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1. Introduction
This document describes the creation of the baseline scenarios of the life cycle sustainability
assessment (LCSA) of the case studies of the H2020 HyperCOG project (deliverable 7.2). These
are the steel production plant of Sidenor (Spain), the white Portland cement production line of
Çimsa (Turkey) and the rare-earth (RE) extraction process of Solvay (France). It is an extension of
the goal and scope (D7.1). Parts of the goal and scope definition are also included here since they
are needed to interpret the results.
The overall purpose of work package 7 (WP7) is to test the proposition laid out by the HyperCOG
project, namely that the use of industrial cyber-physical systems (CPS) will increase the production
performance of industries, using three case studies as test cases and sustainability as an objective.
The document starts with the elements that are common to the three case studies: an introduction
to the methods and cognitive manufacturing, followed by the baseline scenario assessment
according to the goal and scope (deliverable 7.1). Each case study starts with a description of the
production process, followed by a review of the literature, a description of the planned intervention
and the definition of the elements of the goal and scope. The goal and scope are followed by a
description of the inventory, and the LCSA results for the base case (i.e. the situation before the
project intervention) and a brief interpretation of those results.
This document is public and LCA results will be part of publicly available materials, including
scientific publications. It is important to note that the study does not comply with all the rules
established by ISO for ISO-compliant studies, since a review panel is required for comparative
assertions.

1.1. Life cycle (Sustainability) Assessment
Life cycle assessment (LCA) is an approach to comprehensively address the impacts of products
and services. It is a recognised and broadly used methodology (Hellweg and Milà i Canals 2014)
based on ISO standards (ISO 2006). LCA emerged as a tool to assess the environmental effects
of production systems, but with time it has evolved to address the 3 pillars of sustainability, namely
environmental, economic and social sustainability. The term LCA is often used to refer to the
environmental assessment, while life cycle costing (LCC) does an economic account of production
systems and social LCA (SLCA) an assessment of social impacts. The joint analysis of these 3
aspects is referred to as “life cycle sustainability assessment” (LCSA). Strictly speaking, this study
is a LCSA.
The LCA method has four stages that are performed iteratively:
1. Goal and scope definition: sets out the context of the study, the methods, and explains
the intended application.
2. Inventory analysis: consists of compiling an inventory of relevant energy and material
inputs and environmental releases
3. Life cycle impact assessment: Evaluation of the potential impacts of the inventoried
flows on subjects of concern (e.g. impacts on biodiversity, human health etc).
4. Interpretation: a systematic technique to evaluate the impact assessment results.
This document focuses on the results before the CPS are implemented. LCA is an iterative process,
and some elements of the initial goal and scope (D 7.1) have been updated in this document. The
inventory includes all the flows (i.e. exchanges) required to produce a good or service. The
production system is modelled as a combination of activities that exchange flows. In environmental
LCA, the inventory is constituted of energy and material flows such as CO 2 emissions, or electricity
use. The economic assessment documents the economic expenses, following conventions of
national accounts, distinguishing between compensation to employees (wages), costs of
intermediate inputs, operating surplus and net taxes. The sum determines the cost of the final
product. The social LCA method used in this study uses the economic flows of LCC as well as
hours of employment.
In the impact assessment phase, the myriad of flows associated with a production system is
“reduced” to a series of complementary impact assessment indicators. On the environmental side,
D7.2. LCSA Business as usual scenarios
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there are several impact assessment methods to be applied, and there is not yet a consensus on
which one is the “best”. One widely known method is the global warming potentials used to
aggregate the effect of different greenhouse gases into the equivalent effect of (CO2eq). In the
economic assessment, all costs are considered equally important regardless of their nature and
aggregated. In the social footprint method, utility-weighted1 changes in income are combined with
productivity impacts (i.e. externalities due to poor governance) and used as a measure of social
welfare (Weidema 2018).
The environmental LCA is by far the most developed “pillar” from a scientific viewpoint, while LCC
and SLCA are less common. The economic assessment is possibly the simplest one because cost
accounting is widespread. The goal and scope follow the structure laid out by ISO for environmental
LCA, extending it to economic and social assessments needed for LCC and SLCA.

1.2. LCA concepts
The goal and scope definition uses a series of concepts that can be difficult to grasp for a nonexpert audience. This section describes some of the concepts that are needed to understand a
goal and scope definition. For further details see (ISO 2006),
Functional unit: the functional unit is a quantified performance of a product system. Systems are
only comparable if they provide the same function. For example, when comparing hand driers, a
functional unit could be one pair of hands dried. The concept of functional unit is connected to the
concept of reference flow, which is a measure of the outputs of a production system required to
fulfil the function described by the functional unit. Following the same example, the reference flow
of an air hand-drier would be the volume of hot air needed to dry a pair of hands.
Allocation: production systems can produce more than one product but we may be interested in
evaluating the burden associated with one of the products. The calculation of burdens associated
with one of the products of multifunctional systems is called “allocation”. There are different
approaches to solve the allocation problem, depending on the nature of the study.
System boundaries: the criteria specifying the processes are part of the product system. It
describes which activities/processes are required to deliver the functional unit. In the context of this
project, we should attempt to model all processes affected by the introduction of CPS.
Life cycle inventory (LCI): it is a compilation and quantification of inputs and outputs for a product
throughout its life cycle.
Impact assessment method: The impact assessment method reduces a number of inputs or
outputs to the system (e.g. CO2, CH4) to a metric relevant for sustainability assessment (e.g.
CO2eq emissions).

1.3. Cognitive manufacturing
Digitalization of industrial processes offers a promising perspective to improve manufacturing
processes. A potential digitalisation strategy uses cyber-physical systems (CPS) and smart
algorithms to optimise the production process, leveraging the improvements in machine learning
and big data analytics. Manufacturing with CPS is also called cognitive manufacturing and falls
within the realm of “industry 4.0”. It is expected that cognitive manufacturing will make industries
more competitive and efficient, but there is a lack of studies quantifying their effects, and WP7 aims
to address that limitation.
Although there are no LCA studies of cognitive manufacturing, some conclusions can be drawn
from studies of digitalization by Information and communication technologies (ICT). A recent review
points out that many studies ignore higher-order effects such as rebound effects which are difficult
to assess (Pohl et al. 2019). The impacts of the technology enabling digitalization are generally
considered to have a minor impact compared with the savings it can produce. For example, a study
on optimization of waste collection by a network of sensors showed how it is possible to reduce
environmental impacts consistently without sifting burdens (Bonvoisin et al. 2014). However,

1

Utility weighting attempts to model how the benefits of increases in income depend on the wages
and purchase power.
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another review of the digitalisation of media concludes that energy savings cannot be taken for
granted, and rebound effects should not be neglected (Court and Sorrell 2020). The existing
electronic sensors have a negligible contribution to impact therefore the environmental burden of
adding more sensors is unlikely to be very relevant unless it drastically increases electricity
consumption.
Table 1 documents the expected improvements in specific key performance indicators. Most of
them can be measured using LCA.

Sidenor

Çimsa

Solvay

-5%

-6 %

Environment
CO2eq per product

-2.5 %

NOx per product

-6%

Waste spills

-5%

Energy consumption

-2.5%

-7%

-5%

Raw material cons.

-3.38%

-5%

-5%

Waste production

-20%

By-product
valorization

+12%

-5%

Economic
Productivity

+4%

+5%

+10%

Profitability

+14%

+27%

+20%

Social
woman employment

+30%

Expected outcomes of the CPS on the case studies.

D7.2. LCSA Business as usual scenarios
Public

7

2. Sidenor case study
Sidenor is the case study of the steel production sector. Steel production is amongst the largest
industrial energy consumers worldwide, therefore even moderate improvements in production
practices can have wide implications globally.

2.1. Description of steel production
Steel is mainly produced from iron ore or scrap. There are two main approaches to produce steel.
The integrated route, which uses mostly iron ore as raw material, process it in blast furnaces (BF)
and basic oxygen furnaces (BOF). The “recycling route” uses an electric arc furnace (EAF) and
mainly steel scrap as feedstock. EAF also use direct reduced iron and, or pig iron2 as feedstock.
Globally, about 74% of steel production is produced via BOS and 25% using EAF (Worldsteel
2018). Steel recycling rate global figures are near 70% (Wang et al. 2021). This projects model an
EAF production plant.
In EAF production steel scrap and other feedstocks are loaded into the furnace together with
additives3, where the electrodes powered by alternative current (AC) melt it. Oxygen is added to
oxidise impurities and sometimes natural gas to heat cold points. This stage is called primary
metallurgy. Partially from additives, partially from impurities of scrap, slag is produced.
Once the desired temperature is reached, the melted metal is poured into ladles. A batch of steel
is known as a “heat”. In the ladles, the molten metal is adding more additives to achieve the desired
composition, while covered by a layer of protective slag.
The molten metal is later poured into a broad intermediate vessel called tundish. The tundish feds
molten metal into a mould for casting different products.
During the metallurgic process, oxide phases produce a layer of slag floating on the surface of the
molten metal. Elements of the slag phase are reduced and enter into the steel phase and viceversa (Picon et al. 2018). The slag composition can be used to control the quantity and types of
additives to be added to the steel. Slag is recovered both in the furnace (black slag) and in the
ladles (white slag). The slag can be used for different processes, from clinker substitution in cement
production to use as an aggregate material in construction work.

Figure 1: ladle furnace slag

Usually, heats are grouped into sequences containing steel of a similar composition, which use the
same casting machine and the same set of disposable materials (tundish lining, stopper rod,
nozzles). Changing from sequence to sequence is results in non-productive time due to machinerestarting, also greater costs of refractory materials and should be minimised. However, sequences
cannot be too long, because the quality of the products does not allow to make more than a fixed
amount of heats in the same sequence. More importantly, clients demand steels of different grades.
Different steel grades can be produced in the same sequence, saving time and disposable
materials (refractories), but creating sections of non-valid mixed steel products in the process (the
yield of the overall process is reduced as the mixed steel part is not valid for any of the heats). This
mixed steel is scrapped and used again as an input to the process. Planning the sequences can
be therefore viewed as an optimization problem. Scheduling of the heats is also complicated by

2

Pig iron is produced in blast furnaces, which are part of the integrated route of steelmaking
Coke is used to add carbon and lime for making the slag.
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production incidents, which are inherently difficult to foresee and ladle maintenance, as the
refractory lining of the ladles needs to be periodically repaired.

Figure 2: ladle pouring molten steel

2.2. Literature review on the LCA of steel production
LCA studies are broadly divided between studies that model the effect of changes in production
systems (consequential LCA - CLCA) and studies that aim to produce a snapshot of current
practices and attribute burdens using normative allocation (attributional LCA). Since this study aims
to assess the effects of implementing CPS systems in cement production, CLCA is the correct
methodological approach and the review uses preferable CLCA studies.
Environment: LCA studies with different goals are hardly comparable, but existing studies can give
an idea of where the greatest opportunities for improvement are. EAF steel requires much less
energy than BOS steel, and it has a lower environmental footprint, provided that the scrap feedstock
is available. However, the impact per kg of steel is considerably variable. The footprint of EAF steel
depends mainly on the a) the impacts of the electricity used b) the feedstock used.
Moreover, steel impacts depend hugely on where the system boundaries are set. For instance, in
the database exiobase, EAF steel is modelled as a recycling activity (i.e. fed only with scrap) that
offsets the production of BOS steel, and it has a net “negative impact”. That is, the more steel is
produced by EAF the lower are emissions of steel production globally. This does not mean that
steel production can be a “negative emission sector” because EAF production is limited by the
availability of scrap, and its share cannot increase unless we become better at reusing steel scrap.
These results suggest that increasing the amount of steel produced per ton of scrap is likely to be
a key performance indicator. If for the same amount of scrap more steel is produced, less steel
from BOS will be needed.
Economic: There is no literature on the LCC of steel using a consistent account but we can get
first estimates from the values in Exiobase (Merciai and Schmidt 2018). The results indicate that
purchases of inputs and wages are major costs. Another estimate can be taken from a cost model
of EAF production (Steelonthenet 2020). This model estimate steel scrap alone is the largest cost
(65%), followed by electricity (12%) and electrodes (5%). Capital costs represent about 4% of costs
and labour only 3%. A JRC study analysed costs of EAF production costs (excluding capital goods),
and also points in the direction of costs being dominated by scrap purchases, with a low contribution
of wages to total costs (Moya and Boulamanti 2016). The cost structure of specialised steel is
different since ferroalloys can be an important additional cost. According to Sidenor, not only scrap
but also the cost of ferroalloys, refractories and electrodes are important. Labour working directly
in the production line is not as important, but costs increase when labour requirements for ancillary
services (e.g. accounting, sales etc) are considered. Overall, data suggest that changes in scrap
utilization efficiency can have a major impact on the economics of steel production.
Social: social LCA is a relatively new field. Most of the methods require the selection of long lists
of indicators. Instead in the HyperCOG project, we use a streamlined yet comprehensive procedure
(Weidema 2018) that has already been used in other H2020 projects 4. Chinese steelmaking is likely

4

http://www.hindcon3d.com/
D7.2. LCSA Business as usual scenarios
Public

9

to be the marginal supplier5 of steel, with very different governance and labour costs. Therefore, if
automation expands production capacity, increasing the market share of “European” steel, social
impacts are expected to be substantial.

2.3. Case study and planned intervention
The case study for this study is a production line in Sidenor’s steelmaking in Basauri (Bask Country,
Spain). This steelmaking shop uses EAF, to produce billets and blooms and has a current capacity
of about 1 million tons of steel per year. Only the production of billets is expected to be affected by
the CPS. Unlike other plants producing generic steel, the plant in Basauri produces several types
of speciality steel, complexifying the logistics of the plant, but increasing the value-added of the
products.
In the current plant furnace slag and ladle slag is mixed and treated for metal recovery. The treated
slag is sold to be used as an aggregate in construction. Wasted metal is mixed is reprocessed
together with the purchased metal scrap.
The scheduling of the heats is done by humans based on experience and heuristics. Most of the
improvements are expected to take place in this aspect of production.
The HyperCOG project aims to optimise the scheduling of the plant, implementing a ladle tracking
system, which will use thermal imagery and machine learning to do predictive maintenance of the
ladles and use optimization algorithms to better plan the sequences.
It is expected that optimised scheduling increases the yield of liquid-steel to semi-product, reducing
wastes. Waste is often measured as the % of liquid steel that does not become valid solid steel
and varies between products. Waste increases when different types of steel are produced. Steel
waste in the current production is around 5-6% (including the waste generated by mixed
sequences), and wastes are expected to be reduced by 20%. The reduction of waste will
consequently reduce the environmental impact per kg of finalised product, as fewer additives and
less energy will be needed, and capital equipment will be used more effectively. The improvements
in ladle maintenance will expand the lifetime of the ladles, reducing the amount of refractory lining
required.
Slag from the plant in Basauri will be characterised using hyperspectral cameras by the project
partner Tecnalia. Blockchain technology will be used to encode the slag properties to facilitate
traceability. It is expected that a better characterisation would facilitate its valorisation as a
substitute for clinker. The effects of reduced clinker production can be assessed using insights from
the Çimsa case study that is part of the HyperCOG project.

2.4. Goal and scope
2.4.1.

Goal

The goal of this WP7 is to assess the environmental, economic and social effects of the
implementation of CPS systems on the production line of Sidenor’s plant in Basauri.
Although it is not required, it would be desirable to design a model architecture amenable to a
dynamic assessment (task 7.5 in WP7). Capable of evaluating the sustainability indicators per
planning period, using sensor data to update the LCI, avoiding manual data manipulation steps.

2.4.2.

Scope

System model (allocation)
5

Marginal supplier is the supplier that responds to changes in demand.( https://consequentiallca.org/clca/marginal-suppliers/ )
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LCA studies are broadly divided between studies that model the effect of changes in production
systems CLCA and studies that aim to produce a snapshot of current practices and attribute
burdens using normative allocation (attributional LCA). Since this study aims to assess the effects
of implementing CPS systems in steel production, CLCA is the correct methodological approach.
For instance, changes in the demand for electricity of the arc furnace will affect marginal suppliers
of electricity, i.e. the supplier(s) that will be affected if electricity demand is reduced.
CLCA typically assess long-term effects (Ekvall and Weidema 2004). Special attention will be
required for the scrap market. If scrap is fully utilized, its supply is constrained and increases in the
global steel demand can only be met by basic oxygen steelmaking (BOS). Conversely, a reduction
in the use of scrap will allow more production using arc furnaces, displacing BOS steelmaking.
The production line manufactures different steel products with different requirements. To avoid the
complexity of determining which inputs were used for which steel type, the technique known as
system expansion is used, using as a functional unit a basket of products. See sections of functional
unit and system boundaries for details.

Functional unit
The production line manufactures different grades of steel, affecting the scheduling of the plant.
Therefore, the functional unit should include a representative basket of steel products at the factory
gate. The type of steel grades varies over time as the market evolves. But the types of steel
produced before and after the intervention are expected to be comparable. The line produces steel
blooms and billets, but only the production of steel billets is expected to be affected by the changes
in the plant.
The intervention is also expected to increase the capacity of the production line. therefore, it is
proposed to compare the steel production during a representative period before and after the
intervention. Given that the CPS is expected to improve planning, it makes sense to evaluate each
planning period within a representative period. The reference flow will be 1 ton of finalised semiproduct, and for sensitivity purposes, 1 € of steel sold.
The % of plant capacity during the study period will be used to scale the “before” and “after”
situations, so they are comparable. Otherwise, the effects on capacity could be obscured by the
level of demand in the particular period when measurements are taken.

System boundaries
The system boundary should include all the processes potentially affected by the introduction of
the CPS, from manufacturing to waste disposal. The inclusion of the CPS system is expected to
affect the operation of the line in several ways.
The improved schedule of the sequences should reduce the ratio between steel waste and valid
solid steel. This will result in an overall reduction of material and energy inputs, and more efficient
use of existing capital equipment. Since the steel scrap is internally recycled, the amount of
purchased scrap per ton of steel may remain unchanged. Additionally, the predictive maintenance
system is expected to reduce the amount of refractory used in the relining of the ladles. The
improved characterisation of slag can be modelled as a higher proportion of clicker production
displaced and less slag disposed of.
Steel production by arc furnace and basic oxygen steelmaking (BOS) are considered
interchangeable and changes in the plant are not expected to affect the global steel demand.
Furthermore, steel scrap is considered a constrained resource, meaning that if one plant uses it
others cannot and there is a limited supply of scrap. If the changes in the Basauri plant increase
steel production, the additional production with respect to the baseline will be assumed to displace
BOS production. If the overall consumption of scrap changes (e.g. decreases) the “excess” of scrap
in the market will be absorbed by other arc-furnace production displacing BOS production.
Consequently, a generic process of BOS and arc-furnace steel making are needed. The production
system is illustrated in Figure 3.
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Figure 3: steel production system. Boxes represent activities/processes and arrows represent products. Dotted boxes
represent displaced producers.

The CPS is not expected to affect the use or disposal of steel products. Therefore, the study stops
at factory-gate and do not analyse what the clients do with steel products.
The expected economic savings will result in more money available for consumption. We propose
to measure this rebound effect assuming the economic savings industry will result in larger
household expenditure, using the average consumption of Spain citizens as a proxy. The levels of
consumption per citizen are present in the database Exiobase.

Data requirements (LCI)
Assess the economic, social and environmental consequences of the introduction of the CPS
requires a considerable amount of data. Data collection needs to be done before and after the
implementation of the CPS technology, to understand the effects of the implementation.
From the literature review, it is clear that some inputs to the production process are more relevant
than others from the sustainability angle. The most relevant processes are depicted in the
production system diagram. Among the most important are:
-

Electricity use in EAF. Price and generation technology.

-

Type, quantities, and price of feedstock used (steel scrap and pig iron).

-

Quantity and cost of electrodes

D7.2. LCSA Business as usual scenarios
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-

Refractory used for relining ladles and tundish.6

-

Personnel costs

-

Costs of the most expensive capital goods

-

Quantity and price of ladle and furnace slag produced

-

Bill of materials, cost and electricity use of CPS system

These need to be collected from the plant operation. In cases where certain data is very sensitive,
like the price of electricity, a reference price may be used, although that would complicate the
correct interpretation of results.
We use data that is already collected for other purposes as much as possible, particularly the data
that is part of the monitoring system, that may eventually allow and streamlined continuous
calculation of key performance indicators (KPI’s) using life-cycle thinking. To the extent that
information is available, we gather average, minimum and maximum values, as that would allow
an uncertainty analysis, increasing the robustness of the conclusions.
For all the processes outside the plant or of less relevance, generic data from background LCA
databases can be used. These will be adapted to improve their accuracy depending on their
contribution to LCSA scores. These include all the processes related to other industries outside the
plant, most notably:
-

Electricity production

-

Pig iron production

-

Steel production by BOS

-

Alternative EAF production

-

Refractory manufacturing

-

Metal recovery

We propose to use the database Exiobase (Merciai and Schmidt 2018; Merciai 2019) that 2.-0 LCA
has extended to include social impacts (Weidema 2018) as the main background database. The
database ecoinvent v3 (Weidema et al. 2013) can also be used to provide proxies of processes,
but it lacks the economic and social data, and its use should be minimized. In the absence of
primary data, activities in the background database can be used as proxies. Contrary to ecoinvent,
Exiobase has a free and open-access version, which would facilitate the integration of LCA
indicators in the day-to-day operation of the plant.

Impact assessment methods (LCIA)
The study will assess the environmental, social and economic impacts, and methods are needed
to translate the data from the inventory (e.g. CO2 emissions, PM2.5 emissions) into LCA indicators.
From the environmental perspective, the main concern is the global warming emissions, and the
only KPI directly linked to an LCIA method are CO2eq emissions. These can be characterized by
IPCC global warming potentials. As a sensitivity analysis, other methods such as Stepwise, ReCiPe
2016 (Huijbregts et al. 2017) or Impact World + (Bulle et al. 2019) can be used. The sensitivity
analysis will give robustness to the results.
For the economic assessment, the sum of the value-added of all the activities in the production
system provides the life cycle cost (LCC) of the products. The social assessment uses a wellbeing
metric using the method proposed in (Weidema 2018).

Assumptions
The wasted steel that is recycled as scrap is assumed to have the same composition as the
purchased scrap. Even though wasted steel has had additives incorporated, these additives need

6

2.-0 LCA Consultants and Sidenor have already worked together in ladle refractory management
in the project E-CO-LadleBrick, and in-house knowledge is used as much as possible.
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to be added again after the steel is melted in the furnace. Scrap is assumed to have a homogeneous
composition. Different types of scrap are used to produce different steel qualities but the analysis
does not enter this level of detail. Steel production by arc furnace and basic oxygen steelmaking
(BOS) are considered interchangeable and changes in the plant are not expected to affect the
global steel demand.

Limitations
Unlike a theoretical case study, a real case is not a controlled experiment and variables out of the
control of the project will affect the assessment. For instance, the types of steel produced will vary
throughout the project. Therefore, the product before and after the intervention will not be exactly
the same. However, they are expected to be broadly comparable.
To partially address the limitations of working with a real case instead of a planned experiment,
some factors can be controlled such as the price of electricity or the level of demand on a particular
period7. These are not determined by the intervention and change over time, thus the flows should
be adjusted to make a fair comparison. Other factors to be controlled are the price of inputs will
also be controlled to do a fair comparison.
Another limitation is that the study will not differentiate between the different speciality steels
produced. This is because we are more interested in the changes in the process rather than the
products.
Finally, scrap is considered to be homogeneous. Internally generated scrap may be of “better
quality” than purchased scrap, but these differences are usually ignored at the plant and are not
taken into account in this modelling.

Software requirements
To facilitate an eventual dynamic assessment of the operation, we use the LCA software framework
Brightway2. This modular open-source software has many cutting-edge characteristics not
available in normal LCA software. One of them is the possibility to update dynamically the
inventories with a stream of data.

2.5. LCI
This section briefly describes each process within the production system and how Sidenor data
was used. We use plant data from the monitoring system for the processes main processes inside
the plant for the period Sep 2019 – August 2020. It is to be noted that this period includes the
disruptive covid19 lockdown.
Much of this data is available per heat, but since mixed steel is scrapped to optimise planning, it
would not be possible to assign the scrapped steel to a particular heat. The data is grouped by
planning, to assess changes in the scheduling.
Capital goods (e.g. the electric arc furnace and ladle manufacturing) are not yet added to the
inventory nor the expenditures on wages. The hours of employment in the production line are also
still pending.
Primary metallurgy
The LCI uses Sidenor data on the amount of scrap, additives and electricity used per heat. On the
output side, the LCI uses data of molten steel going into secondary metallurgy and black slag
production. Refractory consumption is calculated with parameters: the amount of refractories in the
EAF and the frequency of substitution.
Consumption of electrodes is based on figures from literature and their emissions are not yet
accounted but should be minimal compared with other inputs.
Secondary metallurgy
7

The COVID-19 pandemic is likely to affect the demand for steel in the studied period, which is
likely to be substantially different before and after the intervention, depending on how the pandemic
evolves.
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The molten metal is poured into the ladle for the refining process. Data of additives and electricity
per heat is used in the inventory.
To date, relining the ladle is done after a fixed number of heats. The amount of refractory
consumption is calculated with parameters on the frequency of substitution, and amount of
refractories on the ladle. The implementation of predictive maintenance may affect the amount of
ladle refractories replaced.
The natural gas used to pre-heat the ladles is not yet accounted for in the inventory
Casting
The molten metal from secondary metallurgy is conformed in this process into blooms and billets.
A certain % of steel is scrapped due to quality reasons and the production of consecutive heats of
similar but different steel grades. The LCI uses Sidenor data on the amount of scrapped metal. The
amount of steel produced is calculated as the difference between the amount of steel going into
casting and the amount scrapped.
The LCI uses Sidenor data on the amount of different sequences to estimate the consumption of
refractories.
Steel scrap
Sidenor classifies scrap into 10 different categories. From a CLCA perspective, if Sidenor wants to
increase the production of steel, the available scrap will ultimately be the limiting long-term, and
production is constrained by the amount of scrap available.
It is expected that the amount of scrap available will increase, as the stock of steel in used products
has increased and will become scrap when they reach their end of life (Wang et al. 2021). We
assume that EAFs will compete for this scrap, since it is a cheaper source of steel, and has lower
GHG. Therefore, the “easy to recycle” scrap will still be fully utilized.
Some plants as the plant in Basauri use pig iron as an input, which is an output of the blast furnace.
In the main scenario, if more scrap is purchased to produce steel with EAF, less scrap will be
available to other EAF plants, which in turn could resort to pig iron as an input. The overall result
would be EAF using more pig iron as a marginal source of steel.
An indicative price of steel scrap provided by Sidenor is used to generate flows related to valueadded.
Pig iron production
Pig iron production in China is considered the marginal source of pig iron. Since it is the fastestgrowing producer of pig iron. The modelling of pig iron production also required the modelling of
sinter iron and pellet iron. The emissions are estimated based on fuel use. Please see excel input
sheets for details.
Electricity supply
The marginal supplier of electricity in Spain has been estimated using data from the International
Energy Agency. In the last five years, the increase in electricity demand has been covered by an
increase of mostly natural gas combined cycles. This has been modelled using the exiobase activity
of production of electricity by gas. The price of electricity is taken from the literature (Moya and
Boulamanti 2016).
Additives and refractories
Manufacturing of the different additives and refractories is done using a similar exiobase activity as
a proxy. Given the relatively low importance on the environmental side, this approach is deemed
sufficiently accurate. However, proxy processes may have very different costs than additives, which
can be quite expensive. To improve the inventory of economic flows, the price differential between
the additive, and the exiobase proxy is added to the corresponding activities as value-added.

2.6. Results
This section presents sustainability indicators per ton of steel in each planning period. Around the
40th planning period some of the data is missing, hence the lack of continuity in the line.
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2.6.1.

Global warming emissions

Figure 4 shows the amount of CO2eq per ton of steel for each planning period. it provides a clear
picture of to what extent planning can affect the climate footprint per ton of steel. Around 71% of
CO2eq are from scrap production, and 15% is from electricity generation.

Figure 4: Effects of planning on steel GHG. Sep 2019 – August 2020

2.6.2.

Costs

Figure 5 displays a preliminary evaluation of costs of around 800 € per ton. Steel scrap is the main
cost input (19% of costs) while electricity is about 1.1 %. Costs of certain additives, such as ferro
molybdenum are around 1.1% of costs.
Costs on wages and capital goods on the plant are not yet added but the contribution is expected
to be comparatively small.

Figure 5: Effects of planning on average steel costs. Sep 2019 – August 2020

2.6.3.

Human Wellbeing
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Impacts on human wellbeing depend on value-added per hour of work. Figure 6, presents the
supply-chain hours of work for different groups. CPS may change this employment distribution
hence the effects of income redistribution on human wellbeing.

Figure 6: LCI, Total hours of work needed per ton of steel by employee group. These figures include hours needed
to produce the inputs consumed by the steelmaking plant.

The modelled impacts on wellbeing caused by an extra ton of steel being produced, are displayed
in Figure 7 . Most of the impacts come from externalities due to poor governance (productivity
impacts) which are comparatively larger than effects of changes in income.

Figure 7: LCI, Impacts on human wellbeing per ton of steel.

2.7. Interpretation
These results should be interpreted as preliminary since several aspects of the inventory are still
to be completed. First, the costs provided by Sidenor are an approximation of the real costs, since
exact figures are confidential. Second, the uncertainty over parameters such as prices has not been
yet incorporated in the results, and only average values are provided. Third, the use of refractories
is still approximative, and more precise data from Sidenor is needed to make it more precise. Fourth
the use of capital equipment and wages is not yet incorporated in the inventory. Therefore, the
results provided are likely to be an underestimation. Nonetheless, the results suggest that efforts
in refining the inventory should pay special attention to the marginal supply of steel scrap and
electricity.
The costs results are similar to the expected cost per ton of steel, suggesting the inventory is
reasonably complete.
In the following months the LCI will be improved to incorporate:
-

Expenses in wages and capital goods in the production line
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-

Uncertainty in parameters
The marginal mix of electricity supply
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3. Çimsa case study
Çimsa is the company representing the cement production case study. Cement is used to produce
concrete, the most consumed manufactured substance on the planet (IEA 2018). It is also the thirdlargest industrial energy consumer, using 7% of total industrial energy use (IEA 2018). Hence, even
small improvements in production can have important effects globally.

3.1. Description of cement production
Portland cement is made of limestone (calcium carbonate, CaCO 3) and other materials such as
clay and sand8. After crushing and milling the mix is calcinated in the cement kiln releasing CO2 as
the calcium carbonate reacts to form calcium silicates. Gypsum is added to the clinker and
introduced in cement mills. A certain proportion of clinker can be substituted by other materials
such as ground marble, producing “blended cement”.
The temperature and humidity of the clinker entering the mill are important because high
temperatures change the additive structure and difficult cement grinding. To reach the adequate
conditions the clinker is “quenched” (cooled with water). Adding the right amount of water has an
important effect on the quality of the final product and the amount of free lime can be used to
monitor the temperature and humidity, as it is affected by these two factors. The clinker that is not
of the adequate quality may be disposed of or reintroduced in the process, although that can affect
the quality of the final product.
A separator at the end of the cement mills ensures an adequate particle size of the final product.
The particles that are too coarse are sent back to the cement mill until they reach an adequate size.
White Portland cement is a variety of Portland cement with a high degree of whiteness. White
Portland cement requires a different combination of aggregates (e.g. kaolin), and usually, coal or
petroleum coke (petcoke) is used as fuel. White Portland cement is more expensive to manufacture
and has a global market. Preliminary analysis of global trends shows an upward demand for white
Portland cement (Figure 8).

Figure 8: Global exports of white Portland cement (COMTRADE)

8

In White Portland cement the kaolin is used as clay, to minimise some transition elements that
are present in lower quality clay. Sand is added as a source of SiO 2, and is grinded separately to
avoid contamination from conventional grinding equipment.
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3.2. Literature review on the LCA of cement production
On the environmental side, cement production globally is responsible for 5% of anthropogenic
global warming emissions (Boesch and Hellweg 2010). CO2eq emissions of grey Portland cement
are around 1kg CO2eq / kg. The overwhelming majority of the greenhouse gas emissions of cement
arise during clinker production, in the rotary kiln. The main sources of GHG are fuel combustion
and CO2 emissions from the calcination of raw materials (Boesch and Hellweg 2010). Supply-chain
emissions from fossil-fuel provision are also relevant. By far the largest fuel consumer in the plant
is the cement kiln. Raw mill grinding, cement grinding and operating the kiln dominate electricity
consumption (IEA 2018). There are no comparative LCA of white Portland and grey Portland
cement, but the impact of white Portland cement is likely to be higher, given the more intensive use
of coal and higher restrictions on the alternative fuels 9.
In the absence of better information, datasets of cement production in the databases Exiobase and
ecoinvent can be used to guide the goal and scope. 2.-0 LCA Consultants develops the hybrid
version of the database Exiobase (Merciai 2019; Merciai and Schmidt 2018) which adds mass
balances and social assessments to the monetary version developed by the Exiobase consortium
(Stadler et al. 2018). Although Exiobase does not contain inventories for white Portland cement,
the data for “cement lime and plaster” can serve as a first approximation. A preliminary assessment
using Exiobase 3.3.16b2 confirms that most of the global warming impact originates in the cement
plants, while a non-negligible 20% originate from inputs used in the plant.
Global warming emissions are often considered the top priority but when we investigate the
contribution to wellbeing, respiratory inorganics appear to have a larger impact on wellbeing than
global warming emissions. This can be explained by the high mortality due to respiratory-related
illnesses globally (Soriano et al. 2020). Therefore, changes in particulate emissions should be
actively considered during data collection.
To double-check, we performed an analysis of the main pollutants contributing to human health
damage on grey Portland cement from Brazil using the database ecoinvent (Figure 9). The largest
contributor to human health damages is CO2 (via climate change), followed by emissions in clinker
production and coking. In the Mersin plant, dust generation within the plant is not expected to be
affected (Vahit, pers. Comm), and changes in particulate emissions come mainly from changes in
flue gas emissions. Therefore, any improvements in fuel efficiency could have important effects on
LCA scores and particulate matter, SOx and NOx emissions should be considered together with
CO2.

Figure 9: Damage to human health of Portland cement prod. (BR). Ecoinvent 3.6. The 5 largest contributors to
human health impacts.

Concerning costs, conventional life cycle costing (LCC) has not addressed the multi-stakeholder
perspective inherent in life cycle thinking, and harmonization with LCA has only been recently
proposed (Moreau and Weidema 2015). Therefore, the existing literature on the LCC of cement is
of limited use. Other sources point to investment costs (capital equipment) being the largest source
of costs (ETSAP 2010), thus at least the most expensive pieces of equipment should be considered
9

Gray Portland cement can use a diversity of fuels such as scrap tyres and plastic waste which are
not an option for White Portland cement.
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in the assessment. Çimsa estimates wages are about 8% of clinker costs, lowering the estimate of
Exiobase. Any changes in the structure of these costs, and how surplus is redistributed will affect
the social impacts of CPS.
Social LCA is a new research field, with very few case studies (Weidema 2018). The study uses a
streamlined method including the effects of income redistribution and productivity of missed
governance which are very country-specific (Weidema 2018). Results will be very dependent on
how the increases in value spill over.
If the CPS system increases the production of the plant, then other cement plants elsewhere will
reduce their production. Therefore, results will be very dependent on the international market for
white Portland cement. A preliminary analysis of cement production in Turkey suggests that
employment hours at the cement factory account for a large proportion of total employment hours
required to produce cement. Therefore, changes in the plant can have an important influence on
the social impacts of cement production.

3.3. Case study and planned intervention
The HyperCOG project analyses the effects of the third line production in the cement plant in Mersin
(Turkey). The plant uses a dry kiln and produces various types of cement. Types of cement are
classified according to specifications, the line produces CEM I 52,5R (Çimsa Super White ®) and
CEM II/B-L 42,5 R (Çimsa Eco White ®). Çimsa Eco White is about 10% of the White Portland
Cement production of the line and it is produced with the same separator and mill. The line has a
capacity of 2020 t/day (Çimsa 2018) and an average annual production of 6340000 tons per year.

Figure 10: Çimsa cement plant under study (Mersin, Turkey)

The software SabanciDx is used to optimize plant operations, acting as a benchmark against the
CPS solution.
The project will use hyperspectral cameras to monitor the whiteness of the free lime in the clinker,
an important indicator of the humidity and temperature of the clinker. These measures will help to
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optimise the amount of water added during cooling, as well as the amount of fuel during calcination.
A more reactive clinker requires less energy for grinding, resulting in further energy savings.
Expected effects: reduce by 7% fossil fuel consumption and by 5% associated GHGe. NOx
emissions are expected to be reduced by 6%. The improved control is expected to reduce by 5%
clinker consumption. Electricity use is also expected to be reduced. Production capacity is expected
to be increased by 5%. It is also expected to increase the profitability of the line by 27%.

3.4. Goal and scope
3.4.1.

Goal

The goal of this study is to assess the environmental, economic and social effects of using CPS in
white Portland cement manufacturing. The main reason is to gain a better understanding of how
CPS can make cement production systems more sustainable. The plant of ÇIMSA in Mersin serves
as a representative case study of the impacts of CPS in cement production. The results can guide
the upscaling of these technologies to other cement plants.
Although it is not required, it would be desirable to design a model architecture amenable to a
dynamic assessment (task 7.5 in WP7). Capable of evaluating the sustainability indicators for a
given period of plant operation, using sensor data to update the LCI and avoiding manual steps on
the workflow.

3.4.2.

Scope

System model (allocation)
LCA studies are broadly divided between studies that model the effect of changes in production
systems (consequential LCA - CLCA) and studies that aim to produce a snapshot of current
practices and attribute burdens using normative allocation (attributional LCA). Since this study aims
to assess the effects of implementing CPS systems in cement production, CLCA is the correct
methodological approach. Therefore, co-products are handled via substitution (Weidema et al.
2009) when process subdivision is not possible.

Functional unit
The functional unit is the amount of white Portland cement (Çimsa Super White) produced during
a representative period at a representative capacity at plant-gate before the intervention. The
burden of producing Çimsa Eco White is “subtracted”10 to facilitate comparisons.
The plant has several silos along the process, and cement produced in a period may be using
intermediate products (e.g. clinker) produced before. Calculating the precise environmental impact
of a given bag of cement would be therefore very difficult without introducing a stock-flow model,
outside the LCA common practice. For simplicity, we assume that the impact of all the production
steps in a certain period is representative of the impact of the cement produced in that period.
The assessment will be done before and after the CPS is in operation. The % of utilized capacity
of the production line will be used to scale production so periods are comparable.

System boundaries
The system boundaries should include all the processes affected by the changes in the plant
(Weidema et al. 2009) from production to waste disposal. The production system is represented in
Figure 11. Improved practices are expected to affect the amount of clinker needed. Hence all the
processes involved in clinker production need to be included. The CPS is also expected to affect
the cement mills and should also be modelled. The CPS is expected to produce a final product of

10

According to ISO this is the first option to avoid allocation, subdivide the process so input use of
both processes can be differentiated.
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the same quality; hence all the impact post-factory-gate will not be affected by changes in the plant
and can be disregarded.

Figure 11: Production system of white Portland cement.

Boxes represent activities and arrows products.

Dotted boxes represent displaced producers.
The CPS is expected to increase the capacity of the plant. If the productivity gains result in a larger
white Portland cement production, then this increased output will displace production elsewhere. A
market analysis of white Portland cement will be needed to foresee which white Portland cement
production will be displaced. Preliminary analysis of Comtrade data (United Nations 2020) confirms
that white Portland cement is an internationally traded commodity with a global market. Comtrade
data will be used to assess which is the marginal technology, following the procedure proposed in
(Weidema et al. 2009).
The economic savings will result in more money available for consumption. We propose to measure
this rebound effect assuming economic savings will result in household expenditure, using the
average consumption of Turkey citizens as a reference.
Processes can be excluded if changes are expected to be low or their contribution to costs,
environmental impact and employment are also low. Examples include storage in silos, whose
contribution to sustainability impact are expected to be minimal.

Data requirements (LCI)
Assess the economic, social and environmental consequences of the introduction of the CPS
requires a considerable amount of data. For all the activities involved in the production process, we
need:
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Intermediate product use: the amount of inputs per unit of production, including services.



emissions: the emissions and natural resource requirements.



Monetary cost: value-added (i.e. compensation to employees, net taxes and operating
surplus).



Number of employees: number of person-hours employed in that activity.

Data collection needs to be done before and after the implementation of the CPS, to understand
what the effects of the implementation have been. Primary data from the plant is needed for the
processes within the plant identified in the system boundary diagram (Figure 11). Data collection
focuses on the processes and flows that are expected to have the greatest impact on the LCA
scores.
We use data that is already collected for other purposes as much as possible, particularly the data
that is part of the monitoring system, that may eventually allow and streamlined continuous
calculation of key performance indicators (KPI’s) using life-cycle thinking. Current KPI’s used in the
plant include:





Clinker production (ton / day)
Electricity use (kwh / ton clinker)
Heat use (Kcal / ton clinker)
NOx and particulate matter (ppm)

To the extent that information is available, we gather average, minimum and maximum values to
the extent possible, as that would allow an uncertainty analysis, increasing the robustness of the
conclusions.
For all the processes outside the plant or of lesser relevance, generic data can be used. For
secondary data, we use the database Exiobase (Merciai and Schmidt 2018; Merciai 2019) that 2.0 LCA has extended to include social impacts (Weidema 2018). The database ecoinvent v3
(Weidema et al. 2013) can also be used to provide proxies of processes, but it lacks economic and
social extensions, and its use should be minimized. Ecoinvent also has a proprietary license, and
it is more complicated to introduce their results on a dynamic tool (task 7.5). In the absence of
primary data, activities in the background database can be used as proxies.


Combustion emissions

As shown in the literature, combustion emissions in clinker production are among the most
important contributors to LCA impacts. Certain substances (O2, SO2, NOx, CO, NO and particulate
matter) are continuously monitored at the chimney and we propose to use those measurements in
the inventory of emissions. For other substances of lesser importance combustion emission factors
of fuels can be used. In the absence of better information, the Çimsa integrated annual report
provides emissions of NOx, SO2, dust, VOC, dioxins, mercury, HCl and HF per tonne of clinker
(Çimsa 2018).


Calcination emissions

Calcination emissions can be approximated using equations proposed by the Intergovernmental
Panel on Climate Change (IPCC) (Hanle et al. 2006). IPCC proposes different calculations from
less precise (Tier 1) to more precise (Tier 3). We use Tier 2 formulas since Tier 3 is more relevant
when non-carbonate sources of CaO are used, which is not the case here. (IPCC 2006, equation
2.2).
𝐶𝑂2 = 𝑀 ∙ 𝐶𝑎𝑂 ∙ 𝐸𝐹 ∙ 𝐶𝐹
Where M is the amount of clinker, CaO is the proportion of CaO in clinker, EF is an emission factor
assuming total calcination and CF is a correction factor to account for cement kiln dust (CKD) not
used.

Impact assessment methods (LCIA)
The impact assessment method aggregates elementary flows (e.g. CO2 and CH4) into a reduced
number of indicators (e.g. global warming emissions).
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From the environmental perspective, the main concern is the global warming emissions, and the
only KPI directly linked to an LCIA method are CO2eq emissions. These can be characterized by
IPCC global warming potentials. As a sensitivity analysis, other methods such as Stepwise, ReCiPe
2016 (Huijbregts et al. 2017) or Impact World + (Bulle et al. 2019) can be used. The sensitivity
analysis will give robustness to the results.
For the economic assessment, the sum of the value-added of all the activities in the production
system provides the life cycle cost (LCC) of the products. The social assessment uses a wellbeing
metric using the method proposed in (Weidema 2018).

Assumptions
It is assumed that the white Portland cement Çimsa Super White is a homogeneous product.
It is assumed that higher productivity will be translated into more cement produced by ÇIMSA for
the same factors of production (i.e. same labour and capital goods, more product). The increase in
production is assumed to not affect the demand for cement; hence higher ÇIMSA production will
be assumed to displace white cement production elsewhere, gaining market share.
The % of utilized capacity is likely to be different before and after the intervention for reasons that
are independent of CPS systems, such as global demand for cement at a given period. To fairly
evaluate the intervention use of inputs can be scaled to comparable levels of utilized capacity. We
note that one of the effects of the CPS system is an increase in capacity, hence, we propose to
scale to capacity in relative terms, not absolute terms. As an approximation, it is assumed that
increases in throughput will not increase the need for capital equipment nor labour but the use of
material and energy inputs will scale linearly.

Limitations
The study works with a real production line, subject to more variability than a controlled experiment.
Therefore, some uncertainty will be introduced by changes in production factors not related to the
HyperCOG project. Having said that, the plant does not plan to have new investments to improve
the process in the near future and other planned improvements will not be in place during the
assessment of the plant.

3.5. LCI
This section describes the life cycle inventory used for the calculation, detailing where primary data
was used. The inventories of each process are normalized and the inputs are always expressed
per unit of output.
The time-series data for coal consumption provided by Çimsa is for the entire March 2019, while
the rest of the data from sensors is from the first week of May 2021. This is not ideal since the
periods do not match. To produce results, the dataset that covers only one week was repeated 4
times and matched to the data that covers one month as if they were from the same period. This
approximation can be valid as far as the operational parameters remain fairly constant during the
year.
Sensor data is resampled to an hourly frequency.
Sand grinding
The electricity used for sand grinding is estimated from Bakker (2014).
Limestone crushing
The electricity consumption of crusher hammers is taken from Çimsa sensors.
The crusher is a significant capital investment. Approximate costs, yearly utilization rate and lifetime
from Çimsa are used to estimate the costs and impacts from the manufacture of the crusher.
Raw milling
The electricity from raw milling is taken from Çimsa sensors. The composition of the raw meal is
confidential, therefore a standard mix of 80% limestone, 8% sand, 6% albite and 6% kaolin is used
as an approximation.
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Coal milling
The electricity used for milling coal is taken from the literature (de Bakker 2014).
Preheating and calcination
During this stage, lime is calcinated. The coal used in this phase is taken from Çimsa sensors
during March 2019. The calcination emissions are estimated from IPCC stoichiometry formulas.
The electricity used by the pre-heating fan comes from Çimsa sensor data.
The coal used per kg of clinker was calculated by dividing the hourly coal consumption in March
2019 by the mean clinker production in May 2021. It would be better to have all the data from the
same period. This approximation can be considered valid as far as the clinker output remains fairly
constant during the year.
Kiln operation
The coal consumption in the kiln burner is taken from Çimsa sensors (sampling during March 2019).
The natural gas, and heavy fuel oil use and electricity consumption from the kiln are taken from a
different period (first week of May 2021). Although it would be better to have all the fuel consumption
from the same period, this approximation is considered valid, since fuel oil and natural gas are
rarely consumed.
The kiln is one of the most expensive pieces of equipment in the factory. The kiln needs per ton of
clinker are calculated from a typical operation capacity and its lifetime.
Clinker cooling
Water consumption and ammonia use during clinker cooling are taken from Çimsa sensor data.
Marble grinding
Ground marble is used as a substitute for clinker, mainly in Çimsa Eco White. The electricity
consumption per ton of marble is taken from the literature.
Cement milling
In the cement mill clinker is mixed with gypsum and marble and milled until the desired texture is
produced. The outputs are Çimsa Super White and Çimsa Eco White. Sensor data from the first
week of May 2021 is used to characterise cement milling.
Sensor data is resampled to an hourly basis, and CSW cement production time is assumed to be
the hours where the average clinker consumption is higher than 90%
Electricity production
The marginal supplier of electricity in Turkey has been estimated using data from the International
Energy Agency. In the last five years, the increase in electricity demand has been covered by an
increase of mostly coal. This has been modelled using the exiobase activity of production of
electricity by coal.
The price of electricity provided by Çimsa is used to adjust value-added flows of the exiobase
activity used as a proxy.
Petroleum coke combustion
The combustion of petroleum coke in the calciner and the burner is modelled petcoke-specific
combustion emission factors from Exiobase, which are expressed on an energy basis. Petcoke
itself is modelled as a product of the exiobase activity petroleum refinery (tons). Exiobase low
heating values of petcoke are used to convert mass into energy units.
The price of petroleum coke provided by Çimsa is used to adjust the value-added flows of the
exiobase activity used as a proxy.
Heavy fuel oil combustion
The combustion of fuel oil is modelled petcoke-specific combustion emission factors from Exiobase,
which are expressed on an energy basis. Fuel oil itself is modelled as a product of the exiobase
activity petroleum refinery. Exiobase low heating values of petcoke are used to convert mass into
energy units.
D7.2. LCSA Business as usual scenarios
Public

26

The price of fuel oil provided by Çimsa is used to adjust the value-added flows of the exiobase
activity used as a proxy.
Natural gas combustion
The combustion of natural gas is modelled petcoke-specific combustion emission factors from
Exiobase, which are expressed on an energy basis. Fuel oil itself is modelled as a product of the
exiobase activity petroleum refinery. Exiobase low heating values of petcoke are used to convert
mass into energy units.
The price of natural gas provided by Çimsa is used to adjust value-added flows of the exiobase
activity used as a proxy.
Sand and limestone production
Sand production is modelled with the exiobase activity quarrying of sand and clay, and limestone
quarrying with quarrying of stone.
Machinery production
The following table details the weights and prices of the main machinery used inside the plant. The
inventory of machines per ton is modelled with the exiobase activity Manufacture of machinery and
equipment n.e.c.

Machine

Cost (MUSD)

Capacity

Lifetime (years)

Weight (ton)

Crusher

2.5-3

500-600 tph

20

30

Raw mill

7-8

200-300 tph

20

30

Coal mill

6-8

15-20 tph

20

30
30

Pre-heater
calciner

/

10-12

2500-2800 tpd

20

30

Kiln

7-9

2500-2800 tpd

20

1000

Clinker cooler

2-3

2500-2800 tpd

20

30

Cement mill

10-12

110-130 tph

20

100

3.6. Results
This section presents the LCSA indicators of production of White Portland Cement. The sensor
data is aggregated to an hourly frequency.

3.6.1.

Global warming emissions

Global warming emissions are close to 950 kg CO2eq per ton of white Portland cement.
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Figure 12: Global warming emissions of Çimsa Super White. A Histogram

is used to represent the variability

of the indicator.
CO2 from lime calcination is the largest contributor to GHG, followed by petcoke combustion and
emissions from electricity combustion. Figure 13 shows the % of CO2eq due to calcination, which is
nearly 50% of the emissions. The contribution of capital goods to CO2eq is low, probably because
of their large throughput.

Figure 13: % of CO2eq emissions due to calcination. A

Histogram is used to represent the variability of the

indicator.

3.6.2.

Costs

shows the distribution of costs. Electricity purchases represent 34% of total costs. Costs
show a considerable degree of variability depending on the hour of operation.
Figure 14
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Figure 14: Cost of producing CSW white Portland cement.

A Histogram is used to represent the variability

of the indicator.

3.6.3.

Human wellbeing

Utility-weighted value added is intrinsically associated with the hours worked by different income
groups and we think is worth mentioning it as an intermediate result. The cement supply chain
shows to be less labour-intensive than steel but equally dominated by medium-skilled male
employees.

Figure 15: Hours of employment needed per ton of cement. Results

are grouped per employee gender and

skill level.
As for the steel case, productivity impacts dominate the wellbeing score, as they are much larger
than the effects of income redistribution.
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Figure 16: Wellbeing score of CSW white Portland cement.

Results are grouped by mechanism affecting

wellbeing.

3.7. Interpretation
There are several caveats that should be considered in the interpretation. First, the expenses on
wages at the Çimsa plant are not yet included in the inventory of foreground activities, only on
background activities. Second, the costs provided by Çimsa are approximative and not the real
costs. Third, the data for coal consumption comes from a different period than the data for the rest
of the activities, compromising temporal representativeness.
Despite the limitations, some results stand out. Calcination emissions dominate CO2eq scores
together with emissions from petcoke combustion and electricity generation. Therefore, further
efforts should be addressed to improve the accuracy of any non-conformant clinker production,
marginal electricity generation, and petcoke use.
Global warming emissions are slightly lower than literature values for grey Portland cement, while
higher emissions for white Portland cement are expected. This may be due to the data gaps in the
inventory and the underestimation of coal consumption (see LCI section). Conversely, costs are
higher than expected and approximate costs given by Çimsa may need to be revised.
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4. Solvay case study
The Solvay plant in La Rochelle is the case study representing the chemical sector. The chemical
industry is a large energy consumer and the liquid-to-liquid extraction process is ubiquitous, thus
improvements in this process have the potential to have wide implications globally.

4.1. Description of rare-earth extraction
REs are metals in the group of lanthanides plus scandium and yttrium and they are increasingly
used in new technologies, that are key to the low-carbon transition, from electronics to permanent
magnets. Most REs are sourced from three minerals: bastnaesite, monazite and xenotime (Xie et
al. 2014). (Figure 17) illustrates the typical processing routes of RE, from ore mining to the
separated RE, with emphasis on the part of the process under study (rare earth separation).
Nowadays, most of the rare earth separation is done using solvent exchange techniques and ion
exchange is only applied in a few cases (Xie et al. 2014)

Figure 17: General processing routes of rare-earth ores (REO)

Rare earth extraction is a process by which mixed RE are separated. The process receives the
feed, a mix of leaching concentrate with REs and organic solvent. The extraction process relies on
the different basicity of RE to separate them. The solvent that is enriched with the solute is often
called extract. The feed solution that is depleted in solute (RE) is called raffinate.

4.2. Literature review on the LCA of rare-earth
extraction
There are few examples of LCA studies of RE extraction in the literature. Vahidi and Zhao (2017)
studied the RE separation of two facilities in Mongolia and China, and compare it with a generic
process of organic solvent extraction from the database ecoinvent. Results suggest that the impact
of RE separation is worse than the generic case of RE separation.
Environmental impacts of rare earth extraction appear to be in a range similar to other metals. Nuss
and Eckelman (2014) studied the environmental impact associated with the production of metals
and found that REs have somewhat average environmental impacts when compared to other
metals. Their greenhouse gas (GHG) emissions metrics are between one and two orders of
magnitude higher than steel, but two orders of magnitude lower than gold. Impacts of the
“purification” stages were found to have a higher impact than the mining and concentration (Nuss
and Eckelman 2014).
The database ecoinvent has some datasets that are relevant for this study. More precisely the
production of rare earth oxides from bastnaesite 99.9% concentration, via roasting and cracking
followed by solvent extraction in China. The process produces several RE, and the impact of each
one is calculated assuming the rest of co-products substitute alternative ways of producing that
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RE11. Most of the greenhouse gas (GHG) emissions come from heat and electricity demand along
the supply chain. Therefore, an accurate account of energy use is likely to be important.
The methodology proposed for the Social LCA has not been yet applied to RE extraction, therefore
there is no literature to compare. Some studies have compared production facilities, and point to
the US operations as the less problematic (Werker et al. 2019). Another study focusing on the
integration of social LCA, LCA and LCC highlighted the lack of data in all dimensions (Wulf et al.
2017). Both studies point to the Chinese supply chain as the most problematic (Werker et al. 2019;
Wulf et al. 2017).
The literature on costs of liquid-to-liquid extraction of RE is rare, thus, the findings of this study will
be useful for other disciplines. RE extraction could be classified as an energy-intensive industry,
which is characterised by high capital and energy intensity, and important economies of scale
(Wesseling et al. 2017). Hence improvements in capacity utilization are likely to be relevant.

4.3. Case study and planned intervention
The project analyses the Solvay plant in La Rochelle (France), which produce annually about 6000
tons of rare earth products, required to produce catalysers, medical equipment or glass polishers.
About 76% are mixed rare earth oxides for the automotive industry, 22% are rare earth carbonates
for polishing and 2% are rare earth oxides for medical applications. Among the refined rare-earth
are lanthanum (La) and Cerium (Ce).
In the plant, the liquid-liquid extraction process consists of a series of 6 sub-processes called
batterie. The purpose of each sub-process is to separate RE nitrates using the capability of specific
solvents to have selective affinity for the different rare earth elements. The aqueous phase
containing the RE nitrates is fed continuously through the batterie while the solvent is circulating
counter currently in the batterie. When the solvent is loaded with the selected RE, it is “regenerated”
by unloading the nitrates in aqueous phase (extracted RE) and reused. At the other end of the
batterie, one obtains the non-extracted rare-earth.
The plant uses a series of sensors to monitor and control the extraction process. For example,
solvent quality is assessed using chromatography, which is time consuming compared with other
techniques. Moreover, the reaction to disturbances, such as poor separation or emulsions of
aqueous and organic phases is done manually by operators, and the process lacks an automated
control system to optimize operations. With the integration of CPS, the process will be more tightly
controlled, using machine learning to predict problems based on data from the existing operation
and wireless data acquisition systems.
The changes will only be introduced in batteries C2, C3 and C4. These have as output separated
Ce and La (light RE) and non-separated heavy RE. The heavy RE are separated using other
smaller and less frequently used batteries (C6 and LC8) and are out of the HyperCOG scope
intervention.
It is expected that the introduction of CPS will result in:
Less quality defects and increased flexibility:
o

Increased productivity overall effectiveness of equipment (OEE 12) 75% => 85%

o

Less waste

-

Less solvent waste13: 100 tonnes/year (400k€/y) => 95 tonnes / year

-

Less steam requirement: 8.5 t steam / kg rare earth => 8 t steam / kg RE, with the
subsequent reduction of fossil-fuel related CO2 emissions.

11¡Error!

No se encuentra el origen de la referencia. shows a negative CO2eq of spent solvent,
which may seem counter intuitive. The reason is the avoided production of co-produced rare earths
by other routes which require more solvent.
12 OEE measures the production of a production process with respect to the full potential. An OEE
of 100% would mean that production occurs at maximum speed, without defaults and without
interruptions.
13 Solvent waste is either sent to incineration or sent for other treatments depending on the level of
dilution.
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-

Reduction in operation costs (7100 € / ton => 6550 € / ton)

4.4. Goal and scope
4.4.1.

Goal

The primary objective of this LCSA is to assess the environmental, economic and social effects of
the implementation of CPS systems on the production line doing RE extraction at the Solvay plant
in la Rochelle.
A secondary objective is to generate insights that can be used to optimise the implementation of
CPS systems from a sustainability perspective. Achieving this goal will help to better use CPS to
improve the sustainability of liquid-to-liquid extraction, which are ubiquitous in industry. It will also
help to achieve the goal of the HyperCOG H2020 project, which finances this study.
Lastly, although not required, it would be desirable to have an LCA model that can automatically
update life cycle inventories (and related sustainability indicators) from plant data without
substantial manual intervention.

4.4.2.

Scope

System model (allocation)
The study assesses changes in production systems, therefore co-products are assessed using
substitution when system subdivision is not possible. That is, the impacts of co-products such as
hot water is discounted from the impact of rare earth extraction, assuming they displace an equal
amount from an alternative supplier. The identification of marginal suppliers follows the procedure
outlined in (Weidema et al. 2009).

Functional unit
The social, economic, and environmental assessment will be measured per ton of separated RE,
of the line before and after the intervention during a representative period of operation (i.e. 6 months
of operation). In LCA terms, the functional unit is 1 ton of light extracted RE (La and Ce). This
functional unit assumes that a similar proportion of rare earth products is produced in the periods
when data is collected, which is normally the case according to Solvay.
It is possible that during to external factors, such as reduced demand due to COVID-19, the demand
before and after the intervention may be different. The plant may be operating at reduced capacity
and the effects of CPS systems would not be fully accounted. To fairly assess the intervention, we
propose to scale the factors of production as a sensitivity analysis assuming the plant is operating
at full capacity.

System boundaries
The study strives to include all the processes affected by the intervention. Since the quality of the
products is not expected to be affected, the use phase of REs is not expected to change and will
not be assessed. Only the batteries C2, C3 and C4 are affected by the intervention, and this
intervention is not expected to affect the rest of the batteries separating heavier RE. Therefore the
separation of heavy RE does not need to be included in the inventory.
Special emphasis will be put on the processes that have the largest contribution to either cost,
environmental or social impacts. Figure 18 represents the main processes within the production
system.
Around 99 % of the RE introduced in the process are extracted, and this yield is not expected to be
affected by the introduction of the CPS. Therefore, the same amount of RE carbonates per
functional unit will be needed, eliminating the need to model RE carbonate production.
The effluent from the batteries is treated on a concentration process, consisting of a preconcentration step, followed by two aero-concentration towers and three steam boilers.
D7.2. LCSA Business as usual scenarios
Public

33

Figure 18: production system of rare-earth extraction process. Boxes represent activities and arrows products. Dotted
boxes represent displaced producers.

The extraction process produces hot water as a co-product, which is used by the incineration plant
Port-Neuf during winter which is connected to the district heating serving households. The hot water
provided by Solvay can be delivered to households through the district heat network. Increases in
operational efficiency may mean less warm water available for district heating. We operate with the
assumption that this co-product avoids the heating of water by a marginal heat producer, which is
likely to be natural-gas heating, of widespread use in France.
The Solvay plant uses steam from an incineration plant. The planned intervention may reduce
steam needs in the plant, but it is assumed that reduction in steam needs will reduce the steam
produced in the boilers, not the steam coming from the incineration plant. This is logic since, waste
heat is of a much lower cost and therefore the rational thing is to reduce natural gas consumption.
Furthermore, the heat generated by the incineration is driven by waste treatment needs, not the
heat energy needs in the plant.
If the use of CPS results in an increase in plant capacity and production, the additional production
will be assumed to displace RE production elsewhere. The underlying assumption is that an
increase in production will not affect the aggregated demand of RE.
The expected economic savings will result in more money available for consumption. We propose
to measure this rebound effect assuming the economic savings industry will result in larger
household expenditure, using the average consumption of French citizens as a proxy.

Data requirements (LCI)
The assessment requires quantities and cost of intermediate products used in the different
processes, emissions to the environment (e.g. CO 2) and employment data. LCA is data-intensive,
but studies should find a balance between completeness and resources devoted to data collection.
It is therefore of utmost importance to focus on the most relevant processes from the sustainability
perspective.
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We use data that is already collected for other purposes as much as possible, particularly the data
that is part of the monitoring system, which will eventually allow and streamlined continuous
calculation of key performance indicators (KPI’s) using life-cycle thinking. To the extent that
information is available, we gather average, minimum and maximum values, as that would allow
an uncertainty analysis, increasing the robustness of the conclusions.
For processes occurring inside the plant, a good inventory should use primary (plant) data, while
processes occurring outside, such as incineration or ammonia production will be modelled using
background LCA databases. Preferably the hybrid version of the database exiobase (Merciai and
Schmidt 2018) is used, as it already includes environmental, social, and economic data. If judged
necessary, the database ecoinvent (Weidema et al. 2013) will be used, complemented with
economic and employment data from other sources.

Impact assessment methods (LCIA)
From the environmental perspective, the main concern is the global warming emissions, and the
only KPI directly linked to an LCIA method are CO2eq emissions. These can be characterized by
IPCC global warming potentials. As a sensitivity analysis, other methods such as Stepwise, ReCiPe
2016 (Huijbregts et al. 2017) or Impact World + (Bulle et al. 2019) can be used. The sensitivity
analysis will give robustness to the results.
For the economic assessment, the sum of the value-added of all the activities in the production
system provides the life cycle cost (LCC) of the products. The social assessment uses a wellbeing
metric using the method proposed in (Weidema 2018).

Assumptions
We propose to scale the operations to a maximum level of achieved OEE before and after the
intervention, to control the effects of fluctuating demand. For the scaling, the use of inputs such as
nitric acid or steam will be assumed to scale linearly to production output, while the same amount
of personnel will be assumed to be required. The amount of personnel needed depend on the
number of batteries running, but not on their production rate.
The difference of REs production before and after the intervention will be assumed to displace an
equal amount of production elsewhere. This is equivalent to assume that changes at the plant of
Solvay will not increase the aggregated demand for RE.
To account for possible rebound effects, we propose to assume that increases in profitability will
eventually translate into more expenditure by the recipients of the increases in value-added. This
expenditure will be assumed to be spent in the same goods and services as the average French
citizen. The types of goods and services consumed by French citizens will be derived from
Exiobase (Stadler et al. 2018; Merciai and Schmidt 2018).

Limitations
Unlike a theoretical case study, a real case is not a controlled experiment and variables out of the
control of the project will affect the assessment. For instance, the types of RE produced will vary
over the course of the project. Therefore, the product before and after the intervention will not be
the same. However, they are expected to be broadly comparable. A derived limitation is that the
study will assess the effects of CPS on the process, not on the individual products, thus it will not
provide results of the individual rare earth compounds (e.g. those delivered to the automotive
industry).
To partially address the limitations of working with a real case instead of a planned experiment,
some factors can be controlled (i.e. assumed to be equal before and after the intervention). These
include the price of electricity or the level of demand in a particular period. These are not determined
by the intervention and change over time, therefore adjust them will facilitate to evaluate the
changes solely due to the introduction of CPS.

4.5. LCI
The sensor data used in this inventory spans from 1st September 2020 to 21st of October 2020.
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Most of the expected outcomes are related to a reduction in fuel use, therefore we have focused
on estimating the amount of steam used per ton of separated RE, using to the extent possible
existing records from sensors.
Heat exchanger E02500. Concentration step before C2 battery
Solvay will investigate if there are records of steam use. The input of the heat exchanger has a very
variable concentration and unless monitored continuously, it would be very difficult to estimate
steam use from concentration.
The output is a concentrated mix of RE. The input of RE nitrates is not modelled since it is expected
to be the same per unit of final product after the CPS implementation.
Heat exchangers E21200 and E21300. Concentration step after the C2 battery
There is no measurement of steam use, and steam use has to be estimated from changes in the
concentration of the solution and the amount of solution. From other exchanges, it is estimated that
0.6 kg of steam is needed to evaporate 1 kg of water from the solution.
Concentrations and densities are obtained from Solvay battery mass balances to estimate steam
consumption.
Heat exchangers E42200 and E42300. Concentration step after C4 battery
The steam used is available from sensor data. The diluted LaCe mix entering in the heat exchanger
is estimated from the input to the C4 battery using the reference mass balance.
The heat exchangers concentrating the heavy RE are not accounted for, nor the RE products from
that side of the plant. This omission will not affect the analysis of CPS effects, since this side is
expected not to be affected by the intervention.
Heat exchangers E32300 and E31300. Concentration step after C3 battery
We use measures of steam used by sensors within the plant.
The La production in kg / l is calculated from the volumetric flow after the concentration step (sensor
data) and the concentration (reference value from mass balance).
The Ce production in kg / l is calculated from the volumetric flow before the concentration step
(sensor data) and the concentration (reference value from mass balance).
Nitric acid (HNO3)
Sensor data for nitric acid use from batteries C2 and C3 are used in the LCI. Nitric acid is
approximated by the exiobase activity Chemicals not elsewhere specified. A reference price for
nitric acid from the literature is used for the LCC.
Ammonium bicarbonate (NH4HCO3)
Sensor data for Ammonium bicarbonate use from batteries C2 and C3 are used in the LCI.
Ammonium bicarbonate is approximated by the exiobase activity Chemicals not elsewhere
specified. A reference price of ammonium bicarbonate from the literature is used for the LCC.
Petroleum HP
Sensor data of petroleum HP use in batteries C2 and C3 are used in the inventory. Petroleum HP
is modelled with the exiobase activity petroleum refinery.
Steam generation by natural gas combustion
Steam is reported to be at a pressure of 4 bar. The heat needed to bring water at 20 degrees to
steam at 4 bar is calculated with the latent heat of vaporization and specific heat of saturated steam.
The thermal energy is provided by natural gas combustion. The emissions per unit of energy of
burnt gas come from exiobase emission factors.
Co-production of hot water
Part of the heat in the concentration steps is used in the district heat system, substituting other
sources of heat during winter.
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This co-production of hot water and its substituting effects is not yet modelled. Although it is
expected to be a minor contributor.
Ammonium nitrate (NH4NO3) use and treatment
The ammonium nitrate is reconcentrated and reused in the plant continuously. This requires steam
to reconcentrate it.
The internal recycling of ammonium nitrate in the plant is not yet modelled.

4.6. Results
This section presents the LCSA results of the BAU scenario (i.e. Before implementing CPS in the
factory). The results represent the average situation during the period for which we had data. With
the stream of data from the sensors a time-dependent stream of LCSA indicators can be calculated
but it is not yet ready.

4.6.1.

Global warming emissions

displays the main contributors to global warming emissions. By far the largest contributor
is the combustion of natural gas to produce steam, followed by CO2eq emissions from acid
manufacturing.
Figure 19

Figure 19: Greenhouse gas emissions per kg of La and Ce extracted.

4.6.2.

Costs

Natural gas combustion for steam generation is the main cost of RE separation in our modelled
process.

Figure 20: Life cycle costs per kg of La and Ce extracted.

4.6.3.

Human wellbeing
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As for the other case studies, productivity impacts dominate the wellbeing indicator of RE
separation. This is a common result according to the literature (Weidema 2018).

Figure 21: Human wellbeing score of extracting 1 kg of La and Ce.

4.7. Interpretation
These results should be interpreted as a first approximation to the impacts of the BAU scenario.
The approximation will be refined in the following months. Comparing the three sustainability
indicators, the social indicator is the one that is less complete, because the method to derive the
indicator for new activities is not yet operational. The cost indicator follows because costs of wages
and capital goods (e.g., machinery) in the production line are not yet in the inventory. The most
complete, and therefore for the moment the most reliable is the environmental indicator.
The BAU scenario is conceived only to be interpreted with respect to the alternative scenario (after
CPS implementation). This means that results are not directly comparable with other LCA studies.
For example, impacts of RE extraction are not analysed here, because they are meant to be the
same for both scenarios, since the % of RE separation is the same in both.
With these limitations in mind, we can venture that steam generation is much more relevant than
inputs of acids and petroleum HP from the CO2eq and cost perspective.
Further efforts should be centred on addressing the gaps in the inventory to make it more reliable.
Particularly:
-

Modelling of waste generation and treatment
Modelling of capital goods (the batteries)
Addition of wages costs and hours of in the Solvay factory to costs structure.

Based on literature results, these should be relatively less important contributors.
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