balanced by default and would thus only add tight constraints to the problem.

On the product side, empty products that are not used or produced by any activity are filtered
out since they do not impact the composition of other products. Capital goods are also
treated differently since they are not consumed or integrated in the final product. A factory
is needed to transform aluminium pipes into a bike frame but no part of the factory will be
integrated into the frame, and the factory will need its own dedicated end-of-life treatment
in order for mass balance to be preserved. In ecoinvent, capital goods are accounted for since
they contribute to the impact of a product. If a factory produces 10.000.000 bikes in his
lifetime, each bike is responsible for 1/10.000.000th of the impact the factory has during its
lifetime. Every product is manually flagged as being capital or not, and the coefficients on
the corresponding rows in the use table are set to 0 or left unchanged respectively. Instead
of applying the rebalancing algorithm to capital goods, it is more straightforward to add an

end-of-life flow in post processing that accounts for the magnitude of the capital good.

Not all units in ecoinvent are used to describe products with mass. The mass of units that
are only connected to services that transform other products or products like 'heat’ is set to
0. These units are 'guest night’, ’ha’, "hour’, ’kWh’, ’kg*day’, ’km*year’, 'metric ton*km’ and
'person*km’. The units that describe products with mass ("MJ’, 'kg’, ’km’, "I, 'm’, 'm*year’,
'm2’, 'm2*year’, 'm3’, 'unit’) are allowed to have a mass and get adjusted bounds to relate
their unit to a kg, if possible. The elementary flows are easier to filter because they mainly
consist of pure elements which can be given a content 0 or 1 according to which element is
being balanced. Some resources can however have iron in them and are thus also allowed to
adjust their iron contents based on an initial guess. Only units involving mass are selected
for the elementary flows too. Their content, if 0, is considered as an unchangeable parameter.
After the filtration, 9585 activities and 3144 products are left.

Scaling

Step 4 of the algorithm consists of a rescaling the previously defined data. In order for

the solver to be able to solve the problem, all values need to be within a couple orders of
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magnitude. Otherwise, the solver identifies the problem as being infeasible. In ecoinvent,
both the construction of big facilities like an iron mine and the production of concrete, needing
a small fraction of superplasticizer are modelled. The resulting SUT have coefficients from
le-51 to lel3. A rescaling algorithm is needed to not only bring these coefficients closer
together but also lower the quantity of very big and very small coefficients. As a first step,
all coefficients smaller than le-20 are set to zero to avoid interference with floating point

arithmetic (machine epsilon).

There are two separate rescaling algorithms used for scaling the matrices. The complete
algorithms can be found in appendix C and are based on the RAS method. They work on
the same principle but use the arithmetic and geometric mean respectively. The working

principle is described in figure 4.4 and explained below.

First, the unscaled data is fed to the algorithm. Then, the amount of iterations is chosen and
the suitable ranges of coefficients for the rows, columns and cells chosen. Next, the method
that analyzes and saves the distribution of magnitude and makes sure the correct amount
of iterations is performed, is called. The subsequent method consists of the selection of ’bad
columns’ Bad columns are defined as those columns whose average of the merged U and
F matrix column coefficients (without counting the 0 entries) is bigger or smaller than the
preset column range. The column scaling S matrix is constructed in the next step by taking
the inverse of the big or small average value after which U, V and F are rescaled through

multiplication with S as shown in equations 4.3, 4.4, 4.5 and 4.6.

Sle] = Ve € columns (4.3)

U=UxS (4.4)
V=V=xS (4.5)
F=FxS (4.6)

Their bad columns are thus divided by the calculated mean. Now that the columns are scaled,
the range of coefficients for every row should have decreased, increasing the effectiveness of
the next step, rescaling the rows. First, the 'bad rows’ are selected. These are the rows whose
average of the merged U and V matrix row coefficients (without counting the 0 entries) is

bigger or smaller than the preset row range. Then, the row scaling matrix R is constructed
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in similar fashion to the construction of S and applied to the U and V matrices as shown in
equations 4.7, 4.8 and 4.9.
1

R[r] = mean(UT V) Vr € rows (4.7)

U=RxU (4.8)

V=RxV (4.9)

The final step consists of rescaling the rows of F in the same way the rows of U and V were
rescaled, using the R; matrix and adding 1 to the order before the next iteration is launched

as shown in equations 4.10 and 4.11.

Ry[r] = mmnl(F[r]) Vr € rows (4.10)

F=R;+F (4.11)

For the first iteration, F is row scaled before it is used to select bad columns to equalize
its coefficients with the U matrix. An iterative approach is adopted since the adjustment of
the row values makes rescaling the columns more efficient and vice versa. After rescaling,
the performance is returned and all rescaling factors are saved to be able to rescale the lay

variables and bounds accordingly and descale everything once balanced.
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For our scaling, 5 iterations were chosen with (0.99, 1.01) as row and column ranges and
(0.001, 1000) as suitable cell ranges. Before scaling, the biggest difference in order of magni-
tude (after setting the values smaller than 10e-20 to 0) is 32. After scaling, there are 25 active
orders of magnitude left. The amount of numbers bigger than 1000 (the upper allowable cell
value, designated by maxs per matrix) or smaller than 0,001 (the lower allowable cell value,
designated by mins per matrix) do reduce spectacularly, as can be seen in figure 4.5. The
biggest decline in values outside of the cell range was achieved with a sequential application
of both algorithms where the arithmetic mean is used before the geometric mean. After
the application of both rescaling algorithms, the rebalancing algorithm was able to converge
to an optimal point thus avoiding the infeasibility. This rescaling technique proved to be
effective because of how ecoinvent is defined. Facilities that are using a lot of materials to be
constructed have very low use coefficients. When column scaling using the inputs (F and U),
the corresponding supply coefficient (which is usually 1) is scaled down by the average input
coefficient. By doing so, it reaches the level of the low use coefficients so row rescaling, using
these supply and use coefficients (U and V), will be more effective and bring the coefficients

on the corresponding row closer to 1.

8 1 2 3 4
minsU 14539.8 24447.8 19986.@ lo6es.8 14275.6
maxsl 2088.8 423.98 t:-.e 23.6 19.6
minsV £525.8  B354.8 6342.@ 5272.8 tgll.e
max sy 1385.6 26.8 42.8 £o.8 68.8
minsF 126786.8 50935.8 31685.8 18%38.8 15276.8
maxsF 2287 .8 6.6 1. 2.8 2.8
a 1 2 3 4
minsl! 12964.@ 3485.8 2717.8 2784.8 2B53.@
maxsl 0.4 249.0 2806.4 191.6 193.@
minsv  4816.8 157.8 139.@ 132.8 136.@
maxsy 4.8 489.6 268.48 239.6 246.8
minsF 14835.8 4649.8 4583.8 45%8.8 4811.@
maxsF 2.8 425a@.8 3282.8 3841.8 2812.e@

Figure 4.5 The amount of numbers too big (maxs) or small (mins) in each of the SUT matrices
for every iteration when compared to the cell range chosen in the algorithm

4.2.2 Read in data

Once all the data is put in the right format, bounds and initial guesses are defined and rescaled
and useless activities and products are filtered out, the data is handed to the rebalancing
algorithm in step 5. The algorithm will then, for all phases, combine the data from the

SUT with the data from the initial guess to define smart sets of active products and factors
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(the ones that have the element to balance in their composition) and active activities (the
ones that interact with active products or factors). Where factors represent the elementary
and products the technological flows. A dictionary is defined which links each activity to its

active products and factors. These sets are defined for an easy transition to the next section.

4.2.3 Construction of the model

In step 6 of the algorithm, the Pyomo model is initialized. Pyomo was chosen as the most
adequate python optimization package after testing and comparing with CVXPY and SciPy.
For 2x2 problems, SciPy is the fastest solver, followed by CVXPY and Pyomo. However,
for problems of size 100x100, Pyomo is the fastest followed by CVXPY, SciPy is 40 to 100
times slower, depending on the problem. This trend continues for even bigger matrices.
Once exceeding 10.000 values in the SUT, CVXPY is not able to solve the problem while
Pyomo can. These arguments, in combination with the possibility to implement pandas, led

to Pyomo being chosen as the adequate optimization package.

To initialize the Pyomo model, a ConcreteModel is created. We can create a ConcreteModel
since all coefficients of the equations are known through the implementation of the data,
provided by ecoinvent. If the data were not to be available, an abstract model should be
constructed first which would have been concretised when solving the model. Then, the
lists of activities, products, products whose change in composition should be penalized and
factors are defined which are subsequently used to initialize the variables, and their bounds, as
Pyomo objects. They are defined as Pyomo objects to accelerate the solving process compared
to directly using pandas objects in the constraints and objective function. The SUT stay
in sparse pandas format to accelerate the process and not run into MemoryError’s. The
variables that are defined in this step depend on the phase. In phase 1, only the composition
of the products, A, and elementary flows, A\; are defined while phase 2 and 3 also define VmU
(V-U) and F as pyomo variables.

4.2.4 Selection of the solving phase

As mentioned at the beginning of this section, the rebalancing algorithm was developed with
different variations for three different phases. In phase 1, only the composition of flows can
change where in phase 2, the magnitude of the flows can change and in phase 3, missing
flows can be added. The difference between phase 1 and phases 2 and 3 is made because
the magnitude and existence of flows are generally checked by LCA practitioners and should
thus be more accurate than the composition. Phase 2 and 3 are necessary because not all

imbalances can be solved through the phase 1 approach. Phase 1 enables manual imbalance
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identification where phase 2 can automatically detect heterogeneous products and phase 3
can resolve all imbalances. The imbalances that can be resolved in phase 1 include product
heterogeneity (after disaggregation), services, capital goods and waste treatment while phase
2 can solve imbalances caused by wrongly defined and phase 3 by missing flows. All three

of the approaches are visualized in figure 4.6. The phase influences the definition of the

constraints and objective function and is thus introduced as step 8.
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Figure 4.6 Phase 1, 2 and 3 of the rebalancing process. Where phase 1 only adjusts the
composition of flows, phase 2 enables the magnitude of already defined flows to change and
phase 3 enables flows to be added if needed
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In phase 1, the element content of products is rebalanced before heterogeneous products are
disaggregated and their composition is rebalanced. This phase leads to the identification
of imbalances and bounds and guess refinement, leaving only fundamental imbalances and
imbalances caused by used heterogeneous flows. Phase 2 rebalances product composition and
flow magnitude after which the heterogeneous products are disaggregated and their compo-
sition rebalanced. The ability to adjust the magnitude of flows enables phase 2 to resolve
the imbalances caused by the use of heterogeneous flows. To resolve the last imbalances that
were not able to be resolved in the previous phases, phase 3 is added where flows can be
added in post processing. By addition of an 'undefined iron waste or emission flow’, the
database is balanced. The addition of this flow only happens at the end of phase 3 because it
would inaccurately resolve all imbalances when applied in a previous phase. All imbalances
would still be resolved but instead of having accurate constraints and thus iron flows that

model reality as close as possible, the new flow will absorb all imbalances.

4.2.5 Selection of the solving method

For one algorithm to be able to give useful information in each of the iterated solves, different
solving methods had to be defined in step 8. We decided to define three solving methods:
'strict’, ’soft” and ’soft_squared’. Strict initializes the constraints so every activity needs
to be balanced and the objective function is squared. The soft method introduces soft
constraints (step 7) by defining imbalance variables which allow the balance to be disturbed.
These imbalances are initialized at zero and have a high penalty for differing in the objective
function. This possibility is given for the first few iterations of the solving process to refine
the initial guesses and identify the imbalances present. The objective function of the soft
method includes the scaled difference of the content and the initial content to the initial
content and implements a penalty for the imbalance. The soft squared method is similar to
the soft method but the composition term in the objective function is squared. To be able to
analyze the imbalances more accurately, two different imbalance variables were defined. The
first one is an imbalance vector, giving each activity the opportunity, with a high penalty,
to have an imbalance. The second one is an imbalance matrix which enables every non zero

product activity interaction to have a penalized imbalance.

The ’strict’ solving method is defined by equation 4.12 and requires the database to be fully

balanced. This method was developed as the ultimate goal but proved to be incompatible
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with the issues encountered.

Aip — A0 2
minimize Z (l’pol’p> Vi € elements
A >‘i,p

peEproducts

~ f o
subject to > XipVpa—Upa) + D N Fra=0, (4.12)
pEproducts ecef

Ya € activities, 1 € elements,

min, < A\p < max, Vp € products

The ’soft’ solving method is defined by equation 4.13 and allows the database to have imbal-
ances. This method was developed to easily identify different imbalances since an imbalance

would be put on the product that causes the imbalance.

Nip — )\Qyp

; mby, , + imb;
m)i\nimize > ((AOZ) + > (big y Mipa T 1T l’p’a>> Vi € elements
,p

, U pEproducts a€activities tOtalflOwslﬂp,(l

subject to S iy (Voo = Upa) +imbf, , —imby, , + > N F.. =0,

pEproducts ecef
Ya € activities, 1 € elements,

min, < A\, < max, Vp € products
(4.13)

The ’squared’ solving method is defined by equation 4.14 and also allows the database to have
imbalances. This method was developed to solve the problem as fast as possible and avoid
infeasibility while solving. It also enabled to identify which products the imbalanced prod-
uct interacts with since the imbalance would be spread out across multiple products. This

complicated the identification of the product at the source of the imbalance but combining
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it with the ’soft’ solving method resolved this inconvenience.

Aip = A2,

2 imb;, , + imb;
m)i\nimize Z <)\0> + Z (big * — — Vi € elements
D

5 imb pEproducts a€activities tOtalflowSiypﬂ

subject to Y Nip (Vo — Upa) +imbyf, . —imb;  + SN F.. =0,

i,p,a i,p,a
pEproducts ecef

Ya € activities, 1 € elements,

min, < A\p < max, Vp € products
(4.14)

4.2.6 Constraints and objective

The requirement for every activity to be balanced and the iron content to fall in between
the bounds form the constraints, defined in step 9. Balance is achieved by requiring the
in-and outputs (SUT rows) for every activity (column) with their corresponding content of
the element to balance to be equal. The bounds are maintained by requiring every content

to fall in between them. Equation 4.15 describes the constraints.

S iy (Vo — Upa) (+imbf,, —imby, ) + 3 M Foa =0

pEproducts ecef

Va € activities,i € elements (4.15)

min, < A\, < max, Vp € products

For every activity, the amount of every element going out (A*V) minus the amount of every
element coming in (A*V) through each product plus the amount of that same element coming
out or going in through elementary flows (A *F) has to be equal to zero. The constraints can
either be soft or strict constraints, dependant on the addition of the imbalance variables. The
imbalance variables allow the content of non zero product activity interactions (as shown in
equation 4.15) or the activity as a whole (at the end of the equation, as imb;, — imb;,) to
deviate from the real content to fulfill the activity balance. This imbalance will then show
which processes need to be adjusted to become balanced. For phase 2 and 3, V, U and F will

be variables instead of parameters.

After requirement of the balance, the objective function is defined (equation 4.2.6) which
requires the content of each product (\), that is not unbounded, to deviate as little as

possible from the originally defined content or guess (A\°). When soft solving, the objective
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includes the imbalance variables, combined with a high penalty (big, calculated relative to
the biggest entry of the SUT). The imbalance variables terms are not squared since this

would spread out and impede the identification of the source of the imbalances.

Aip — A2\ imby, , + imby,
minimize > <M> - > (big* L W’“) Vi € elements

. 0 .
)‘7 imb pEproducts )‘i,p pEproducts,aEactivities tOtalflowSva:a

(4.16)

The objectives for phase 2 and 3 have two added terms with a slightly higher penalty than the
change of the composition but lower than the penalty for an imbalance, the relative change

in VmU and F. These added terms are shown in equation 4.17.

VmUipq, —VmUp, ,
Z penalty * Vil

pEproducts,acactivities %,p,a

. (4.17)

E,e,a - ‘F’Le’a .
Z penalty * ———;—""= Vi € elements
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4.2.7 Solving the optimization problem

After the definition of the objective and constraints, the problem is solved using the cplex
solver during step 10. This solver has been chosen because it is open source, faster than the

proposed Pyomo solvers and the most adapted to our problem.

4.2.8 Analysis of the results

The results are automatically saved in a folder as a zipped pickle which can be opened and
analyzed during step 11. If there is no imbalance remaining, the iterative application of the
algorithm will end. Otherwise, the activities that are not balanced will show an imbalance
in their corresponding column or on the row of the product for which the imbalance occurs.
This way, the activity can be checked and the right adjustments (adding a flow, changing
the magnitude of a flow, changing the initial guess and/or correct the bounds or exclude a
product or activity) made. Step 12 and 13 help with determining the source of the remaining
imbalance. If the activity belongs to a group that the algorithm is not able to balance, the
filters are not accurate and a filter is added to (temporarily) remove this group from the
dataset. If, after inspection of the activity, the algorithm should be able to balance it, the

bounds of the interacting products are investigated and adjusted if needed. If the bounds
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were accurate, the only imbalances left are imbalances that can not be resolved during this

phase so the next phase is called.

4.2.9 Disaggregation of heterogeneous flows

After the first solve, heterogeneous products are disaggregated. For every time a heteroge-
neous product is used by an activity, a new product line is added. Every activity using the
heterogeneous product will pick one of these products in a way that every added product is
only used by one activity. The bounds of the new products are the same as the bounds of
the heterogeneous product. The initial guess is the initial guess of the heterogeneous prod-
uct added to the imbalance of the interaction between the heterogeneous product and the
activity that uses the new product. The composition of each of these products will then be

calculated separately in a second solve.

4.3 Rebalancing for iron

First, a single element is chosen to be rebalanced as a stepping stone towards balancing all
elements. This approach allows for more flexibility and degrees of freedom. As a first element
to rebalance, iron was chosen because it is relatively easy to identify products that contain
iron and how much they contain. Furthermore, there is no indirect consumption or emission
from or to the atmosphere. Almost every activity in ecoinvent that uses iron will thus have
specified iron flows going in and coming out. Another reason to pick iron is the fact that iron
content is a property that is already defined for some products in ecoinvent. Finally, iron is

a stable element that has abundant applications on different scales in our economy.

4.4 Expansion to all elements and contributors to mass

The final step would be to require all elements to be balanced for every activity. This enlarges

the system on one hand but also adds constraints because the sum of the mass of all elements
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that constitute a product cannot exceed the mass of that product as shown in equation 4.18.

>\’ imb pEproducts a€activities tOta’lflowsi,p,a

Xip — A2\ imby,, , + imb,
minimize > ((’p/\ol’p> + Y (bz’g * s P ’a> Vi € elements
,p

subject to > Nip (Voo — Upa) +imby,, —imby, o + > N Foa =0,

peproducts ecef
Va € activities, i € elements,
min;, < A\ip < max;, Vp € products,i € elements,
> Np=1 Vp e products with unit 'kg',
i€elements

Z Aip = dry _mass, Vp € products with a dif ferent unit

i€elements

(4.18)
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CHAPTER 5 RESULTS AND DISCUSSION

Some of the results have already been discussed in section 4 since they were part of the
methodology. These include the rescaling algorithms, the filtering of products and activities,
the bounds and initial guesses and the rebalancing algorithm itself. In this section, we will
first discuss the rebalancing algorithm in more detail before taking a look at the resulting iron
contents that were achieved, the imbalances that led to the additions to the methodology,
the expansion to all elements, the robustness and limitations of our results and the guidelines

for future database development.

5.1 Rebalancing algorithm

The biggest result of this master’s project is the development of the rebalancing algorithm
which can, when given the right input, rebalance the whole database semi-automatically. It
answers to objective 2, is written in python and will be open access. Several choices and
adaptations where involved when developing the algorithm. First, an adequate optimization
package had to be chosen. Pyomo, CVXPY and scipy were compared and pyomo was chosen
due to its solving speed for big (100x100 and more) matrices and pandas compatibility.
Next, ipopt was selected as the best of the default solvers. Although it is a non-linear solver,
it performed better than the other default solvers for our quadratic problem with linear
constraints. The constraints were fixed from the beginning of the project, requiring every
activity to be mass balanced. The objective however was a point of discussion. Finally, we
chose a quadratic objective with a change in composition to allow bigger flows to diverge more
from their initial guess than small flows. The solver thought the problem was infeasible at
first but rescaling the database prevented this infeasibility. Then, the solving time was several
weeks but selecting only the products, elementary flows, activities and their interactions that
can have iron in combination with other measures like introducing sparse matrices reduced
this to 15 minutes. Other iterations that resulted in solving infeasibility issues were varying
the tolerances and imbalance penalty as well as changing from ipopt, a solver in the pyomo
library, to CPLEX, an opensource solver. The introduction of sparse matrices also resolved
the MemoryError that was thrown once the problem was expanded by disaggregation of the

heterogeneous products. The complete, documented code can be found in appendix A.
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5.2 Iron rebalanced dataset

After the identification and resolution of the imbalances by the rebalancing algorithm, an iron
content is produced for every product and natural resource flow in the ecoinvent database,
answering objective 3. The full iron content estimate for every product is presented in
appendix F due to its size. The first table shows the iron content of all products while the

second table shows the elementary flow iron content.

5.3 Mass imbalances in ecoinvent version 3

In accordance with objective 1, using the rebalancing algorithm, different kinds of mass im-
balances present in the ecoinvent database were identified. This section will give an overview
of these different imbalances, using the SUT terminology defined in section 2.4. The different
types of imbalances have different ways to be identified and resolved. Figure 5.1 gives an
overview of the different approaches used with the red boxes representing manual and the
green automated actions. Interpretation of the results after every solve gave insight into

these different categories and how to recognize them.
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Figure 5.1 How to identify and resolve different imbalances. The red boxes have to be carried
out manually while the green boxes can be done automatically by the algorithm

Not every type of imbalance is encountered as frequently as the others as illustrated in
figures 5.2 and 5.3. There are 114 LCI activities that cannot be mass balanced. From the

6725 activities that interact with products containing iron, 991 are waste treatment and thus

temporarily excluded, 5480 can be balanced by the algorithm and 140 imbalances remain after

rebalancing. On the product side, 1133 of the 3144 products are capital and are temporarily

excluded during rebalancing while 60 are heterogeneous and were disaggregated into 4106

different products.
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Remaining imbalance

Waste treatment

LCl_acts

Activities

Figure 5.2 The distribution of activities over the different kinds of imbalances. 81.49% of
the activities interacting with iron can be balanced by the algorithm when capital products
are excluded and heterogeneous products disaggregated. 14.74% of the activities are waste
treatments which are excluded from the rebalancing algorithm and reintroduced in post-
processing in a balanced way. 1.70% are LCI activities which are completely excluded from
the rebalancing without being reintroduced and 2.08% are still imbalanced after the resolution
of all the other imbalance categories and resolved by adding an ’'undefined iron waste or
emission flow’
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Capital
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Figure 5.3 The distribution of products over the different kind of imbalances. 62.05% of
products do not have an iron content or do not cause imbalances. 36.04% of products are
capital, their use coefficients are put to zero for rebalancing and reintroduced with a matching
capital waste flow in post-processing. 1.91% of products are heterogeneous in terms of their
iron content and will be disaggregated before rebalancing

5.3.1 Capital goods

The first kind of mass imbalance is caused by taking into account capital goods. These capital
goods are not part of the final product, they are manually flagged (attributed a value of 1 in
a csv file to be used as a filter as described in section 4.2.1) through expert judgment. Every
coefficient corresponding to the use of a capital product in the Use table is turned to 0 since
they do not contribute to the composition of the products they produce. Their coefficients
in the Supply table remain intact to make sure their composition is balanced through their
producing activities. Once the composition of all products is calculated, the capital goods
are reintroduced into the database. Their respective waste flows are introduced along with
them to respect mass balance. This addition of waste treatment of capital goods adds to
the impact of the produced product when performing an LCA. Since capital goods (almost)

never contribute a significant amount to the impact of products, this additional waste flow
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will only add up to 1% to the impact.

5.3.2 Stock build up

If the imbalance was not caused by a capital good, the activity is checked for stock build up.
This can be observed when a process has no or less output flows than it has input flows. The
rebalancing algorithm will try to balance the in-and outcoming flows while this should not
happen. Stock build up has been identified by looking at the imbalance for iron flows that
were equal to the amount of the flow itself because the activity does not have any mass or flows
going out. Landfill activities are removed from the database to allow their incoming flows to
be unbounded and not be reduced to zero due to balancing with non-existent outgoing flows.
The flows going to landfills are usually heterogeneous because the composition of waste is
highly dependant on the activity it is produced in and will thus first be disaggregated. After
the disaggregation, every product has complete liberty in terms of composition. After the
calculation of all the (disaggregated) waste flows, landfills are reintroduced into the database

without having any restriction on their mass and composition.

5.3.3 Rolled-up, precompiled LCI datasets

Another issue observed when analyzing the results of the rebalancing algorithm was the
existence of heavily aggregated precompiled LCI datasets or rolled up inventories. These
precompiled LCI datasets (like hydrogen cyanide production) are a type of activity defined
in ecoinvent. They are different than unit processes in the sense that they reflect all impacts
of a production process without showing the interacting technological flows. These processes
exist because of companies that do not want to give up their detailed production processes to
keep their market advantage. A middle road has been found where they provide the impacts
these processes entail without unveiling the flows behind it. The activities thus only consist
of elementary flows going in and a product coming out. They are not balanceable since they
form a black box with multiple activities inside and will be excluded from the analysis. They
are excluded automatically when filtering the data because their lack of entrances in their U
matrix makes them easily distinguishable from other activities. There are 114 LCI activities,

most of them coming from the European plastics industry (PlasticsEurope).

5.3.4 Services

Services, like welding, cannot be considered to be capital goods since they contribute to the

product mass and composition. Other services, like milling can influence mass balance too
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since losses can occur. These losses were simulated while constructing the product system in
an LCA but are not characterized in the database itself. The welding process of aluminium is
represented in figure 5.4. The figure shows that there is an input of aluminium which causes
emissions to the air and 1m being welded. When trying to calculate the mass balance, we
observe that the sum of the inputs is 60 times heavier than the sum of the outputs while
the parts that are being welded together do not gain any mass. This causes an imbalance.
The services are applied to a product system to internalize their impact but do not influence
the products they interact with in the current state of the database. On the other hand,
some activities are defined as being a service when they are expected to be a facility which
provides a service. The activity describing the production of a hydro power plant is for
example defined as not having any mass since the by-products and waste take into account
the whole end-of-life stage, thus representing the complete mass flow. The hydro power plant
that is produced should not have any mass for the activity to be balanced. The activity
represents the services a hydro power plant provides over its complete life cycle. Other
activities that represent services which lack mass are transport and maintenance. They can
be identified as being ’capital activities’ since they do not influence the mass of a product,
they alter other properties and will thus be ignored. Services can be identified because they
produce products with different units than units of mass while interacting with mass flows.
To resolve the first kind of service imbalance, services should be attributed a mass (allowing
their bounds and initial guess to differ from 0). The composition can be calculated by the
difference of the in-and outcoming flows with their respective compositions. This way, every
time they are applied to another product, that product gains mass. The second type of
service imbalance impacts the bounds and initial guesses of the products the activity with
said imbalance produces. Because no clear guidelines exist on how to define these activities
and because the definition can change depending on location and data availability, the bounds

and guesses are adapted manually after inspection of the imbalance.
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Exchange summary
Reference products :\ﬂaterial T Byprqduct Amount
reatment classif.
. - ‘ allocatable
welding, arc, aluminium no 1m
product
Inputs from technosphere Amount
aluminium, wrought alloy 0.0183 kg
argon, crude, liquid 0.00357 kg
electricity, medium voltage 0.075 kWh
electronics, for control units 1e-05 kg
Emissions to air Amount
Aluminium 8.45e-05 kg
Carbon monoxide, fossil 6.67e-05 kg
Helium 3.57e-06 kg
Nitrogen oxides 2e-06 kg
Ozone 9.06e-06 kg
Particulates, < 2.5 um 0.000141 kg
Silicon 1.41e-05 kg
Zinc 4.23e-05 kg

Figure 5.4 Welding process as defined in ecoinvent 3.6, identical for Global, Europe and
Québec. Specifying the service provided (1 m of welding, arc, aluminium), the inputs used
and the emissions generated [5]

5.3.5 Product heterogeneity

As mentioned in the introduction, another form of imbalance is introduced by product het-
erogeneity. Product heterogeneity is introduced when the same product is expected to have
a different composition for different activities it interacts with. Product heterogeneity can
have different causes, from the product description being too vague to different LCA prac-
titioners having different data sources, some more detailed than others, or regions building
installations differently. The first case of product heterogeneity was observed for reinforced
concrete where, depending on the activities it is used in, the amount of waste reinforcing
steel coming out of the activity differs. By differing the amount of waste reinforcing steel,
the end-of-life phase and its impacts of both types of concrete is accurately represented. This
is however not the case for the production phase where they are produced by the same activ-
ity, thus expected to have the same composition. One of the products will have an accurate
production phase while for the other one, the iron content will be over-or underestimated.
This leads to a misrepresentation of the actual process entailing more or less impacts when
calculating the impact of all processes using this product. Other examples of product het-
erogeneity are products with vaguely defined names like ’inorganic chemical’ or 'municipal

solid waste’. Their content is not fixed and depends on the activity they are produced in.
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Product heterogeneity can be identified by looking at the imbalance a certain product has for
different activities. If the imbalance is smaller than the total flow, only a partial adjustment
of the iron content is needed, which indicates product heterogeneity. Another way is to look
at all producing activities and assess how much of each flow enters. If the activities have
different magnitudes of flows entering or leaving, the product is considered to be heteroge-
neous. To be able to resolve this, the product can be disaggregated into different products
which each have a different composition, depending on the activity they are produced in. If
the product is used by another activity, either this activity should be disaggregated as well
or the use should be split over all disaggregated versions of the product. In our case, when a
heterogeneous product was used, only its production phase was unbalanced. We thus decided
to disaggregate the product and alter the use coefficients of the disagreggated products in

equivalence with the relative imbalance on each producing activity.

5.3.6 Missing flows

The last imbalance is identified through elimination of all other imbalances. Basic production
processes like portafer production, have missing flows, shown in figure 5.5. The flows going
in are bigger than those coming out. Some flows disappear in the process. They are modelled
this way to incorporate losses in the production process and can either be expressed through
the change in magnitude of flows or by limiting the dry mass of a product to a quantity
lower than the incoming flows producing it. For the production of portafer, 0,11 kg of iron
is lost. A waste flow of iron needs to be added to balance the process. These imbalances are
solved by adding an 'undefined iron waste or emission flow’ after all other imbalances are
resolved. Other imbalances caused by missing flows that are not a fraction of a defined flow
but forgotten in their entirety can be resolved by adding data through hybridizing LCA with
IO tables [30] or alternative data collection methods with the help of AT [60].
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Unit Process Exchanges
Name Amount Unit Uncertainty SD
Reference Products
+ portafer 1 kg
By-product/Waste

To Environment

air

+ Particulates, < 2.5 um 0.000145 kg Lognormal 3.0452
+ Particulates, > 10 um 0.00145 kg Lognormal 1.6975
+ Particulates, > 2.5 um, and < 10um 0.00131 kg Lognormal  2.16%7
+ Water 6.0065E-06 m3 Lognormal 1.4918
water

+ Water 2.3294E-05 m3 Lognormal 1.4918

From Environment

natural resource

+ Irom, in ground 1.1 ka Lognormal 1.326%
+ Occupation, mineral extraction site 0.00012 m2*year Lognormal 1.6975
+ Transformation, from forest, unspecified 2.13E-06 m2 Lognormal 2.1697
+ Transformation, to mineral extraction site 2.13E-06 m2 Lognormal 2.1697
+ Water, well, in ground 2.93E-05 m3 Lognormal 1.3269

From Technosphere

+ blasting 0.000271 kg Lognormal 1.3269
+ conveyor belt 2.78E-08 m Lognormal  3.0452
+ diesel, burned in building machine 0.0255 M Lognormal 1.326%
+ electricity, medium voltage 0.0339 kWh Lognormal 1.3269
+ heat, central or small-scale, other than natural gas 0.00282 MJ Lognormal 1.3269
+ heat, district or industrial, other than natural gas 0.0898 MJ Lognormal 1.3269
+ industrial machine, heavy, unspecified 0.000231 kg Lognormal  3.0452
+ mine infrastructure, iron 8.33E-13 unit Lognormal 3.0452
+ recultivation, iron mine 2.13E-08 m2 Lognormal 2.16%7

Figure 5.5 Portafer production as defined in ecoinvent 3.6. 1 kg of portafer is produced using
natural resources from the environment and products from the technosphere and generating
emissions to water and air [5]

5.3.7 Inconsistency in activity definition

The imbalances that were identified revealed inconsistencies in the definition of the ecoinvent
database. These are caused because the focus of ecoinvent was to quantify the impact of
processes and products and the activities are, despite being checked centrally, defined by
practitioners all over the world. On top of that, not every practitioner has access to the same

amount of data, leading to further inconsistency. Examples of these inconsistencies are,



52

the activities that describe hydro power plants, nuclear facilities, wind turbines and power
lines. Where some locations include the end-of-life of all construction materials, leading to
an output product without mass which performs a service, others do not, requiring the same
output product to have a mass. Other activities, like the treatment of waste flows, do not
satisfy material balance. Their output product has a negative sign, indicating it is actually
an input. Furthermore, yields and loss of material are often, but not always, ignored when
defining an activity. Finally, the name of some products and activities might suggest it has
a mass when in reality it does not because all flows are accounted for and it is actually a

disguised service.

5.3.8 Demo problems and resolution

To get a better grasp on the effectiveness of the rescaling and different mass imbalances and
how to solve them, several demo problems were developed. All demo problems can be found
in appendix E. Each demo was used to identify and solve a different case of imbalance before
trying to solve a more convoluted demo problem with a combination of different imbalances.
The understanding of these problems led to the resolution of the imbalances in the ecoinvent
database. The basic bike problem tests on bounds being too strict and their impact on a
complete value chain. The wear boat problem tests on the disappearance of flow fractions
where range concrete tests the accumulation of iron in gravel which is then passed on to
a tightly bounded concrete. Wear alternative flower tests the complete disappearance of
mass fractions by forgetting an output flow and the losses transformation problem describes
the decreasing yield in consecutive transformation processes. The el flows problem tests the
consecutive addition of iron containing elementary flows to a strictly bound flow where debug
zeros’s input are all zeros to make sure the algorithm does not have ZeroDivisionErrors. The
last demo contains a mix of capital goods, recycling, thight bounds, flows that need to be

rescaled and unwanted additional information.

5.4 Expansion to all elements and contributors of mass

This section responds to objective 4. Although the database is balanced for iron, the accuracy
of the iron content of each product can be questioned. Expanding the rebalancing to all
elements should add accuracy since the total mass of all elements consistuting a product
should not exceed the total mass of that product. This adds constraints to the optimization
which should favor the accuracy. This has not yet been implemented since we focused on
having a solid base, being able to accurately determine the iron content for each product.

This base can then be used as a sanity check when expanding the rebalancing to all elements,



93

prohibiting a big change in the iron content of products. It also gave us knowledge of
the different problems that we are likely to encounter and how to solve them. Another
reason why the other elements are not yet implemented is the shear size of ecoinvent. Every
product would need bounds and initial guesses for every element. Although modules like
cirpy in combination with chempy would enable a fast recognition of elements in the chemical
formula of certain products and elementary flows, not all products or elementary flows have
chemical formula defined. Lastly, although iron gave us insights in how to solve certain sources
of imbalances (for example product heterogeneity), others, like how ecoinvent disregards
oxygen uptake or emissions since it is readily available, give other challenges for which we
have not developed a framework or solution yet. The development of the algorithm itself
always has been the main focus and took more time than foreseen because we ran into a
number of unsuspected issues, from inefficient optimization problem definition leading to
weeks of solving time to insufficient memory, impractical solvers and a lack of documentation
for the pyomo optimization package. Through the rebalancing of iron, certain sources of
imbalances (heterogeneous or capital products) that apply to all the elements have been
identified and resolved. Others like the chemical interaction between substances has not been
studied yet because of the relatively inert nature of iron. First, bounds and guesses should
be defined for all elements for every product and elementary flow in ecoinvent. Next, the
rebalancing algorithm should be expanded to deal with all elements and added constraints.
The methodology presented in this thesis, with different solving methods and phases used

for iron, will provide flexibility during the expansion to all elements.

5.5 Robustness and limitations

Our method is sufficiently robust to achieve this project’s limited objectives, since mistakes
can easily be identified and solved through the identification of imbalances and iterative
solving. At first, multiple assumptions were made, all flows in the SUT were assumed to
be correct and none missing, making every activity balanceable, the products were assumed
to have a sufficient degree of heterogeneity and the bounds set on the iron content of every
product were considered accurate. Through iterated solving, flexibility was added to the

algorithm, making these assumptions dispensable.

The biggest limitation of our approach is the lack of data to start with. This has been partly
resolved by adding our own bounds and initial guesses but these can be subjective. Iterative
rebalancing does, however, identify issues caused by these bounds and hereby enables their
refinement. Another limitation is the fact that we only balanced the database for iron, leaving

big margins for the solver to play with. Until other elements are added to the rebalancing, the
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algorithm has an excess amount of freedom, allowing unrealistic iron contents to be calculated.
This leads to our final limitation, the lack of data to validate the iron content computed by our
algorithm. Every activity will be balanced leading to an internally consistent representation
of iron flows and therefore internally coherent iron content of products. Nevertheless, we
are not yet in a position to assess the accuracy of these iron contents because of the lack
of validation data although our initial guesses and bounds stem from real world data and

expert estimates.

5.6 Database development recommendations

Through this thesis, we have identified and fixed most of the imbalances in the ecoinvent
database for iron. By doing so, we uncovered mistakes and inconsistencies and discovered
elaborate recommendations for future database development. First, the rebalanced iron
content should be added as a property. Next, guidelines should be formed for every type of
activity on whether or not to include the end-of-life, how the other activities in this category
are constructed and which data to use. Most importantly, every new activity should be
constructed in a mass balanced way and this balance should be checked by the rebalancing
algorithm. This will guarantee mass balance and resolve any imbalance it encounters. For
this purpose, heterogeneous flows should be identified and disaggregated to allow for the
rebalancing. A property describing whether or not a product is capital can be added. An
'undefined iron waste or emission flow’ should be added and specified through cooperation
with the ecoinvent team. Last but not least, rolled-up LCI datasets should either be excluded
from the database because of their lack of transparency, specified and split up into different

processes or identified with clear warnings.
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CHAPTER 6 CONCLUSION AND RECOMMENDATIONS

The aim of this research was to identify and solve mass imbalances in the ecoinvent database
for iron through an efficient, transparent and reusable semi-automatic rebalancing algorithm
in order to reconcile LCA databases with MFA principles and to regain credibility in the
LCA method. There was anecdotal evidence that mass balance was not met because of the
focus on connections between processes rather than on the composition of these connecting
flows, and the assumption that markets were homogeneous. Through the implementation of
a rebalancing algorithm to the ecoinvent 3.6 LCA database, this result was achieved, enabling
us to balance 96.22% of the flows and attribute an iron content to every product defined.
Different categories of causes for imbalances, from capital flows to stock build up, rolled-up
LCI datasets, services, product heterogeneity and missing flows were identified and specific
solutions for each category proposed. The objectives, from identifying mass imbalances to
developing a rebalancing algorithm, rebalancing the database for iron and describing the
future approach to rebalance the database for all elements and contributors of mass, were
all met. This research is a step forward for both the LCA and MFA community. The LCA
community will gain credibility and accuracy while a start of a centralized database has been
proposed for the MFA community. By finishing this thesis, the first step to a fully balanced

version of ecoinvent for all elements and contributors of mass has been taken.

6.1 Summary of Works

To create a starting point for the rebalancing algorithm, bounds and initial guesses of the
iron content for every product and natural resource in the ecoinvent 3.6 database have been
manually set in a csv file. A flow chart was then developed to include all available data
on potential bounds and guesses in order of importance in the definition of the bounds and
initial guesses. This way, bounds and guesses were consistent with the previously defined
data of the ecoinvent database. Next, two rescaling algorithms, one based on arithmetic and
the other on geometric mean, were developed to reduce the number of big and small entries
in the SUT and avoid infeasibility during rebalancing. An iterative approach, following
a flow chart, was developed which introduced the bounds and guesses and the rescaling
algorithms to the ecoinvent 3.6 database before passing it on to the rebalancing algorithm.
This flow chart was implemented through a jupyter notebook. The rebalancing algorithm
itself was constructed with a variety of methods and phases to be able to identify and deal with

all imbalances encountered in a transparent, semi-automatic manner. Preliminary results
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showed different imbalances which have been identified, recreated using demo problems and
resolved thanks to the implementation of filters on products or activities or adjustment of
the bounds and initial guesses. The bounds and guesses were refined in an iterative way and
comments were added whenever an estimation was counter-intuitive. The filters that were
implemented ranged from the identification and exclusion of LCI datasets to the labelling
of capital and heterogeneous products and the temporary exclusion of end-of-life treatments
during rebalancing. Finally, mass imbalances were identified and categorized and a solution

for every category of imbalance was found and implemented.

6.2 Limitations

The limitations are the lack of data to start from since we are the first to identify the iron
content of all products in the ecoinvent 3.6 database. This added to the importance of an
accurate estimation of the bounds and initial guesses, which is our second limitation. These
were, however, ultimately refined using the rebalancing algorithm and visual inspection of
most of the imbalances they caused. The bounds also form the most important data points
implemented through the algorithm since they put strict boundaries on the minimal and
maximal composition of iron in a product. The creation of more flexible solving methods
allowed for this sensitivity to decrease. Another limitation is the fact that only iron is
rebalanced, leaving room for unrealistic iron content through the lack of tight constraints on
the product composition. This will be fixed in the future when all elements and contributors
of mass are added, introducing a new constraint on the sum of the fractions of each element
per product. The final limitation is the lack of data for validation once the iron content for
every product was calculated. Since we are the first to compute this iron content, comparison
with iron compositions of products (other than the few that were already defined in ecoinvent)

was impossible.

6.3 Future Research

The future research that can build on the approach developed and the results achieved during
this masters thesis can be divided into three parts. First, integration of a primitive version
of MFA in the LCA community, allowing validation of newly developed and old datasets
using mass balance. Second, this research forms a starting point for a centralized MFA
database that can be built with the ecoinvent database as a starting point once the content
for every element and contributor of mass is specified for every product. Last but not least,

this research forms a starting point for the expansion of the methodology to all elements
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and contributors of mass to truly convert the ecoinvent LCA database into a mass balanced

database which accounts for material low and product composition, the subject of my PhD.
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Filtering ecoinvent into different versions

July 19, 2021

1 Filtering ecoinvent

This notebook will filter ecoinvent in different ways and explain each step in the filtering process.

2 Import ecoinvent 3.6 in SUT form

import pandas as pd
import gzip
import pickle
with gzip.open(r'C:\Users\hande\Documents\Maitrise recherche\Maitrise\jupyter\3.
—6_undefined_datasets_public_unallocated\ecoinvent_3-6_sutPandas_SUT.gz.
~pickle', 'rb') as f:
sut = pickle.load(f)

2.1 Getrid of all empty activities (no interaction with any product) ...

#Identify the empty columns for each interaction matriz
Uact_empty = (sut['U'] == 0).all()

Vact_empty = (sut['V'] == 0).all()

Fact_empty = (sut['G_act'] == 0).all()

#Identify the columns that are empty in all matrices
isact = 7 (Vact_empty & Fact_empty & Uact_empty)
#Select the mon empty columns

U = sut['U'].loc[:,isact]

V = sut['V'].loc[:,isact]

F = sut['G_act'] .loc[:,isact]

activities = sut['activities'].loc[isact,:]

#Save the mon empty columns as the new matrices
sut['U'] = U

sut['V'] =V

sut['G_act'] = F

sut['activities'] = activities
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2.2 ... and useless products (not used or produced)

#Identify the empty rows for each interaction matric
isnused = (sut['U'].T == 0).all()

isnprod = (sut['V'].T == 0).all()

#Identify the rows that are empty in both matrices
isuseless = ((isnused) & (isnprod))

#Select the non empty rows

pro = sut['products'].loc[” isuseless,:]

U = sut['U'].loc[” isuseless,:]

V = sut['V'].loc[” isuseless,:]

#Save the mon empty rows as the nmnew matrices
sut['U'] = U

sut['V'] =V

sut['products'] = pro

3 Filter 1: Get rid of the coefficient in all activities using capital goods

Get rid of use coefficients of capital goods —> 0

#Import the excel file where activities are identified as capital or not
iscapital = {}
import csv
with open(r'C:\Users\hande\Documents\Maitrise recherche\Maitrise\jupyter\3.
—6_undefined_datasets_public_unallocated\Iron_4.csv') as csv_file:
reader = csv.reader(csv_file,dialect='excel')
for row in reader:
# Capital product or not
iscapital [row[0]] = bool(int(row[2]))
iscapitall['4c2blcc3-84e5-4e35-b74e-8815eadbc674'] = False

empty = abs(sut['U']).sum() ==

empty_acts = empty.loc[empty] .index

LCI_acts = []

for i in empty_acts:

if ('market' not in sut['activities'].loc[i,'activityName']) and,,

~((('treatment' not in sut['activities'].loc[i,'activityName']) and ('land,,
—already in use' not in sut['activities'].locl[i,'activityName'])) and,,
~('clear-cutting' not in sut['activities'].loc[i,'activityName'])):

LCI_acts.append (i)

U_sut = sut['U'].drop(empty_acts, axis=1)
V_sut = sut['V'].drop(empty_acts, axis=1)
F_sut = sut['G_act'].drop(empty_acts, axis=1)

act = sut['activities'] .drop(empty_acts, axis = 0)
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U_cap = U_sut
U_cap = U_cap.sparse.to_dense()
for i in U_cap.index:
if iscapitallil:
U_cap.loc[i] = 0
U_cap = U_cap.astype(pd.SparseDtype("float", 0.0))

#Identify the empty columns for each interaction matriz

Uact_empty = (U_cap == 0).all()

Vact_empty = (V_sut == 0).all()

Fact_empty = (F_sut == 0).all()

#Identify the columns that are empty in all matrices
isact = 7 (Vact_empty & Fact_empty & Uact_empty)
#Select the non empty columns

U_cap = U_cap.loc[:,isact]

V_sut = V_sut.loc[:,isact]

F_sut = F_sut.loc[:,isact]

act = act.loc[isact, :]

#Identify the empty rows for each interaction matric
isnused = (U_cap.T == 0).all()

isnprod = (V_sut.T == 0).all()

#Identify the rows that are empty in both matrices
isuseless = ((isnused) & (isnprod))

#Select the non empty rows

pro = sut['products'].loc[” isuseless,:]

U_cap = U_cap.loc[” isuseless,:]

V_sut = V_sut.loc[~ isuseless,:]

#Save the mew version
sutl = {}

sut1['U'] = U_cap
sutl['V'] = V_sut
sut1['G_act'] = F_sut
suti['activities'] = act
sutl['products'] = pro
sut1['STR'] = sut['STR']

with gzip.open(r'C:\Users\hande\Documents\Maitrise recherche\Maitrise\jupyter\3.
—6_undefined_datasets_public_unallocated\ecoinvent_versions\ecoinvent_3-6_no_cap_used.

—gz.pickle', 'wb') as f:
pickle.dump(sutl, f)
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4 Filter1_2: Getrid of all capital goods and activities that produce them

#Import the excel file where activities are identified as capital or not
iscapital = {}
import csv
with open(r'C:\Users\hande\Documents\Maitrise recherche\Maitrise\jupyter\3.
—6_undefined_datasets_public_unallocated\Iron_4.csv') as csv_file:
reader = csv.reader(csv_file,dialect="'excel')
for row in reader:
# Capital product or not
iscapital [row[0]] = bool(int(row[2]))
iscapital['4c2blcc3-84e5-4e35-b74e-8815eadbc674'] = False

#Identify the activities that produce capital goods
capact2 = set()
for prod in sut['products'].index:
if iscapital[prod]:
for act in sut['activities'].index:
if sut['V'].loc[prod,act] != 0:
capact2.add(act)

#Delete the activities that produce capital goods

U_cap2 = sut['U'] .drop(capact2, axis = 1)

V_cap2 = sut['V'].drop(capact2, axis = 1)

F_cap2 = sut['G_act'].drop(capact2, axis = 1)
activity_cap2 = sut['activities'].drop(capact2, axis = 0)

#Delete the capital goods

capprod = [key for key in iscapital if iscapitallkey] == True]
U_cap2 = U_cap2.drop(capprod, axis = 0)

V_cap2 = sut['V'] .drop(capprod, axis = 0)

prod_cap2 = sut['products'].drop(capprod, axis = 0)

#Save the mew wversion

sut2 = {}
sut2['U'] = U_cap2
sut2['V'] = V_cap2

sut2['G_act'] = F_cap?2
sut2['activities'] = activity_cap2
sut2['products'] = prod_cap2

with gzip.open(r'C:\Users\hande\Documents\Maitrise recherche\Maitrise\jupyter\3.

—6_undefined_datasets_public_unallocated\ecoinvent_versions\ecoinvent_3-6_no_cap_or_act_prod_c

wgz.pickle', 'wb') as f:
pickle.dump(sut2, f)
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5 Filter 2: Get rid of all activities producing only final demand goods

#Identify the activities that only produce products for final demand
final_act = {} #Dictionary saving the id's of the activities producing for final,
—demand
for act in sut['activities'].index:
final_act[act] = False #Default False
used = {} #Check which products are used
for act in sut['activities'].index:
for prod in sut['products'].index:
if sut['U'] .loc[prod,act]!=0:
used[prod] = True
for act in sut['activities'].index:
produced = {}
for prod in sut['products'].index:
produced [prod] = (sut['V'].loc[prod,act] != 0) #Check all productsy
—produced by the activity
if sum(prod in used for prod in produced.keys() if produced[prod]==True)<1:
#sum([(sut['U'].loc[prod,:] == 0).all() for prod in produced.keys() if,
wproduced[prod] ==True]) \
#>=sum(produced.values()):
#For every product produced by an activity, see if it is used (->True ->,
—~total sum will be 1 or
#higher indicating activity has to stay) otherwise, mark it as a
—final_activity
final_act[act] = True

index_map = {v: i for i, v in enumerate(sut['U'].T.index)}

isfinal = sorted(final_act.items(), key=lambda pair: index_map[pair[0]])

import pandas

isfinal = pandas.Series((isfinal[i][1] for i in range(len(isfinal))),
—~(isfinal[i] [0] for i in range(len(isfinal))))

#Delete the activities that only produce for final demand
U_fin = sut['U'].loc[:,” isfinall

V_fin = sut['V'].loc[:,” isfinall

F_fin = sut['G_act'].loc[:,” isfinal]

activities_fin = sut['activities'].loc[~ isfinal,:]

#Delete the products that are not produced or used anymore (bc activities were,
—~deleted)

isnprod_fin (V_fin.T == 0).all(Q)

isnused_fin = (U_fin.T == 0).all()

#Identify the rows that are empty in both matrices

isuseless_fin = ((isnused_fin) & (isnprod_fin))

#Select the non empty rows
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pro_fin = sut['products'].loc[~ isuseless_fin,:]
U_fin = U_fin.loc[”~ isuseless_fin, :]
V_fin = V_fin.loc[~ isuseless_fin,:]

#Save the mew version

sut3 = {}

sut3['U'] = U_fin

sut3['V'] = V_fin

sut3['G_act'] = F_fin
sut3['activities'] = activities_fin
sut3['products'] = pro_fin

with gzip.open(r'C:\Users\hande\Documents\Maitrise recherche\Maitrise\jupyter\3.
—6_undefined_datasets_public_unallocated\ecoinvent_versions\ecoinvent_3-6_no_final_demand.
~gz.pickle', 'wb') as f:
pickle.dump(sut3, f)
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demo lcamfa_rebalancer
July 19, 2021

1 Rebalancing ecoinvent for iron

# Extract the SUT
import gzip
import pickle
import pandas
with gzip.open(r'C:\Users\hande\Documents\Maitrise recherche\Maitrise\jupyter\
3.
—6_undefined_datasets_public_unallocated\ecoinvent_versions\ecoinvent_3-6_no_cap_used.
—gz.pickle', 'rb') as f:
sut = pickle.load(f)
U_mar = sut['U'].drop([i for i in sut['activities'].index if sut['activities'].
—loc[i, 'activityType']l !'= 0],axis = 1)
V_mar = sut['V'].drop([i for i in sut['activities'].index if sut['activities'].
—loc[i, 'activityType']l !'= 0],axis = 1)
F_mar = sut['G_act'].drop([i for i in sut['activities'].index if,
wsut['activities'].locl[i, 'activityType']l != 0],axis = 1)
services = [] #services and stock build up in landfill ezcluded
for i in U_mar.T.index:
if (sut['activities'].loc[i, 'activityName'][:12] == 'treatment of'):
services.append (i)

U_serv = U_mar.drop(services, axis = 1)
U_serv = U_serv.fillna(0)
V_serv = V_mar.drop(services, axis = 1)
V_serv = V_serv.fillna(0)
F_serv = F_mar.drop(services, axis = 1)
F_serv = F_serv.fillna(0)

del (U_mar,V_mar,F_mar)

#Identtfy the empty rows for each interaction matric
isnused = (U_serv.T == 0).all()

isnprod = (V_serv.T == 0).all()

#Identify the rows that are empty in both matrices
isuseless = ((isnused) & (isnprod))

#Select the non empty rows

U = U_serv.loc[~ isuseless,:]



V = V_serv.loc[~ isuseless,:]

#Save the mon empty rows as the new matrices
U_serv = U

V_serv =V

U_serv = U_serv.where(abs(U_serv) > 1e-20, 0)
V_serv = V_serv.where(abs(V_serv) > 1e-20, 0)
F_serv = F_serv.where(abs(F_serv) > 1e-20, 0)
products = sut['products'].loc[~ isuseless,:]

del(isnused,isnprod,isuseless,U,V)

#Inputs from environment should be negative
inputs = pandas.DataFrame(index = F_serv.index, columns = ['sign'], data = 1)
for factor in inputs.index:
if sut['STR'] .loc[factor, 'comp'] == 'natural resource':
inputs.loc[factor, 'sign'] = -1
F_serv = F_serv.mul (inputs.loc[:,'sign'], axis = 0)

del(inputs)

# Initialize the bounds and initial guesses
import numpy as np

#Bounds and initial guess
guess_excel = pandas.Series(dtype = np.dtype(np.int32))
bounds_excel = pandas.Series(dtype = np.dtype(np.int32))
heterogen = pandas.Series(dtype = np.dtype(np.int32))
import csv
with open(r'C:\Users\hande\Documents\Maitrise recherche\Maitrise\jupyter\
3.6_undefined_datasets_public_unallocated\Iron_4.csv') as csv_file:
reader = csv.reader(csv_file,dialect="'excel')
for row in reader:
# Iron bounds 0,0 ; 0,1 ; 0.95,1 ; ... and guess 0; 0.1; 0.5; 0.7; 1
bounds_excel [row[0]] = row[3]
guess_excel[row[0]] = float(row[4])
heterogen[row[0]] = float(row[5])

# ©»; in key so add manually
guess_excel['4c2blcc3-84e5-4e35-b74e-8815eadbc674'] = float(0)
bounds_excel['4c2blcc3-84e5-4e35-b74e-8815eadbc674'] = '0,0'
heterogen['4c2blcc3-84e5-4e35-b74e-8816eadbc674'] = 0

# Convert the string into lists
for i in bounds_excel.keys():
if bounds_excel[i] != '':
bounds_excel[i] = [float(k) for k in bounds_excel[i] .split(',')]
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# Bounds flowchart
bounds = pandas.Series(dtype = np.dtype(np.int32))
iron = products.loc[:,['iron content [dimensionless]', 'mass concentration, iron
— [kg/m3] ']] .dropna(how="all")
dry_mass = products.loc[:,'dry mass [kg]'].dropna()
mass_units = ['MJ', 'kg', 'km', 'l', 'm', 'mxyear', 'm2', 'm2xyear', 'm3',,
<'unit']
for i in products.index:
if bounds_excell[i] !=
if 1 in iron.index:
replace = input("Do you want to overwrite the iron content defined

—in ecoinvent for "+
sut['products'] .locli, 'productName'] +' fromj,
—'+str(iron.loc[i] .dropna() [0])+

' toy
—'+str(bounds_excel[i] [0])+', '+str(bounds_excel[i] [1])+'? [y/n]l")
if (replace != 'y') and (replace != 'n'):
replace = input("Please answer with y or n")
if replace == 'y':
bounds [i] = bounds_excel[il]
elif replace == 'n':

bounds[i] = [0.99*float(iron.loc[i].dropna() [0]),1.01*float(iron.
—loc[i] .dropna() [0])]
else:
raise Exception("Please try again and answer using y or n")
elif products.loc[i,'unitName'] == 'kg': #0Only take our guess for,
—products measured in kg
bounds [i] = bounds_excel[i]
elif i in dry_mass.keys(): # Bounds = (0, mass)
bounds[i] = [bounds_excel[i] [0]*float(dry_mass[i]),,
—bounds_excel[i] [1]*float (dry_mass[i])]
elif products.loc[i,'unitName'] not in mass_units: # No mass
bounds[i] = [0.0, 0.0]
elif products.loc[i,'unitName'] == '1': #relatable through physicaly
—principle, heaviest element:
#0smium, bounds cannot be tooy

—strict
bounds[i] = [bounds_excel[i] [0]*22.59, bounds_excel[i] [1]%*22.59]
elif products.loc[i,'unitName'] == 'm3': #relatable through physical,
—principle

bounds[i] = [bounds_excel[i] [0]*22590, bounds_excel[i] [1]#*22590]
else: #No physical principle
bounds[i] = [0, np.nan]
elif i in iron.index: # Bounds = iron content +- 0.01*iron content
bounds[i] = [0.99*float(iron.loc[i].dropna() [0]),1.01*float(iron.loc[i].
—~dropna() [0])]
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elif i in dry_mass.keys(): # Bounds = (0, mass)
bounds[i] = [0, float(dry_mass([i])]
elif products.loc[i,'unitName'] != 'kg':
if products.loc[i,'unitName'] not in mass_units: # No mass
bounds[i] = [0.0, 0.0]
elif products.loc[i,'unitName'] == '1': #relatable through physical
wprinciple, heaviest element: 0Osmium
bounds[i] = [0.0, 22.59]
elif products.loc[i,'unitName'] == 'm3': #relatable through physical,
—principle
bounds[i] = [0.0, 22590]
else: #No physical principle
bounds[i] = [0, np.nan]
else: # Unit 2s kg, mo dry mass, no iron content and mo mass given in excel
w-> [0,1]
bounds[i] = [0.0, 1]

# Guess flowchart
guess = pandas.Series(dtype = np.dtype(np.int32))
for i in products.index:
if i in iron.index: # Guess = iron content
guess[i] = float(iron.loc[i].dropna() [0])
elif len(str(guess_excell[i])) > 3: # Certain of guess -> keep it
guess[i] = guess_excel[i]
elif i in dry_mass.keys(): # Guess = Guess*dry_mass
guess[i] = guess_excel[i]*float(dry_mass[i])

elif products.loc[i,'unitName'] != 'kg':
if products.loc[i,'unitName'] not in mass_units: # No mass
guess[i] = O
elif products.loc[i,'unitName'] == '1': #relatable through physical

wprinciple, Guess for iron
guess[i] = guess_excel[i]*7.874
elif products.loc[i,'unitName'] == 'm3': #relatable through physical,
—principle
guess[i] = guess_excel[i]*7874
elif products.loc[i,'unitName'] == 'unit':
guess[i] = guess_excel[i]*10000
else: #No physical principle
guess[i] = guess_excellil
else: # Unit is kg, no dry mass and no iron content -> guess from excel
guess[i] = guess_excellil

guess['cb262c3c-a7c7-4781-82e6-e1e90dd92b65'] = 0.65 # 'iron ore, beneficiated,
—65/ Fe' has iron content defined as 0
bounds['cb262c3c-a7c7-4781-82e6-e1e90dd92b65'] = [0.99%0.65, 1.01%0.65]
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activity = U_serv.T.index

product = products.index

el_flow = sut['STR'].index

Iron = ['A']

#lay0

lay0 = pandas.DataFrame(index = Iron, columns = product, data={prod: guess[prod],
~for prod in products.index})

lay0 = lay0.where(lay0!=0) .astype(pandas.SparseDtype("float64" ,np.nan)).fillna(0)

#lafo
laf0 = pandas.DataFrame(dtype = np.dtype(np.int32))
for i in sut['STR'].index:
if (("Iron' in sut['STR']['name'][i]) and (sut['STR']['name'][i] !=,
—'Iron-59')) or
(('iron' in sut['STR']['name'][i]) and (sut['STR']['name'][i] != 'Iron-59')):
lafO.at['A', i] = 1
else:
lafO0.at['A', i] = O
lay_f0 = pandas.DataFrame(index = Iron, columns = el_flow, data = laf0.values)

del(guess_excel, bounds_excel, iron, dry_mass, mass_units, replace, laf0)

#Preciston of natural resource elementary flows
bounds_f_excel = pandas.Series(dtype = np.dtype(np.int32))
with open(r'C:\Users\hande\Documents\Maitrise recherche\Maitrise\jupyter\
3.6_undefined_datasets_public_unallocated\Iron_el.csv') as csv_file:
reader = csv.reader(csv_file,dialect='excel')
for row in reader:
# Iron bounds 0,0 ; 0,1 ; ... and guess 0; 0.01; 0.3; 0.5; 1
bounds_f_excel[row[0]] = row[2]
lay_f0.loc['A', row[0]] = float(row[3])

# Convert the string into lists
for i in bounds_f_excel .keys():
bounds_f_excel[i] = [float(k) for k in bounds_f_excel[i] .split(',')]
lay_f_bounds = pandas.DataFrame(0, index = el_flow, columns = ['min', 'max'])
for i in bounds_f_excel.keys():
lay_f_bounds.loc[i, 'min']
lay_f_bounds.loc[i, 'max']

bounds_f_excel[i] [0]
bounds_f_excel[i] [1]

lay_f0 = lay_fO0.where(lay_£f0!=0) .astype(pandas.SparseDtype("float64" ,np.nan)).
~fillna(0)

del(bounds_f_excel)
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lay_bounds = pandas.DataFrame(index = product, columns = ['min', 'max'])

for i in product:
lay_bounds.loc[i, 'min'] = bounds[i] [0]
lay_bounds.loc[i, 'max'] = bounds[i] [1]
lab = {}
for i in sut['products'].index:
lab[i] = sut['products'].loc[i, 'productName']
for i in sut['STR'].index:
lab[i] = sut['STR'] .loc[i, 'name']
imb_bounds = pandas.DataFrame(index = activity, columns = ['min', 'max'])

1.1 Intermezzo, only select a fraction of the activities, in order of complexity

with gzip.open(r'C:\Users\hande\Documents\Maitrise recherche\Maitrise\jupyter\
3.6_undefined_datasets_public_unallocated\ISIC.gz.pickle', 'rb') as f:

ISIC = pickle.load(f)
ISIC = pandas.DataFrame(data = ISIC)
for ind in ISIC.index:

ISIC.loc[ind, 'act'] = ind[:36]
ISIC = ISIC.set_index('act')
for act in activity:

if act in ISIC.index:

sut['activities'].loc[act,'ISIC'] = ISIC.locl[act,'ISIC']

U_serv
def activity_slice(U, V, F, code):

actif = sut['activities'].where(sut['activities']['ISIC']<str(code)).
—dropna(how="'all"') .index

U = U.reindex(columns = actif)
V = V.reindex(columns = actif)
F = F.reindex(columns = actif)

return U, V, F
U_serv, V_serv, F_serv = activity_slice(U_serv, V_serv, F_serv, '3000')

U_serv

1.2 Return to the main algorithm implementation, rescaling

import rescaling as resc

schaal = resc.Rescale(U_serv, V_serv, F_serv)
#scaling on products

schaal.scale()
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import rescaling_geo as resc_g

schaal_g = resc_g.Rescale(schaal.U, schaal.V, schaal.F)
#scaling on products

schaal_g.scale()

#LOI check

if (U_serv.where(U_serv!=0) .notna().sum() .sum() == schaal_g.U.where(schaal_g.U!
+=0) .notna() .sum() .sum()) & \

(V_serv.where(V_serv!=0) .notna() .sum() .sum() == schaal_g.V.where(schaal_g.V!=0).
—notna() .sum() .sum()) & \

(F_serv.where(F_serv!=0) .notna() .sum() .sum() == schaal_g.F.where(schaal_g.F!=0).

—notna() .sum() .sum()):
print('No loss of information')

schaal .adapt_bounds_guesses(lay_bounds, lay_f_bounds, lay0, lay_£0)

schaal_g.adapt_bounds_guesses(schaal.lay_bounds, schaal.lay_f_bounds, schaal.
~lay0, schaal.lay_£0)

del(schaal.U, schaal.V, schaal.F, schaal.acts, schaal.prods, schaal.factors,
—schaal.order, schaal.r_total,
schaal .rf_total, schaal.range_col, schaal.range_row, schaal.range_cell,
—schaal .performance, schaal.lay_bounds,
schaal.lay0, schaal.lay_f_bounds, schaal.lay_f0)
del(schaal_g.acts, schaal_g.prods, schaal_g.factors, schaal_g.order, schaal_g.
—~r_total, schaal_g.rf_total,
schaal_g.range_col, schaal_g.range_row, schaal_g.range_cell, schaal_g.
—performance)

import sys
sys.path.append(r'C:\Program Files\IBM\ILOG\CPLEX_Studio201')
import cplex

# Rebalance the first time
import lcamfa_rebalancer as reb
tol = [10e-6]
div = [1]
# Loop through penalty functions until the solver (hopefully) succeeds
for delen in div:
for tl in tol:
try:
bal=reb.RebalancingSystem(l, schaal_g.U, schaal_g.V, schaal_g.F,
—schaal_g.lay0, schaal_g.lay_f£0,
schaal_g.lay_bounds, schaal_g.
—~lay_f_bounds, imb_bounds, lab, tl, delen)
lay, imb = bal.solve(how='soft_squared_matr')
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except ValueError as e:
if (delen == div[-1]) and (tl == tol[-1]):
raise e
del(schaal_g.U, schaal_g.V, schaal_g.F, schaal_g.lay_bounds, schaal_g.lay0,,
—schaal_g.lay_f_bounds, schaal_g.lay_£f0)
del(lay,imb)

[ 1: bal.lay

1.3 Disaggregation

[ 1: schaal_g.readapt_lay(bal.resultaat['lay'])
schaal_g.readapt_lay_f(bal.resultaat['lay_£f'])
schaal_g.readapt_imb(bal.resultaat['imb'])
schaal .readapt_lay(schaal_g.lay)
schaal .readapt_lay_f(schaal_g.lay_f)
schaal .readapt_imb(schaal_g.imb)
schaal.imb = schaal.imb.where(abs(schaal.imb)>10e-8,0)
del(schaal.iterations, schaal.s_total, schaal.resc_fact, schaal.resc_factf)
del(schaal_g.iterations, schaal_g.s_total, schaal_g.resc_fact, schaal_g.

—resc_factf)
del(schaal_g.lay, schaal_g.lay_f, schaal_g.imb)
del(bal)

[ 1: C = V_serv.sparse.to_dense()
Y = U_serv.sparse.to_dense()
#Select products that are used a lot
foo = (C != 0).sum(axis=1) .sort_values() [-200:] .index
for i in C.index:
if int(heterogen[i]) ==
if ((Y.locli,:1!=0).any()):
#Count the number of non-zero entiries
counter = (C.locl[i,:]!=0).sum() # <s sparse: .value_counts()/[True]

for ¢ in range(counter):

prod = pandas.Series(index = C.T.index, dtype = 'float64')

#Set the coeffictent for one activity

prod.loc[C.loc[i,C.1loc[i,:]!=0].index[c]] = C.loc[i,C.loc[i,C.
~loc[i,:]1'=0].index[c]]

#Give prod a unique name -1, -2, -3,

prod.name = i+'_'+str(c)

#4dd the disaggregated product to V

C = C.append(prod.fillna(0))

#Adapt the initial guess

if i in schaal.imb.index:

guess [prod.name] = guess[i]+schaal.imb.loc[i,C.loc[i,C.

~loc[i,:]1'=0].index[c]]
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else:
guess [prod.name] = guess[i]
bounds [prod.name] = bounds[i]
uses = (Y.loc[i,:1!=0).sum() # is sparse: .value_counts()/[True]
totimb = sum(schaal.imb.loc[:,C.loc[i,C.loc[i,:]!'=0].index[c]].sum()
~for ¢ in range(counter))
for ¢ in range(counter):
for u in range(uses):
prod = pandas.Series(index = Y.T.index, dtype = 'float64')
#use = initial use*imbalance on activity c/sum(imbalance om,
—activities in counter)
if totimb !=0:
print ('Rescale with imb')
prod.loc[Y.loc[i,Y.loc[i,:]!=0].index[ul]l = Y.loc[i,Y.
~loc[i,Y.loc[i,:]!=0].index[ul]=*
(1-schaal.imb.loc[:,C.loc[i,C.1loc[i,:]'=0].index[c]].
~sum() /totimb)
else:
print ('Absolute rescaling')
prod.loc[Y.loc[i,Y.loc[i,:]!=0].index[u]] = Y.loc[i,Y.
~loc[i,Y.loc[i,:]!=0].index[ul]/counter
#4dd the row to U
prod.name = i+'_'+str(c)
Y = Y.append(prod.fillna(0))
elif ((Y.loc[i,:]==0).al1()):
#Count the number of nmon-zero entries
counter = (C.locl[i,:]!=0).sum() # is sparse: .value_counts()[True]
for ¢ in range(counter):
prod = pandas.Series(index = C.T.index, dtype = 'float64')
#Set the coefficient for one activity
prod.loc[C.loc[i,C.1loc[i,:]!=0].index[c]] = C.loc[i,C.loc[i,C.
~loc[i,:]1!'=0].index[c]]
#Give prod a unique name -1, -2, -3,
prod.name = i+'_'+str(c)
#4dd the disaggregated product to V
C = C.append(prod.fillna(0))
#Adapt the initial guess
if i in schaal.imb.index:
guess [prod.name] = guess[i]+schaal.imb.loc[i,C.loc[i,C.
~loc[i,:]1!'=0].index[c]]
else:
guess[prod.name] = guessl[i]
bounds [prod.name] = bounds[i]
#4dd the row to U
prod = pandas.Series(index = Y.T.index, dtype = 'float64')
prod.name = i+'_'+str(c)



[ 1:

[1:

[]1:

[1:

[]:

106

Y = Y.append(prod.fillna(0))
C = C.drop(index = i)
Y = Y.drop(index = i)
C.where(C!=0) .astype (pandas.SparseDtype("float64", np.nan)).fillna(0)
Y.where(Y!=0) .astype(pandas.SparseDtype("float64", np.nan)).fillna(0)

C
Y

#For used capital, check coefficient sum
print ([sum(Y.loc[j,act] for j in Y.index if ((len(j)>36) and(j[:36] == i[:36]))),
U_serv.loc[i[:36],act] for i in Y.index for act in Y.T.index if,
—(len(i)>36 and U_serv.loc[i[:36],act]!=0)])

products = Y.index
#lay0
lay0 = pandas.DataFrame(index = Iron, columns = products, data={prod:
—guess [prod] for prod in products})
lay0 = lay0.where(lay0!=0) .astype(pandas.SparseDtype("float64",np.nan)).fillna(0)

lay_bounds = pandas.DataFrame(index = products, columns = ['min', 'max'])
for i in products:

lay_bounds.loc[i, 'min']
lay_bounds.loc[i, 'max']

bounds [i] [0]
bounds[i] [1]

lay0 = lay0.where(lay0>0,abs(lay0))

# Rescale the disaggregated dataset

import rescaling as resc

schaal = resc.Rescale(Y, C, F_serv)

#scaling on products

schaal.scale()

import rescaling_geo as resc_g

schaal_g = resc_g.Rescale(schaal.U, schaal.V, schaal.F)

#scaling on products

schaal_g.scale()

schaal.adapt_bounds_guesses(lay_bounds, lay_f_bounds, lay0, lay_f0)

schaal_g.adapt_bounds_guesses(schaal.lay_bounds, schaal.lay_f_bounds, schaal.
—~lay0, schaal.lay_£0)

del(schaal.U, schaal.V, schaal.F, schaal.acts, schaal.prods, schaal.factors,
—»schaal .order, schaal.r_total,
schaal.rf_total, schaal.range_col, schaal.range_row, schaal.range_cell,
—schaal .performance, schaal.lay_bounds,
schaal.lay0, schaal.lay_f_bounds, schaal.lay_f0)
del(schaal_g.acts, schaal_g.prods, schaal_g.factors, schaal_g.order, schaal_g.
—r_total, schaal_g.rf_total,
schaal _g.range_col, schaal_g.range_row, schaal_g.range_cell, schaal_g.
—performance)
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del(lay_bounds, lay_f_bounds, lay0, lay_fO)

boek = {3}

boek['U'] = schaal_g.U.where(schaal_g.U!=0) .astype(pandas.
—SparseDtype("float64" ,np.nan)) .fillna(0)

boek['V'] = schaal_g.V.where(schaal_g.V!=0).astype(pandas.
—SparseDtype("float64" ,np.nan)) .fillna(0)

boek['F'] = schaal_g.F.where(schaal_g.F!=0) .astype(pandas.
—SparseDtype("float64" ,np.nan)) .fillna(0)

boek['lay0'] = schaal_g.layO.where(schaal_g.lay0!=0) .astype(pandas.
—SparseDtype("float64" ,np.nan)).fillna(0)

boek['lay_f0'] = schaal_g.lay_f0.where(schaal_g.lay_f0!=0) .astype(pandas.
—SparseDtype("float64" ,np.nan)) .fillna(0)

boek['lay_b'] = schaal_g.lay_bounds

boek['layf_b'] = schaal_g.lay_f_bounds

boek['imbb'] = imb_bounds.where(imb_bounds!=0) .astype (pandas.
—SparseDtype("float64" ,np.nan)) .fillna(0)

boek['lab'] = lab

schaal.s_total.loc[:, 'rescale'] =1

for factor in range(schaal.iterations):

schaal.s_total.loc[:, 'rescale'] #= schaal.s_total.loc[:, factor]
schaal_g.s_total.loc[:, 'rescale'] =1
for factor in range(schaal_g.iterations):
schaal_g.s_total.loc[:, 'rescale'] #= schaal_g.s_total.loc[:, factor]

boek['ss_total'] = schaal.s_total

boek['ress_fact'] = schaal.resc_fact

boek['ress_factf'] = schaal.resc_factf

boek['sg_total'] = schaal_g.s_total

boek['resg_fact']l = schaal_g.resc_fact

boek['resg_factf'] = schaal_g.resc_factf

# Save everything to restart kernel to free up the RANM
import gzip
import pickle
with gzip.open(r'C:\Users\hande\Documents\Maitrise,
—recherche\Maitrise\jupyter\Python\gitlab\Results\
intermediate.gz.pickle','wb') as f:
pickle.dump(boek, f)

import gzip

import pickle
import pandas
import numpy as np



[1:

[]:

[ 1:

[]:

108

with gzip.open(r'C:\Users\hande\Documents\Maitrise
—recherche\Maitrise\jupyter\Python\gitlab\Results\
intermediate.gz.pickle', 'rb') as f:
boek = pickle.load(f)

for key in boek.keys():
if key !'= 'lab' and key !'= 'lay_b' and key != 'layf_ b':
boek [key] = boek[key] .where(boek[key]!=0) .astype(pandas.
—SparseDtype("float64", np.nan)).fillna(0)

for key in boek.keys():
if key !'= 'lab' and key !'= 'lay_b' and key !'= 'layf_b':
boek[key] = boek[key].sparse.to_dense().fillna(0.)
boek[key] = boek[key].astype(pandas.SparseDtype("float64", 0.))

# Second rebalancing
import sys
sys.path.append(r'C:\Program Files\IBM\ILOG\CPLEX_Studio201')
import cplex
import lcamfa_rebalancer as reb
tol = [10e-6]
div = [1]
# Loop through penalty functions until the solver (hopefully) succeeds
for delen in div:
for tl in tol:
try:
bal=reb.RebalancingSystem(l, boek['U'], boek['V'], boek['F'],,
—boek['lay0'], boek['lay_f0'],

boek['lay_b'], boek['layf b'],,
~boek['imbb'], boek['lab'], tl, delen)
del(boek['U'], boek['V'], boek['F'], boek['lay0'], boek['lay_f0'],,
~boek['lay_b'], boek['layf b'],
boek['imbb'], boek['lab'])
lay, imb = bal.solve(how='soft_squared_matr')
except ValueError as e:
if (delen == div[-1]) and (tl == tol[-1]):
raise e
del(lay,imb)

#schaal_g.readapt_lay(bal.resultaat['lay'])
lay = bal.resultaat['lay'].T.mul(boek['ress_fact'].loc[:, 'factor'], axis=0).T.
~£illna(0)

#schaal_g.readapt_lay_f(bal.resultaat['lay_f'])
lay_f = bal.resultaat['lay_f'].T.mul(boek['ress_factf'].loc[:, 'factor']/1le2,
—axis=0).T.fillna(0)
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#schaal_g.readapt_imb (bal.resultaat['imb'])

imb = bal.resultaat['imb'].div(boek['ss_total'].loc[:, 'rescale'], axis=1).
~£i11na(0)

#del (bal)

#schaal.readapt_lay(schaal_g.lay)
lay = lay.T.mul(boek['resg_fact'].loc[:, 'factor'], axis=0).T.fillna(0)

#schaal.readapt_lay_f(schaal_g.lay_f)
lay_f = lay_f.T.mul(boek['resg factf'].loc[:, 'factor']/le2, axis=0).T.fillna(0)

#schaal.readapt_imb (schaal_g.imb)
imb = imb.div(boek['sg_total'].loc[:, 'rescale'], axis=1).fillna(0)

imb = imb.where(abs(imb)>10e-8,0)
del (boek)

# Save the results for analyzing
result = {}

result['lay'] = lay
result['lay_f'] = lay_f
result['imb'] = imb

import gzip
import pickle
with gzip.open(r'C:\Users\hande\Documents\Maitrise
wrecherche\Maitrise\jupyter\Python\gitlab\Results\
disaggr_result_July.gz.pickle','wb') as f:
pickle.dump(result, f)

import gzip
import pickle
import pandas
import pandas as pd
import numpy as np
with gzip.open(r'C:\Users\hande\Documents\Maitrise
—recherche\Maitrise\jupyter\Python\gitlab\Results\
intermediate.gz.pickle', 'rb') as f:
boek = pickle.load(f)
with gzip.open(r'C:\Users\hande\Documents\Maitrise,
wrecherche\Maitrise\jupyter\Python\gitlab\Results\
disaggr_result.gz.pickle','rb') as f:
result = pickle.load(f)
for key in boek.keys():
if key !'= 'lab' and key !'= 'lay_b' and key != 'layf_ b':
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boek[key] = boek[key] .where(boek[key]!=0) .astype(pandas.
—SparseDtype("float64", np.nan)).fillna(0)
for key in boek.keys():
if key != 'lab' and key != 'lay_b' and key != 'layf_b':
boek[key] = boek[key] .sparse.to_dense().fillna(0.)
boek[key]l = boekl[key].astype(pandas.SparseDtype("float64", 0.))

#Descale boek
boek['U'] = boek['U'].div(boek['ss_total'].loc[:, 'rescale'].
—mul (boek['sg_total'].loc[:, 'rescale'l])
.fillna(0), axis=1).fillna(0)
boek['U'] = boek['U'].div(boek['ress_fact'].loc[:, 'factor'].
—mul (boek['resg_fact'].loc[:, 'factor'])
.fillna(0), axis=0).fillna(0)
boek['V'] = boek['V'].div(boek['ss_total'].loc[:, 'rescale'].
omul (boek['sg_total'].loc[:, 'rescale'l])
.fillna(0), axis=1).fillna(0)
boek['V'] = boek['V'].div(boek['ress_fact'].loc[:, 'factor'].
—mul (boek['resg_fact'].loc[:, 'factor'])
.fillna(0), axis=0).fillna(0)
boek['F'] = boek['F'].div(boek['ss_total'].loc[:, 'rescale'l.
omul (boek['sg_total'].loc[:, 'rescale'l)
.fillna(0), axis=1).fillna(0)
boek['F'] = boek['F'].div(boek['ress_factf'].loc[:, 'factor'].
—mul (boek['resg_factf'].loc[:, 'factor'l)
.fillna(0), axis=0).fillna(0)

VmU
imb

boek['V'] - boek['U']
result['imb'] .sum()

import pandas as pd
def activity_inspector(act):
" Inspect an activity"""
flows = pd.DataFrame(index = ('OUT', 'E1l', 'imb'))
for prod in result['lay'].index:
if result['lay'].loc[prod] * VmU.loc[prod, act] != O:
flows.at['OUT', sut['products'].loc[prod[:36], 'productName']] =,
—result['lay'].loc[prod] * VmU.loc[prod,act]
for factor in result['lay_f'].index:
if result['lay_f'].loc[factor] * boek['F'].loc[factor, act] != 0:
flows.at['E1l', sut['STR'] .loc[factor, 'name']] = result['lay_f'].
—~loc[factor] * boek['F'].loc[factor,act]
if imblact] != 0:
flows.at['imb', sut['activities'].loclact,'activityName']] = imbl[act]
return flows.dropna(axis=1, how = 'all').fillna(0)
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def used_by(prod):
return sut['activities'].loc[U_serv.loc[prod,:].where(U_serv.loc[prod,:]!=0).
—dropna() .index, 'activityName']
def produced_by(prod):
return sut['activities'].loc[V_serv.loc[prod,:].where(V_serv.loc[prod,:]!=0).
—~dropna() .index, 'activityName']
def prod_identifier(name):
boo = sut['products'].loc[:, 'productName'].str.contains(name)
return sut['products'].loc[boo, 'productName']
def act_identifier(name):
boo = sut['activities'].loc[:,'activityName'].str.contains(name)
return sut['activities'].loc[boo].index, sut['activities'].
<loc[boo, 'activityName']

#4Analyse results
goo = (result['imb']>=1le-2)
result['imb'] [goo] .dropna(how="all', axis = 0).dropna(how='all', axis = 1).max()

goo = (imb>=1le-2)
groot = imb[goo] .dropna(how="'all', axis = 0)

import gzip
import pickle
import pandas
with gzip.open(r'C:\Users\hande\Documents\Maitrise recherche\Maitrise\jupyter\
8
—6_undefined_datasets_public_unallocated\ecoinvent_versions\ecoinvent_3-6_no_cap_used.
—~gz.pickle', 'rb') as f:
sut = pickle.load(f)
U_mar = sut['U'].drop([i for i in sut['activities'].index if sut['activities'].
<loc[i, 'activityType'] != 0],axis = 1)
V_mar = sut['V'].drop([i for i in sut['activities'].index if sut['activities'].
~loc[i, 'activityType'] != 0],axis = 1)
F_mar = sut['G_act'].drop([i for i in sut['activities'].index if,
—sut['activities'].loc[i, 'activityType']l != 0],axis = 1)
services = [] #services and stock build up in landfill ezcluded
for i in U_mar.T.index:
if ('maintenance' in sut['activities'].loc[i,'activityName']) or
~('transport' in
sut['activities'].loc[i, 'activityName']) or (('landfill' in,
—sut['activities'].locl[i, 'activityName'])
& ~ ('construction' in sut['activities'].
—loc[i, 'activityName'])):
services.append (i)
U_serv = U_mar.drop(services, axis = 1)
U_serv = U_serv.fillna(0)
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V_serv = V_mar.drop(services, axis = 1)
V_serv = V_serv.fillna(0)
F_serv = F_mar.drop(services, axis = 1)
F_serv = F_serv.fillna(0)

#del (U_mar, V_mar,F_mar)

#Identify the empty rows for each interaction matric
isnused = (U_serv.T == 0).all()

isnprod = (V_serv.T == 0).all()

#Identify the rows that are empty in both matrices
isuseless = ((isnused) & (isnprod))

#Select the mon empty rows

U = U_serv.loc[~ isuseless,:]

V = V_serv.loc[”~ isuseless,:]

#Save the mon empty rows as the new matrices
U_serv = U

V_serv =V

U_serv = U_serv.where(abs(U_serv) > 1e-20, 0)
V_serv = V_serv.where(abs(V_serv) > 1e-20, 0)
F_serv = F_serv.where(abs(F_serv) > 1e-20, 0)
products = sut['products'].loc[™ isuseless,:]

del(isnused,isnprod,isuseless,U,V)

import gzip

import pickle

import pandas

import csv

#Post processing

with gzip.open(r'C:\Users\hande\Documents\Maitrise recherche\Maitrise\jupyter\

3.6_undefined_datasets_public_unallocated\ecoinvent_3-6_sutPandas_SUT.gz.
—pickle','rb') as f:

sut = pickle.load(f)

iscapital = {}

heterogen = pandas.Series(dtype = np.dtype(np.int32))

comment = pandas.Series(dtype = np.dtype(np.int32))

with gzip.open(r'C:\Users\hande\Documents\Maitrise recherche\Maitrise\jupyter\

3.6_undefined_datasets_public_unallocated\ecoinvent_3-6_sutPandas_SUT.gz.
~pickle', 'rb') as f:

original = pickle.load(f)
with open(r'C:\Users\hande\Documents\Maitrise recherche\Maitrise\jupyter\
3.6_undefined_datasets_public_unallocated\Iron_4.csv') as csv_file:
reader = csv.reader(csv_file,dialect='excel')
for row in reader:
# Capital product or not
iscapital [row[0]] = bool(int(row[2]))
heterogen[row[0]] = float(row[5])
comment [row[0]] = str(rowl[6])
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False
0

iscapital['4c2blcc3-84e5-4e35-b74e-8815eadbc674 "]
heterogen['4c2blcc3-84e5-4e35-b74e-8815eadbc674 ']
comment [ '4c2blcc3-84e5-4e35-b74e-8815eadbc674'] = '

U_mar = sut['U'] .drop([i for i in sut['activities'].index if sut['activities'].

wlocl[i, 'activityType'] != 0]
,axis = 1) .sparse.to_dense()
V_mar = sut['V'].drop([i for i in sut['activities'].index if sut['activities'].
locl[i, 'activityType']l != 0]
,axis = 1) .sparse.to_dense()
F_mar = sut['G_act'].drop([i for i in sut['activities'].index if,
wsut['activities'].loc[i, 'activityType'] != 0],axis = 1)
services = []
for i in U_mar.T.index:
if (sut['activities'].loc[i, 'activityName'][:12] == 'treatment of'):
services.append (i)

# Post-processing
for serv in services:
for prod in V_mar.index:
if V_mar.loc[prod,serv] < O:
V_mar.loc[prod+'waste',serv] = sum(V_mar.loc[prods,serv]-U_mar.
~loc[prods,serv] +
F_mar.loc[el,serv] for prods in U_mar.index if ((sut['products'].
—loc[prods, 'unitName'] == 'kg')
and,
—("iscapital[prods])) for el in F_mar.index)
for serv in services:
for prod in boek['V'].index:
if len(prod)>36 and V_mar.loc[prod[:36],serv]!= 0:
V_mar.loc[prod,serv] = V_mar.loc[prod[:36],serv]/boek['V'].index[:
-36] . count (prod[:36])
V_mar .drop (heterogen)
for serv in services:
boek['V'] .loc[:,serv] = V_mar.loc[:,serv]

for i in original['U'].index:
if iscapitallil:
for act in orininal['U'].T.index:

if original['U'].loc[i,act]!=0:
boek['U'] .loc[i,act] = original['U'].loc[i,act]

for act in boek['U'].T.index:
boek['V'] .loc[sut['products'].loc[i, 'productName']+'waste',act]

= boek['U'] .loc[i,act]*result['lay'].loc[i]

#Phase 3
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boek['V'] = boek['V'].append('unaccounted iron waste or emission, we dont know,
~flow')
for i in groot.index:
boek['V'] .loc['unaccounted waste or emission, we dont know, flow',i] =,
—groot [i]
boek['U'] .append('unaccounted waste or emission, we dont know, flow')
boek['U'] .loc['unaccounted waste or emission, we dont know, flow'] = 0

del iscapital['i»;4c2blcc3-84e5-4e35-b74e-8815eadbc674 "]
del comment['i»;4c2blcc3-84e5-4e35-b74e-8815eadbc674']

from matplotlib import pyplot as plt

import numpy as np

fig = plt.figure()

ax = fig.add_axes([0,0,1,1])

ax.axis('equal')

langs = ['Heterogeneous', 'Capital', 'Other products']

students = [(heterogen!=0).sum(), sum(iscapital.values()),,
—~len(iscapital) - (heterogen!=0) .sum() -sum(iscapital.values())-1]

ax.pie(students, labels = langs,autopct= lambda p:f'{p:.2f}%, {p*sum(students)/
-100 :.0f}')

plt.savefig('products.pdf')

plt.show()

from matplotlib import pyplot as plt

import numpy as np

fig = plt.figure()

ax = fig.add_axes([0,0,1,1])

ax.axis('equal')

langs = ['LCI_acts', 'Waste treatment', 'Remaining imbalance', 'Activities']

students = [114, len(services), len(groot), 6725-len(services)-114-len(groot)]

ax.pie(students, labels = langs,autopct= lambda p:f'{p:.2f}%, {p*sum(students)/
100 :.0f}")

plt.savefig('activities.pdf')

plt.show()
result['lay'] .name = 'iron content'
comment .name = 'Comment'

# Generate readable results

readable_res = pd.merge(sut['products'],result['lay'], left_index=True,
—right_index=True, how='outer')

readable_res = pd.merge(readable_res, comment, left_index=True,
—right_index=True, how='outer')
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tuples = []
for i in readable_res.index:
if len(tuple(i.split('_'))) == 1:
tuples.append(tuple(i.split('_'))+(-42,))
else:
tuples.append(tuple(i.split('_')))
readable_res.index = pd.Multilndex.from_tuples(tuples, names=["Product",
~"Disaggregated"])

for i in readable_res.index:
if i[1]!=-42:
for j in ['productName', 'unitName', 'productId','unitId','cpc', 'wet massy
~[kgl', 'dry mass [kgl',
'iron content [dimensionless]', 'mass concentration, iron [kg/
-m3] '] :
readable_res.loc[i, j] = readable_res.loc[i[0], -42].loc[j]

pd.set_option('display.max_rows', None)

readable_res.index = readable_res.index.set_levels(readable_res.index.levels[1].
—astype(int), level=1)

table = readable_res.sort_values(['Product', 'Disaggregated', 'iron content']).
wloc[:, ['productName', 'unitName',

]
o '"iron content','Comment']].fillna('"')
null = []
for i in table.index:
if ((table.loc[i,'iron content']) == 0 and (len(table.loc[i, 'Comment']) ==,
~0)) or (table.locl[i,'iron content'] == ''):

null.append (i)
table = table.drop(null)

table.to_latex(buf = 'iron.txt', longtable = True)
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APPENDIX C RESCALING ALGORITHM
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Table D.2 Every natural resource in ecoinvent with in the second column the

bounds to the iron content of the resource and in the third column the initial

iron content guess

Name Bounds | Guess
Actinium in ground '0,0" 0
Aluminium 24% in bauxite 11% in crude ore in ground '0,0" 0
Aluminium in ground "'0,0" 0
Anhydrite in ground '0,0" 0
Antimony in ground "'0,0" 0
Argon-40 '0,0" 0
Arsenic in ground "0,0" 0
Astatine in ground "0,0" 0
Barite 15% in crude ore in ground '0,0" 0
Barium in ground '0,0" 0
Basalt in ground '0,1" 0.01
Beryllium in ground "0,0" 0
Bismuth in ground "0,0" 0
Borax in ground '0,0" 0
Boron in ground "0,0" 0
Bromine 0.23% in water '0,0" 0
Bromine in water "0,0" 0
Cadmium 0.30% in sulfide Cd 0.18% Pb Zn Ag In in ground '0,0" 0
Cadmium in ground '0,0" 0
Caesium in ground "0,0" 0
Calcite in ground '0,0" 0
Calcium in ground "0,0" 0
Carbon dioxide in air "0,0" 0
Carbon organic in soil or biomass stock '0,0" 0
Carnallite "'0,0" 0
Cerium 24% in bastnasite 2.4% in crude ore in ground "0,0" 0
Cerium in ground "0,0" 0
Chromium 25.5% in chromite 11.6% in crude ore in ground "0,0" 0
Chromium in ground '0,0" 0
Chrysotile in ground "0,0" 0
Cinnabar in ground '0,0" 0
Clay bentonite in ground "0,1" 0.04
Clay unspecified in ground "0,1" 0.04
Coal brown in ground "0,1" 0.01
Coal hard unspecified in ground "0,1" 0.01
Cobalt Co 5.0E-2% in mixed ore in ground '0,0" 0
Cobalt in ground "0,0" 0
Colemanite in ground "0,0" 0
Copper 0.52% in sulfide Cu 0.27% and Mo 8.2E-3% in crude ore in ground '0,0" 0
Copper 0.59% in sulfide Cu 0.22% and Mo 8.2E-3% in crude ore in ground '0,0" 0
Copper 0.97% in sulfide Cu 0.36% and Mo 4.1E-2% in crude ore in ground '0,0" 0
Copper 0.99% in sulfide Cu 0.36% and Mo 8.2E-3% in crude ore in ground '0,0" 0
Copper 1.13% in sulfide Cu 0.76% and Ni 0.76% in crude ore in ground '0,0" 0
Copper 1.18% in sulfide Cu 0.39% and Mo 8.2E-3% in crude ore in ground '0,0" 0
Copper 1.25% in sulfide Cu 0.24% and Zn 01% in crude ore in ground '0,0" 0
Copper 1.42% in sulfide Cu 0.81% and Mo 8.2E-3% in crude ore in ground '0,0" 0
Copper 2.19% in sulfide Cu 1.83% and Mo 8.2E-3% in crude ore in ground '0,0" 0
Copper Cu 0.2% in mixed ore in ground '0,0" 0
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Copper Cu 0.38% in mixed ore in ground '0,0" 0
Copper Cu 6.8E-1% in mixed ore in ground '0,0" 0
Copper in ground "0,0" 0
Cu Cu 3.2E+0% Pt 2.5E-4% Pd 7.3E-4% Rh 2.0E-5% Ni 2.3E4+0% in ore in ground "0,0" 0
Cu Cu 5.2E-2% Pt 4.8E-4% Pd 2.0E-4% Rh 2.4E-5% Ni 3.7E-2% in ore in ground '0,0" 0
Diatomite in ground '0,1" 0.01
Dolomite in ground '0,0" 0
Dysprosium in ground "0,0" 0
Energy geothermal converted '0,0" 0
Energy gross calorific value in biomass "'0,0" 0
Energy gross calorific value in biomass primary forest '0,0" 0
Energy kinetic (in wind) converted "0,0" 0
Energy potential (in hydropower reservoir) converted "0,0" 0
Energy solar converted '0,0" 0
Erbium in ground '0,0" 0
Europium 0.06% in bastnasite 0.006% in crude ore in ground '0,0" 0
Europium in ground "0,0" 0
Feldspar in ground "0,1" 0.15
Fish demersal in ocean "0,1" 0.01
Fish pelagic in ocean '0,1" 0.01
Fluorine 4.5% in apatite 1% in crude ore in ground '0,0" 0
Fluorine 4.5% in apatite 3% in crude ore in ground '0,0" 0
Fluorine in ground "0,0" 0
Fluorspar 92% in ground '0,0" 0
Fluorspar in ground '0,0" 0
Gadolinium 0.15% in bastnasite 0.015% in crude ore in ground '0,0" 0
Gadolinium in ground '0,0" 0
Gallium 0.014% in bauxite in ground "0,0" 0
Gallium in ground '0,0" 0
Gangue bauxite in ground '0,1" 0.01
Gangue in ground "0,1" 0.05
Gas mine off-gas process coal mining '0,1" 0.001
Gas natural in ground "0,1" 0.001
Germanium in ground "0,0" 0
Gold Au 1.0E-7% in mixed ore in ground "'0,0" 0
Gold Au 1.1E-4% Ag 4.2E-3% in ore in ground '0,0" 0
Gold Au 1.3E-4% Ag 4.6E-5% in ore in ground '0,0" 0
Gold Au 1.4E-4% in ore in ground '0,0" 0
Gold Au 1.8E-4% in mixed ore in ground '0,0" 0
Gold Au 2.1E-4% Ag 2.1E-4% in ore in ground '0,0" 0
Gold Au 4.3E-4% in ore in ground '0,0" 0
Gold Au 4.9E-5% in ore in ground '0,0" 0
Gold Au 5.4E-4% Ag 1.5E-5% in ore in ground '0,0" 0
Gold Au 6.7E-4% in ore in ground '0,0" 0
Gold Au 6.8E-4% Ag 1.5E-4% in ore in ground "'0,0" 0
Gold Au 7.1E-4% in ore in ground '0,0" 0
Gold Au 9.7E-4% in mixed ore in ground '0,0" 0
Gold Au 9.7E-5% Ag 7.6E-5% in ore in ground '0,0" 0
Gold in ground "0,0" 0
Granite in ground "'0,1" 0.02
Gravel in ground "0,1" 0.1
Gypsum in ground '0,1" 0.01
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Hafnium in ground "0,0" 0
Helium 0.08% in natural gas in ground '0,0" 0
Helium in natural gas in ground "0,0" 0
Holmium in ground "0,0" 0
Indium 0.005% in sulfide In 0.003% Pb Zn Ag Cd in ground '0,0" 0
Indium in ground "0,0" 0
Todine 0.03% in water '0,0" 0
Todine in water "0,0" 0
Iridium in ground "'0,0" 0
Iron 46% in ore 25% in crude ore in ground "1,1" 1
Tron 72% in magnetite 14% in crude ore in ground "1,1" 1
Iron in ground '0.7,1" 1
Kaolinite 24% in crude ore in ground "0,1" 0.01
Kaolinite in ground '0,1" 0.01
Kieserite 25% in crude ore in ground '0,0" 0
Kieserite in ground '0,0" 0
Krypton in air '0,0" 0
Lanthanum 7.2% in bastnasite 0.72% in crude ore in ground "0,0" 0
Lanthanum in ground '0,0" 0
Laterite in ground '0,1" 0.5
Lead 5.0% in sulfide Pb 3.0% Zn Ag Cd In in ground '0,0" 0
Lead Pb 0.014% in mixed ore in ground '0,0" 0
Lead Pb 3.6E-1% in mixed ore in ground "0,0" 0
Lead in ground '0,0" 0
Lithium 0.15% in brine in ground '0,0" 0
Lithium in ground "'0,0" 0
Lutetium in ground '0,0" 0
Magnesite 60% in crude ore in ground "0,1" 0.01
Magnesite in ground '0,1" 0.01
Magnesium 0.13% in water '0,0" 0
Magnesium in ground '0,0" 0
Magnesium in water '0,0" 0
Manganese 35.7% in sedimentary deposit 14.2% in crude ore in ground "0,0" 0
Manganese in ground '0,0" 0
Mercury in ground "'0,0" 0
Metamorphous rock graphite containing in ground "0,1" 0.01
Molybdenum 0.010% in sulfide Mo 8.2E-3% and Cu 1.83% in crude ore in ground '0,0" 0
Molybdenum 0.014% in sulfide Mo 8.2E-3% and Cu 0.81% in crude ore in ground '0,0" 0
Molybdenum 0.016% in sulfide Mo 8.2E-3% and Cu 0.27% in crude ore in ground '0,0" 0
Molybdenum 0.022% in sulfide Mo 8.2E-3% and Cu 0.22% in crude ore in ground "'0,0" 0
Molybdenum 0.022% in sulfide Mo 8.2E-3% and Cu 0.36% in crude ore in ground '0,0" 0
Molybdenum 0.025% in sulfide Mo 8.2E-3% and Cu 0.39% in crude ore in ground '0,0" 0
Molybdenum 0.11% in sulfide Mo 4.1E-2% and Cu 0.36% in crude ore in ground '0,0" 0
Molybdenum in ground '0,0" 0
Neodymium 4% in bastnasite 0.4% in crude ore in ground "'0,0" 0
Neodymium in ground '0,0" 0
Ni Ni 2.3E+0% Pt 2.5E-4% Pd 7.3E-4% Rh 2.0E-5% Cu 3.2E+0% in ore in ground '0,0" 0
Ni Ni 3.7E-2% Pt 4.8E-4% Pd 2.0E-4% Rh 2.4E-5% Cu 5.2E-2% in ore in ground '0,0" 0
Nickel 1.13% in sulfide Ni 0.76% and Cu 0.76% in crude ore in ground '0,0" 0
Nickel 1.98% in silicates 1.04% in crude ore in ground '0,0" 0
Nickel Ni 2.5E+0% in mixed ore in ground '0,0" 0
Nickel in ground '0,0" 0
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Niobium in ground "0,0" 0
Nitrogen '0,0" 0
Occupation annual crop "0,0" 0
Occupation annual crop flooded crop "0,0" 0
Occupation annual crop greenhouse '0,0" 0
Occupation annual crop irrigated "0,0" 0
Occupation annual crop irrigated extensive "0,0" 0
Occupation annual crop irrigated intensive "0,0" 0
Occupation annual crop non-irrigated "0,0" 0
Occupation annual crop non-irrigated extensive '0,0" 0
Occupation annual crop non-irrigated intensive "0,0" 0
Occupation arable land unspecified use "0,0" 0
Occupation arable conservation tillage (obsolete) "0,0" 0
Occupation arable conventional tillage (obsolete) "0,0" 0
Occupation arable reduced tillage (obsolete) "0,0" 0
Occupation bare area (non-use) "'0,0" 0
Occupation construction site "0,0" 0
Occupation cropland fallow (non-use) '0,0" 0
Occupation dump site "0,0" 0
Occupation field margin/hedgerow '0,0" 0
Occupation forest extensive "0,0" 0
Occupation forest intensive "0,0" 0
Occupation forest primary (non-use) '0,0" 0
Occupation forest secondary (non-use) "0,0" 0
Occupation forest unspecified '0,0" 0
Occupation grassland natural (non-use) '0,0" 0
Occupation grassland natural for livestock grazing '0,0" 0
Occupation heterogeneous agricultural "0,0" 0
Occupation industrial area "0,0" 0
Occupation inland waterbody unspecified '0,0" 0
Occupation lake artificial "0,0" 0
Occupation lake natural (non-use) "'0,0" 0
Occupation mineral extraction site "0,0" 0
Occupation pasture man made "0,0" 0
Occupation pasture man made extensive '0,0" 0
Occupation pasture man made intensive "0,0" 0
Occupation permanent crop "0,0" 0
Occupation permanent crop irrigated "0,0" 0
Occupation permanent crop irrigated extensive "0,0" 0
Occupation permanent crop irrigated intensive '0,0" 0
Occupation permanent crop non-irrigated "0,0" 0
Occupation permanent crop non-irrigated extensive "0,0" 0
Occupation permanent crop non-irrigated intensive "0,0" 0
Occupation river artificial "0,0" 0
Occupation river natural (non-use) "0,0" 0
Occupation seabed drilling and mining "0,0" 0
Occupation seabed infrastructure "0,0" 0
Occupation seabed natural (non-use) "0,0" 0
Occupation seabed unspecified "0,0" 0
Occupation shrub land sclerophyllous '0,0" 0
Occupation snow and ice (non-use) "'0,0" 0
Occupation traffic area rail network "0,0" 0
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Occupation traffic area rail/road embankment "0,0" 0
Occupation traffic area road network "0,0" 0
Occupation unspecified "0,0" 0
Occupation unspecified natural (non-use) '0,0" 0
Occupation urban continuously built '0,0" 0
Occupation urban discontinuously built "0,0" 0
Occupation urban green area "0,0" 0
Occupation urban/industrial fallow (non-use) "0,0" 0
Occupation wetland coastal (non-use) '0,0" 0
Occupation wetland inland (non-use) "0,0" 0
Oil crude in ground "0,1" 0.01
Olivine in ground '0,1" 0.3
Osmium in ground "0,0" 0
Oxygen "0,0" 0
Palladium Pd 1.6E-6% in mixed ore in ground '0,0" 0
Palladium in ground '0,0" 0
Pd Pd 2.0E-4% Pt 4.8E-4% Rh 2.4E-5% Ni 3.7TE-2% Cu 5.2E-2% in ore in ground '0,0" 0
Pd Pd 7.3E-4% Pt 2.5E-4% Rh 2.0E-5% Ni 2.3E4+0% Cu 3.2E+0% in ore in ground | "0,0" 0
Peat in ground "0,1" 0.01
Perlite in ground '0,1" 0.01
Phosphorus 18% in apatite 12% in crude ore in ground "0,0" 0
Phosphorus 18% in apatite 4% in crude ore in ground "0,0" 0
Phosphorus in ground "0,0" 0
Platinum Pt 4.7E-7% in mixed ore in ground "'0,0" 0
Platinum in ground '0,0" 0
Polonium in ground '0,0" 0
Potassium in ground '0,0" 0
Praseodymium 0.42% in bastnasite 0.042% in crude ore in ground "0,0" 0
Praseodymium in ground "0,0" 0
Protactinium in ground '0,0" 0
Pt Pt 2.5E-4% Pd 7.3E-4% Rh 2.0E-5% Ni 2.3E+0% Cu 3.2E+0% in ore in ground | "0,0" 0
Pt Pt 4.8E-4% Pd 2.0E-4% Rh 2.4E-5% Ni 3.7E-2% Cu 5.2E-2% in ore in ground '0,0" 0
Pumice in ground "0,1" 0.01
Pyrite in ground '0,1" 0.46553305
Pyrolusite in ground "'0,0" 0
Radium in ground '0,0" 0
Rh Rh 2.0E-5% Pt 2.5E-4% Pd 7.3E-4% Ni 2.3E40% Cu 3.2E4+0% in ore in ground | "0,0" 0
Rh Rh 2.4E-5% Pt 4.8E-4% Pd 2.0E-4% Ni 3.7E-2% Cu 5.2E-2% in ore in ground '0,0" 0
Rhenium in crude ore in ground '0,0" 0
Rhenium in ground "'0,0" 0
Rhodium Rh 1.6E-7% in mixed ore in ground '0,0" 0
Rhodium in ground '0,0" 0
Rubidium in ground "0,0" 0
Ruthenium in ground "0,0" 0
Samarium 0.3% in bastnasite 0.03% in crude ore in ground "'0,0" 0
Samarium in ground "0,0" 0
Sand unspecified in ground "0,1" 0.01
Scandium in ground "0,0" 0
Selenium in ground "0,0" 0
Shale in ground "'0,1" 0.01
Silicon in ground '0,0" 0
Silver 0.007% in sulfide Ag 0.004% Pb Zn Cd In in ground "0,0" 0
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Silver 0.01% in crude ore in ground '0,0" 0
Silver 3.2ppm in sulfide Ag 1.2ppm Cu and Te in crude ore in ground '0,0" 0
Silver Ag 1.5E-4% Au 6.8E-4% in ore in ground '0,0" 0
Silver Ag 1.5E-5% Au 5.4E-4% in ore in ground "0,0" 0
Silver Ag 1.8E-6% in mixed ore in ground '0,0" 0
Silver Ag 2.1E-4% Au 2.1E-4% in ore in ground "'0,0" 0
Silver Ag 4.2E-3% Au 1.1E-4% in ore in ground "0,0" 0
Silver Ag 4.6E-5% Au 1.3E-4% in ore in ground '0,0" 0
Silver Ag 5.4E-3% in mixed ore in ground "'0,0" 0
Silver Ag 7.6E-5% Au 9.7E-5% in ore in ground '0,0" 0
Silver Ag 9.7E-4% in mixed ore in ground '0,0" 0
Silver in ground '0,0" 0
Sodium chloride in ground "0,0" 0
Sodium nitrate in ground '0,0" 0
Sodium sulphate various forms in ground '0,0" 0
Sodium in ground '0,0" 0
Spodumene in ground '0,1" 0.01
Steatite in ground "0,1" 0.01
Stibnite in ground '0,0" 0
Strontium in ground '0,0" 0
Sulfur in ground '0,0" 0
Sylvite 25 % in sylvinite in ground '0,0" 0
Sylvite in ground "0,0" 0
Talc in ground '0,1" 0.01
Tantalum 81.9% in tantalite 1.6E-4% in crude ore in ground '0,0" 0
Tantalum in ground '0,0" 0
Tellurium 0.5ppm in sulfide Te 0.2ppm Cu and Ag in crude ore in ground "0,0" 0
Tellurium in ground "0,0" 0
Terbium in ground '0,0" 0
Thallium in ground '0,0" 0
Thorium in ground "'0,0" 0
Thulium in ground '0,0" 0
TiO2 54% in ilmenite 18% in crude ore in ground '0,0" 0
TiO2 54% in ilmenite 2.6% in crude ore in ground '0,0" 0
TiO2 95% in rutile 0.40% in crude ore in ground '0,0" 0
Tin 79% in cassiterite 0.1% in crude ore in ground '0,0" 0
Tin in ground '0,0" 0
Titanium in ground "0,0" 0
Transformation from annual crop '0,0" 0
Transformation from annual crop flooded crop '0,0" 0
Transformation from annual crop greenhouse "'0,0" 0
Transformation from annual crop irrigated '0,0" 0
Transformation from annual crop irrigated extensive "0,0" 0
Transformation from annual crop irrigated intensive '0,0" 0
Transformation from annual crop non-irrigated "'0,0" 0
Transformation from annual crop non-irrigated extensive "0,0" 0
Transformation from annual crop non-irrigated intensive '0,0" 0
Transformation from arable land unspecified use "0,0" 0
Transformation from bare area (non-use) "0,0" 0
Transformation from cropland fallow (non-use) "0,0" 0
Transformation from dump site "0,0" 0
Transformation from dump site inert material landfill "0,0" 0
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Transformation from dump site residual material landfill '0,0" 0
Transformation from dump site sanitary landfill '0,0" 0
Transformation from dump site slag compartment "0,0" 0
Transformation from field margin/hedgerow "0,0" 0
Transformation from forest extensive "0,0" 0
Transformation from forest intensive "0,0" 0
Transformation from forest primary (non-use) "'0,0" 0
Transformation from forest secondary (non-use) "'0,0" 0
Transformation from forest unspecified "'0,0" 0
Transformation from grassland natural (non-use) "0,0" 0
Transformation from grassland natural for livestock grazing "0,0" 0
Transformation from heterogeneous agricultural '0,0" 0
Transformation from industrial area "0,0" 0
Transformation from inland waterbody unspecified '0,0" 0
Transformation from lake artificial "0,0" 0
Transformation from lake natural (non-use) "0,0" 0
Transformation from mineral extraction site "0,0" 0
Transformation from pasture man made "0,0" 0
Transformation from pasture man made extensive '0,0" 0
Transformation from pasture man made intensive '0,0" 0
Transformation from permanent crop '0,0" 0
Transformation from permanent crop irrigated "0,0" 0
Transformation from permanent crop irrigated extensive "0,0" 0
Transformation from permanent crop irrigated intensive '0,0" 0
Transformation from permanent crop non-irrigated '0,0" 0
Transformation from permanent crop non-irrigated extensive '0,0" 0
Transformation from permanent crop non-irrigated intensive "0,0" 0
Transformation from river artificial "0,0" 0
Transformation from river natural (non-use) '0,0" 0
Transformation from seabed drilling and mining '0,0" 0
Transformation from seabed infrastructure '0,0" 0
Transformation from seabed natural (non-use) "'0,0" 0
Transformation from seabed unspecified "0,0" 0
Transformation from shrub land sclerophyllous '0,0" 0
Transformation from snow and ice (non-use) "0,0" 0
Transformation from traffic area rail network "0,0" 0
Transformation from traffic area rail/road embankment "'0,0" 0
Transformation from traffic area road network "0,0" 0
Transformation from unknown "0,0" 0
Transformation from unspecified '0,0" 0
Transformation from unspecified natural (non-use) "'0,0" 0
Transformation from urban continuously built '0,0" 0
Transformation from urban discontinuously built "0,0" 0
Transformation from urban green area "'0,0" 0
Transformation from urban/industrial fallow (non-use) "0,0" 0
Transformation from wetland coastal (non-use) "0,0" 0
Transformation from wetland inland (non-use) "'0,0" 0
Transformation to annual crop "0,0" 0
Transformation to annual crop flooded crop '0,0" 0
Transformation to annual crop greenhouse "'0,0" 0
Transformation to annual crop irrigated '0,0" 0
Transformation to annual crop irrigated extensive '0,0" 0
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Transformation to annual crop irrigated intensive '0,0" 0
Transformation to annual crop non-irrigated '0,0" 0
Transformation to annual crop non-irrigated extensive "0,0" 0
Transformation to annual crop non-irrigated intensive '0,0" 0
Transformation to arable land unspecified use '0,0" 0
Transformation to bare area (non-use) "0,0" 0
Transformation to cropland fallow (non-use) "'0,0" 0
Transformation to dump site "0,0" 0
Transformation to dump site inert material landfill '0,0" 0
Transformation to dump site residual material landfill '0,0" 0
Transformation to dump site sanitary landfill '0,0" 0
Transformation to dump site slag compartment "0,0" 0
Transformation to field margin/hedgerow "0,0" 0
Transformation to forest extensive '0,0" 0
Transformation to forest intensive "0,0" 0
Transformation to forest primary (non-use) "0,0" 0
Transformation to forest secondary (non-use) "'0,0" 0
Transformation to forest unspecified "0,0" 0
Transformation to grassland natural (non-use) '0,0" 0
Transformation to grassland natural for livestock grazing '0,0" 0
Transformation to heterogeneous agricultural "0,0" 0
Transformation to industrial area "0,0" 0
Transformation to inland waterbody unspecified "0,0" 0
Transformation to lake artificial "0,0" 0
Transformation to lake natural (non-use) "0,0" 0
Transformation to mineral extraction site "0,0" 0
Transformation to pasture man made "0,0" 0
Transformation to pasture man made extensive "0,0" 0
Transformation to pasture man made intensive "0,0" 0
Transformation to permanent crop '0,0" 0
Transformation to permanent crop irrigated '0,0" 0
Transformation to permanent crop irrigated extensive "0,0" 0
Transformation to permanent crop irrigated intensive "0,0" 0
Transformation to permanent crop non-irrigated '0,0" 0
Transformation to permanent crop non-irrigated extensive '0,0" 0
Transformation to permanent crop non-irrigated intensive '0,0" 0
Transformation to river artificial "0,0" 0
Transformation to river natural (non-use) "0,0" 0
Transformation to seabed drilling and mining '0,0" 0
Transformation to seabed infrastructure "0,0" 0
Transformation to seabed natural (non-use) "'0,0" 0
Transformation to seabed unspecified "0,0" 0
Transformation to shrub land sclerophyllous "0,0" 0
Transformation to snow and ice (non-use) "0,0" 0
Transformation to traffic area rail network "0,0" 0
Transformation to traffic area rail/road embankment "0,0" 0
Transformation to traffic area road network "0,0" 0
Transformation to unknown "0,0" 0
Transformation to unspecified "'0,0" 0
Transformation to unspecified natural (non-use) "0,0" 0
Transformation to urban continuously built "0,0" 0
Transformation to urban discontinuously built '0,0" 0
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Transformation to urban green area '0,0" 0
Transformation to urban/industrial fallow (non-use) "'0,0" 0
Transformation to wetland coastal (non-use) "'0,0" 0
Transformation to wetland inland (non-use) '0,0" 0
Tungsten in ground '0,0" 0
Ulexite in ground '0,0" 0
Uranium in ground '0,0" 0
Vanadium in ground "0,0" 0
Vermiculite in ground '0,1" 0.01
Volume occupied final repository for low-active radioactive waste '0,0" 0
Volume occupied final repository for radioactive waste "0,0" 0
Volume occupied reservoir "0,0" 0
Volume occupied underground deposit "0,0" 0
Water cooling unspecified natural origin "0,0" 0
Water in air '0,1" 0.01
Water lake "0,1" 0.01
Water river '0,1" 0.01
Water salt ocean "0,1" 0.01
Water salt sole '0,1" 0.01
Water turbine use unspecified natural origin '0,1" 0.01
Water unspecified natural origin "0,1" 0.01
Water unspecified natural origin "0,1" 0.01
Water unspecified natural origin "0,1" 0.01
Water well in ground '0,1" 0.01
Wood hard standing '0,1" 0.01
Wood primary forest standing "0,1" 0.01
Wood soft standing '0,1" 0.01
Wood unspecified standing "0,1" 0.01
Xenon in air '0,0" 0
Ytterbium in ground '0,0" 0
Yttrium in ground '0,0" 0
Zinc 9.0% in sulfide Zn 5.3% Pb Ag Cd In in ground '0,0" 0
Zinc Zn 0.63% in mixed ore in ground "0,0" 0
Zinc Zn 3.1% in mixed ore in ground "'0,0" 0
Zinc in ground "'0,0" 0
Zirconia as baddeleyite in ground "0,0" 0
Zirconium 50% in zircon 0.39% in crude ore in ground '0,0" 0
Zirconium in ground "0,0" 0
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APPENDIX E DEMO PROBLEMS

Each demo problem has a V, U and F matrix on the left, accompanied by lay and lay f
matrices on the right.

\% steel prod tire_prod rim_prod wheel_prod frame_prod bike _prod helmet prod lay iron unit min max

steel 1 steel 1 kalkg 0 1

tire 1 tire 0.05 kgfunit 0

rim 1 nim 1.2 kglunit 0

wheel 1 wheel 1.1 kg/unit 0

frame 1 frame 7 kalunit 0

bike 1 bike 10 kg/unit 0 8

helmet 1 helmet 0.3 kg/unit 03 03

u steel prod ftire_prod rim_prod wheel prod frame prod bike prod helmet_prod

steel 01 12 0 66 03

tire 1

rim 1

wheel 2

frame 1

bike

helmet

F steel prod  ftire_prod rim_prod wheel_prod frame_prod bike prod  helmet_prod lay_f iron unit min max

iron ore -1 0 0 0 0 0 0 iron ore 1 kglkg 1 1

coal 0 0 0 0 0 0 0 coal 0 ka/kg 0 0
Figure E.1 Imbalanced bike demo problem

v steel prod paint_prod wood_prod cabin_prod frame prod boat prod boat EOL_prod lay iron unit min max

steel 1 steel 1 kalkg 0 1

paint 1 paint 0 kgl 0

wood 1 wood 0 kg/unit 0

cabin 1 cabin 400 kgfunit 0

frame 1 frame 800 kgf/unit 0

boat 1 boat 1200 kg/unit 1200 1200

boat EOL 1 boat EOL 1100 kg/unit 0 1100

u steel prod paint prod wood_prod cabin prod frame prod boat prod boat EOL_prod

steel 0 0 400 800

paint 50

wood 400

cabin 1

frame 1

boat 1

boat EOL

F steel prod paint_prod wood_prod cabin_prod frame prod boat prod boat EOL_prod lay_f iran unit min max

iron ore -1 0 0 0 0 0 0 iron ore 1 kg/kg 1 1

wood 0 0 -1 0 0 0 0 wood 0 kgkg 0 0

Figure E.2 Imbalanced boat wear demo problem
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\% r_steel_prod sand_prod cement_prod gravel_prod concrete_pro wall_prod floor_prod lay iron unit min max

reinforced_st 1 reinforced_st 1 kalkg 0 1

sand 1 sand 0 kaglkg 0

cement 1 cement 0.03 kg/kg 0

gravel 1 gravel 0 kalkg 0

concrete 1 concrete 0.03 kg/kg 0.008 0.03

wall 1 wall 30 kglunit 0

floor 1 floor 120 kg/unit 0

u r_steel prod sand prod cement_prod gravel prod concrete_pro wall_prod  floor_prod

reinforced_steel 003 003

sand 0.97 05

cement 04

gravel 0.07

concrete 1000

wall 4

floor

F r_steel_prod sand_prod cement_prod gravel_prod concrete_pro wall_prod  floor_prod lay_f iron unit min max

iron ore -1 0 0 0 0 0 0 iron ore 1 kalkg 1 1

sand 0 -1 0 0 0 0 0 sand 0 kaglkg 0 0

Figure E.3 Imbalanced concrete range demo problem

V r_steel_prod flower_prod flower_EOL_prod lay iron unit min max

steel 1 steel 1 ka'kg 0 1

flower 1 flower 0.05 kg/unit 0.05

flower_EOL 1 flower_EOL 0 kg/unit 0 0

u r_steel prod flower prod flower EOL prod

steel 0.05

flower 1

flower_EOL

F r_steel_prod flower_prod flower_EOL_prod lay_f iron unit min max

iron ore -1 0 0 iron ore 1 ka'kg 1 1

compost 0 0 1 compost 0 ka/kg 0 0
Figure E.4 Imbalanced alternative wear flower demo problem

\% steel prod rod_prod plate_prod extruded_canmelted_can_jevaporation_prod lay iron unit min max

steel 1 steel 1 kalkg 1 1

rod 1 rod 0.99 kg/unit 0 0.99

plate 1 plate 0.98 kg/unit 0 0.98

extruded_can 1 extruded can 0.9 kg/unit 0 0.9

melted_can 1 melted_can 0.8 kg/unit 0 0.8

evaporation 1 evaporation 0 kg/unit 0 0

] steel prod rod prod plate_prod extruded canmelted can jevaporation prod

steel 1

rod 1

plate 1

extruded_can 1

melted_can 1

evaporation

F steel_prod rod_prod plate_prod  extruded_can melted_can_j evaporation_prod lay_f iron unit min max

iron ore -1 0 0 0 0 0 iron ore 1 kaglkg 1 1

coal 0 0 0 0 0 0 coal 0 kgkg 0 0

Figure E.5 Imbalanced transformation losses demo problem
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Vs steel_1_prod steel_2_prod steel_3_prod steel_4_prod steel_5_prod steel_6_prod lay iron unit min max

steel_1 1 steel_1 1 kagkg 0 1

steel_2 1 steel 2 1 kg/unit 0 1

steel_3 1 steel 3 1 kg/unit 0 1

steel_4 1 steel 4 1 kg/unit 0 1

steel_5 1 steel 5 1 kg/unit 0 1

steel_6 1 steel 6 1 kg/unit 0 1

U steel 1 prod steel 2 prod steel 3 prod steel 4 prod steel 5 prod steel 8 prod

steel_1 1

steel_2 1

steel_3 1

steel_4 1

steel_5 1

steel_6

F steel 1_prod steel 2 prod steel 3 _prod steel_4_prod steel_5_prod steel 6_prod lay_f iron unit min max

iron ore -1 -1 -1 -1 -1 -1 iron ore 1 ka/kg 1 1

coal 0 0 0 0 0 0 coal 0 kg/kg 0 0
Figure E.6 Imbalanced elementary flows demo problem

% steel 1_prod steel 2 prod steel 3 prod steel 4 prod steel_5_prod steel_6_prod lay iron unit min max

steel 1 steel 1 1 ka/kg 0

steel 2 steel 2 0 kgl/unit 0

steel 3 steel 3 0 kgl/unit 0

steel 4 steel 4 0 kgl/unit 0

steel 5 steel 5 0 kgl/unit 0

steel_6 steel_6 0 kg/unit 0

U steel 1 prod steel 2 prod steel_3 prod steel 4 prod steel 5 prod steel 6 prod

steel_1

steel_2

steel_3

steel_4

steel_5

steel_6

F steel 1_prod steel 2 prod steel 3 prod steel 4 prod steel_5_prod steel_6_prod lay_f iron unit min max

iron ore 0 0 0 0 0 0 iron ore 0 kg/kg 0

coal 0 0 0 0 0 0 coal 0 kg/kg 0

Figure E.7 Debug with all zero entries demo problem

v steel_producttire_prod  rim_prod  wheel_prod frame_prod bike_prod helmet_prod car_prod  factory_prod transport  machine_proifuel prod  lay iron unit min max

steel 1 steel 1 kakg 0 1

tire 1 tire 0.05 kg/unit 0

rim 1 rim 1.2 kglunit 0

wheel 1 wheel 1.2 kg/unit 0

frame 1 frame 6 kg/unit 0

bike 1 bike 8 kg/unit 0 8

helmet 1 helmet 0 kg/unit 03 03

car 1 car 1000 kg/unit 800 1000

factory 1 factory 500 unit 0

transport, car 1 transport, car 0 km 0 0

machine 1 machine 40 kglunit 0

fuel 1 fuel 0.01 kg/unit 0 01

u steel_producttire prod  rim prod  wheel prod frame prod bike prod helmet_prod car_prod  factory_prod transport  machine_pro:fuel_prod

steel 01 12 6 03 800, 100000 2400

tire 1

fim 1

wheel 01 2 4

frame 1

bike

helmet

car 1.00E-15

factory 1.00E-18 1.00E-15 1.00E-10 1.00E-11

transport, car 1.00E-10

machine 1.00E-10 1.00E-08 50

fuel 30000 20 10

F steel_producttire_prod  rim_prod  wheel_prod frame_prod bike_prod helmet_prod car_prod  factory_prod transport  machine_pro:fuel_prod lay_f iron unit min max

iron ore -10 0 0 0 0 iron ore 0.1 kgkg 01 01

coal 0 0 0 0 0 0 0 0 10000 12 15 9 coal 0 kgkg 0 0

polystyrene 0 0 0 0 0 0 2 0 500 0 0 0 polystyrene 0 kgkg 0 0

Figure E.8 Combination of imbalances demo problem
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