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1. Introduction 

Dig_IT is an EU-funded project aimed at developing an Industrial Internet of Things platform (IIoTp) that 

collects data from the mining industry (data sources: humans, machines, environment, and market) and 

transform them into knowledge and actions aimed at improving the worker health and safety, improving the 

operations efficiency and minimizing the environmental impact of mining.  

 

This work has been elaborated within the framework of the Dig_IT project which is funded by the European 

Union’s Horizon 2020 Research and Innovation programme under Grant Agreement No 869529. In this 

context, the Deliverable 5.2 “LCA for the IIoTp technologies and LCA for the mining projects before and after 

the application of IIoTp technologies” is developed within task 5.2 “Sustainability assessments related to 

IIoTp”.  

Following the definition of the task in the DoW (Description of Work stated in Grant Agreement), this work 

has a dual purpose. One purpose is to carry out detailed Life Cycle Assessment (LCA) methodologies to 

analyse the cradle-to-cradle life of the Internet of Things platform (IIoTp) system itself considering materials 

needed, labour and energy utilisation, installation logistics, operation logistics and operation energy 

consumption. The other purpose is to carry out simplified LCA methodologies to simulate the mining 

processes before and after the installation of the IIoTp systems to analyse the potential improvement to the 

environmental footprint of the use cases developed in the mines. By performing these LCA studies, the 

objective of the task, which is to understand the environmental footprint of the IIoTp systems developed and 

their contribution to decrease the mining operations' environmental footprint, will be fulfilled.  

 

The work structure of this document is divided in two sections. The first section, Chapter 2, includes the LCA 

study for each mine (in different subchapters) before and after the IIoTp installation, while Chapter 3 includes 

the LCA of the IIoTp itself. The LCA of the use cases for the Marini mine, the Sotkamo mine and the 

Hannukainen mine were conducted by STRATAGEM and the LCA for the Titania use case was conducted by 

SINTEF Helgeland. The LCAs of the IIoTp's for all the mines were conducted by STRATAGEM. 

 

1.1. Life Cycle Assessment (LCA) Methodology 

The increased awareness of the importance of environmental protection and the possible impacts associated 

with products manufactured and consumed, has led to a demand for the development of methods to better 

comprehend and understand how to reduce these impacts. An LCA is one of the techniques currently used 

to address the need to study and define the possible environmental impacts associated with the life cycle of 

any product/process/service, ranging from raw material extraction and acquisition, production, use, end-of-

life treatment, recycling and/or disposal.  

LCA is a structured, comprehensive and internationally standardized method. It quantifies all relevant 

emissions and resources consumed and the related environmental and health impacts and resource depletion 

ƛǎǎǳŜǎ ǘƘŀǘ ŀǊŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŀƴȅ ƎƻƻŘǎ ƻǊ ǎŜǊǾƛŎŜǎ όάǇǊƻŘǳŎǘǎέύΦ1 

                                                           
1 European Commission, International Reference Life Cycle Data System (ILCD) Handbook, 2010   

https://op.europa.eu/en/publication-detail/-/publication/325e9630-8447-4b96-b668-5291d913898e/language-en


    Deliverable D5.2  

6 
 

It is important to mention that LCA can assist in identifying opportunities to improve the environmental 

aspects of products at various points in their life cycle, as well as for making a decision (e.g. priority setting 

or re-design). 

The normative references to be used for guidance during the development of the LCA is the work of the 

International Organization for Standardization (ISO), particularly the ISO 140442 and ISO 140403 standards. 

ISO 14040 describes the principles and framework for LCA, and the ISO 14044 specifies requirements and 

provides guidelines for LCA. Both standards focus mainly on the process of performing LCA, following a 

product’s impact from cradle to grave. Additionally, the International Reference Life Cycle Data System (ILCD) 

handbook4, which was developed by the European Commission Joint Research Centre, was followed for 

guidance, as it offers technical guidelines on conducting detailed LCA studies and it is consistent with the ISO 

14040 and 14044 LCA standards. 

An LCA framework consists of four major components which are interlinked and follow the order depicted 

on the figure below. 

 

Figure 1. Components of an LCA framework (source: own elaboration based on ISO 14040:2006) 

The Goal and Scope component determines the processes and environmental concerns that will be included 

in the assessment, the economic or social good which is provided by the goods or services under examination, 

as well as resolves any technical issues and defines the LCA audience that this study will be disclosed.  

The second LCA component, the Life Cycle Inventory (LCI) step, involves the compilation and quantification 

of inputs and outputs for the given product system throughout its life cycle. Briefly, this step involves 

modelling of the product system, collecting data and verification of data for inputs and outputs for all parts 

of the product system. Among inputs are considered the materials, energy, chemicals and ‘other’ and among 

outputs are the air and water emissions as well as the solid waste. 

Life Cycle Impact Assessment (LCIA), the third LCA component, converts the inventory data to indicators for 

each impact category. This step aims to understand and evaluate the magnitude and significance of the 

potential environmental impacts of the given product system. Impact Assessment is typically a quantitative 

                                                           
2 ISO (International Standards Organization). 2006. “ISO 14044: 2006, Environmental Management – Life Cycle 
Assessment – Requirements and guidelines”. International Standards Organization, Geneva. 
3 ISO (International Standards Organization). 2006. “ISO 14040: 2006, Environmental Management – Life Cycle 
Assessment – Principles and Framework”. International Standards Organization, Geneva. 
4 European Commission - Joint Research Centre - Institute for Environment and Sustainability: International Reference 
Life Cycle Data System (ILCD) Handbook - General guide for Life Cycle Assessment - Detailed guidance. First edition 
March 2010. EUR 24708 EN. Luxembourg. Publications Office of the European Union; 2010 
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process involving characterization of burdens and assessment of their effects. In the classification stage, the 

inventory parameters are sorted and assigned to specific impact categories. The next step is characterisation, 

where inventory parameters are multiplied by equivalency factors for each impact category. Thereafter all 

parameters included in the impact category are added and the result of the impact category is obtained. A 

typical list of impact indicators includes the Global Climate Change, the Stratospheric Ozone Depletion, 

Acidification, Eutrophication, Resource depletion and Human toxicity. Many LCAs end with the 

characterization process, as it corresponds to the last mandatory stage according to the ISO 14040:2006. 

However, this study involves the further step of normalization, where the results of each impact category are 

compared to the overall impact of the different categories. During weighting, the different environmental 

impacts are weighted to obtain a unique number (indicator) for the total environmental impact of the study 

product, process, or service.  

The last component is the Interpretation phase, which evaluates if the inventory analysis or the impact 

assessment findings (or both) have met the ambitions from the goal and scope. In this stage, overall 

conclusions and recommendations based on information from all other phases and elements of the LCA, are 

drawn. According to the ISO 140435, the interpretation step should identify the significant issues for the 

environmental impact (hotspots), evaluate the study considering completeness, sensitivity, and consistency, 

as well as draw conclusions and provide recommendations.  

The LCA work process described above, is iterative. In other words, the information collected at a later stage 

can affect the earlier stage. In this case, the previous phase and the next phase need to be reworked/revised 

to consider the new information. 

  

                                                           
5 ISO (International Standards Organization). 2000. “ISO 14043: 2000, Environmental Management – Life Cycle 
Assessment – Life Cycle Interpretation”. International Standards Organization, Geneva. 
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2. LCA of each case study 

While every mining project has its own requirements and needs an individual tailored plan to take it from 

discovery into production, virtually all miners follow the same general process that forms the backbone of 

mines development. Therefore, the same principles have been applied for all the use cases as depicted on 

the figure.  

 
Figure 2. "Typical" Mine Life Cycle (source: own elaboration) 

 

A general mining industry life cycle operates through a sequence of stages: the exploration phase, the mine-
site design -planning and permitting, the construction, the production, and finally the closure and 
reclamation. 
 
However, according to the goal and scope of this study, the focus will be only on the production life cycle 
stage of the mine where the mine is already constructed and ready to begin producing. The production step 
differs between the mines that this study focuses on, but as a general approach, a typical mine production 
life cycle is presented on the figure below. 

 
Figure 3. "Typical" Mine Production Life Cycle (source: own elaboration) 

The production phase includes extraction, milling and processing of raw materials, maintenance, and waste 

discharges.  

Therefore the “typical mine production life cycle stage” includes firstly the process of extracting the ore from 

rock using a variety of tools and machinery, followed by the processing of the recovered minerals through 

huge crushers or mills to separate commercially valuable minerals from their ores. Further processing 
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methods, such as sawing and smelting, could possibly take place in some mines. Maintenance of the 

equipment and the vehicles is also an important step which must be considered. Finally, transportation inside 

the mine in all life cycle steps as well as waste disposal are within our scope. 

In the below sections, the four components of the LCA framework have been applied and are analysed for 

each of the use cases. Most of the principles followed in this study are common for all the use cases (such as 

the examined life cycle stages, the chosen impact indicators, the goal and scope definition, etc.) and are 

repeated throughout the report because it was decided to include each situation/mine analysis separately in 

a chapter.  



Dig_IT – A Human-centred Internet of Thing Platform for the Sustainable Digital Mine of the Future 

  
  

This project has received funding from the European Union’s Horizon 2020  
research and innovation program under grant agreement N°869529 

 

2.1. Use case 1: Marini Marmi, Ceppo di Gré underground quarry (Italy)  

Marini Marmi srl (Italy) has been working at the Ceppo di Gré underground quarry on the shores of Lake 

d’Iseo close to Bergamo since 1993, producing the Ceppo di Gré and Nuvolato di Gré stones used primarily 

for construction. The Bergamo Quarry authorities has imposed a variable limit on the annual production of 

"Ceppo di Gré" for the commercial use of the material (currently is imposed at 3500 m3). The reserves 

available at the quarry over the next 10 years are estimated to exceed 130,000.00 m3. MARINI is working 

towards the production process and safety optimization. This has enabled the company to invest in 

technology and advanced mining underground methods for producing stones of superior quality compared 

to open quarries, to decrease environmental impact, as well as the optimization of the extraction process. 

2.1.1. Goal & Scope Definition 

Goal  

The definition of the objective of the study is crucial for its success because it determines the reason for 

conducting the LCA, as well as its general intention and target audience. One of the Dig_IT project aims, is to 

address the needs of the mining industry to move towards a more sustainable use of resources in respect to 

the environment. For this reason, a smart Industrial Internet of Things platform (IIoTp) is under development. 

The IIoTp aims to improve the mining efficiency and sustainability of mining operations by connecting cyber 

and physical systems. Therefore, the LCA goal is to determine the potential environmental benefits that the 

IIoTp installation will bring to the mine compared to the current practices followed in the mine. For this 

reason, a model representing the current mine’s operations will be developed and named as “before” 

scenario. The “before” scenario will be compared against the “after” scenario, which has been built to 

represent the mine’s performance after the installation of the IIoTp in the mine.  

The goal definition based on the ISO standard requirements contains six aspects: 

Intended application of the Results: The LCA study developed during the Dig_IT project aims at providing a 

better understanding on the environmental impacts of all the life cycle stages associated with the project’s 

developed innovative technology and how it affects the mine's operation, as this is the focus of the project. 

Several separate applications are intended for this study. The intended application of the results is both to 

compare the current performance of the system against the mine's performance after the interventions that 

will take place, and to identify hotspots in the life cycle of the compared performance systems with the aim 

of guiding future impact reduction efforts.  

Methods, assumptions, and impact limitations due to methodological choices: Both scenarios will take place 

under the same methodological aspects and assumptions. The same pattern will be followed, meaning the 

same goal and scope definitions, system boundaries, functional unit, data with similar degree of accuracy 

and impact assessment indicators. Limitations on the data availability does not allow to have the full 

inventory data of the mine’s performance. The Marini mine can only provide aggregated data and thus 

assumptions were made to estimate the inputs and outputs in each life cycle stage separately. Moreover, 

inventory data regarding the water inputs and outputs in some of the processes, as well as the energy for 

water pumping and maintenance of the pipeline cannot be determined from the mine. However, the water 
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factor is not affected by the Dig_IT IIoTp installation and thus the missing inventory data will not affect the 

comparison between the “before” and “after” scenarios.  

As for the maintenance indicator, or in other words the Unscheduled Downtime of assets (UDA)- related to 

a technology which predicts when equipment is supposed to fail covering a wide range of possibilities as 

anomaly detection, fault classification, time-to-failure prediction- is anticipated to be reduced by 50% on the 

monitored assets (in the “after” scenario). Although it would be very interesting to have the initial 

maintenance and compare it with the maintenance after the application of the UDA, this target will not be 

assessed as the maintenance information is not available. 

Another important limitation for this study, is the lack of real data for drawing the “after” scenario, as the 

IIoTp is not fully installed and in operation in the mine at M24 of the project’s duration. However, to 

overcome this barrier, data of the “Performance Improvement Targets”, listed in the DoW, were used to 

create the “after” scenario, and will be updated at the very end of the project when there will be some use 

of the platform and real data will be generated.  

Decision context and reasons for carrying out the study: The main purpose for the development of this work 

is to first determine the environmental load associated with the mine operation for marble production before 

installation of IIoTp (“before” scenario) and then to compare it with the performance of the mine after the 

installation of the platform (“after” scenario). The two environmental profiles will be compared, and the 

weak points of the mine operation will be identified.  

The Decision context6 is an important aspect that should be defined as it influences the appropriate 

elaboration of the LCI step. According to the recommendations of the ILCD Handbook, the decision to select 

among the three possible scenarios and perform the study, accordingly, is crucial. After following the 

methodology of the guideline, it was decided that this LCA applications falls under the scope of situation A: 

“Micro- level decision support.” Situation A refers to decision support typically at the level of 

sites/companies, with no or exclusively small-scale consequences in the background system or on other 

systems. I.e. the consequences of the analysed decision alone are too small to overcome thresholds and 

trigger structural changes of installed capacity elsewhere via market mechanisms. Among others, Situation 

A covers the LCA applications of the identification of Key Environmental Performance Indicators (KEPI) of a 

product group for Ecodesign / simplified LCA, the weak point analysis, comparison of specific systems, and 

more aspects which are within the goal of this study4. (See Appendix 1 for the theory of the other 2 scenarios) 

Target audience: As the main objective of this work is to support the consortium on the evaluation of the 

environmental performance of the IIoTp, and to better understand its benefits and disadvantages, the target 

audience for this LCA is the Dig_IT consortium (including the mine owners), as well as the European 

                                                           
6 Decision-context is a key criterion for determining the most appropriate methods for the LCI model, i.e. the LCI 

modelling framework (i.e. “attributional” or “consequential”) and the related LCI method approaches (i.e. “allocation” 

or “substitution”) to be applied4.  
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Commission. As listed in the DoW, since the Dissemination Level is set to “Public”, the results of the LCA are 

expected to be released to the general public (confidential information is not presented in this report). 

Comparisons intended to be disclosed to the public: The study is mostly comparative. The comparative parts 

of the study, which will be disclosed to the public, will be presented in respect to the sensitive data of this 

study.  

Commissioner of the study and other influential actors: The LCA study is developed within the received 

funding from the European Union’s Horizon 2020 Research and Innovation Action programme, under grant 

agreement No 869529. The list of influential actors is composed of the organizations participating in the 

Dig_IT project, giving particular relevance to the partners involved in the technical developments.  

 

Scope 

The scope of the LCA study is analysed by the following five central aspects. However, due to the iterative 

nature of an LCA study, the considerations given here have been refined during the course of the project.  

 

Object of the assessment: In the LCA study, the object is defined in terms of function, functional unit and/or 

reference flow. From the perspective of user, the function of the underground quarry of Marini mine, is 

mainly to produce marble for constructions (obligatory property7). The positioning properties8 of the mine 

are to supply of important resources, to produce various products which are important for our daily life as 

well as the technological progress and the economic benefit that brings to the region/country (positioning 

properties).  

 

Moreover, for the needs of this work, the functional unit was defined based on mass since mass-based 

functional units are easy to work with and the mining companies typically report their reserves and 

production information on the basis of mass. Furthermore, the practice in the mining industry is that material 

inputs, waste products and economic information are expressed on the basis of a unit mass of product 

(typically a ton or tonne). Applying a mass basis provides clarity, easy comparability of LCA results and also 

allows for scaling of results over any production scale or time period of interest. The functional unit for this 

study was defined as, ‘total tonnes of ore marble extracted, processed and concentrated at the aŀǊƛƴƛΩǎ mine 

gate ƛƴ ƻƴŜ ȅŜŀǊ ƻŦ Ŧǳƭƭȅ ƳƛƴŜΩǎ ƻǇŜǊŀǘƛƻƴ άōŜŦƻǊŜέ ŀƴŘ άafterέ the installation of IIoTpΩ. This choice of 

functional unit ensures consistency with the functional units used in many other LCA studies on mines. 

 

LCI modelling framework and handling of multifunctional processes: The different LCI modelling 

frameworks exist as a product system often delivers other types of functions than the obligatory and 

positioning function (primary functions). In addition to the primary functions, secondary functions are also 

existing in the case of the Marini Mine, which plays an important role in the life cycle of the product system 

under study.  This secondary function which has low relevance to the user and the mine, is the production of 

Aggloceppo® from the waste. During the extraction of the marble and the sawing operations, part of the 

                                                           
7 Obligatory properties are features that the product must possess for any user to perceive it as a product. Source: Michael 

Z. Hauschild, Ralph K. Rosenbaum,  Stig Irving Olsen, “Life Cycle Assessment, Theory and Practice”, ISBN 978-3-319-56474-6 
8 The positioning properties are optional features of a product, which can be used to position it as more attractive to 
the consumer in the competition with other similar products. Source: Michael Z. Hauschild, Ralph K. Rosenbaum, Stig Irving Olsen, 

“Life Cycle Assessment, Theory and Practice”, ISBN 978-3-319-56474-6 
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mined ore is considered improper to be sold as marble because it does not meet the specifications of the 

original marble due to cracks, huge quantity of soft clay, huge dolomite inclusions etc. This stream is taken 

to Verona to be broken into smaller pieces. In Verona, they finally obtain the Aggloceppo®, an engineered 

stone obtained by blending natural components: Ceppo di Gré inert (what it is called waste) extracted from 

Marini’s quarry in Solto Collina (BG), grade 42.5 cement, natural pigments, fibers and water. The mixture is 

then vibrocompacted into blocks in compliance with EN 13748. After 28 days of maturation, the blocks are 

ready to be sawn into slabs with a minimum thickness of 2cm. All these phases take place in Verona in a 

company leader in the sector of agglomerates. Marini mine has adopted the concept of circular economy 

and produces zero waste by the transportation of it to Verona which finally produces the Aggloceppo.  

 

Therefore, the production of the by-product Aggloceppo is the multifunctional process and needs to be 

addressed. According to the ISO 14044 hierarchy for solving multifunctionality, the subdivision of the 

multifunctional process will be performed in this study, meaning that the subprocess providing the secondary 

function is cut off.  It is the first choice provided by the ISO hierarchy and in practice it means that the 

resolution of the model system is increased by dividing the multifunctional unit process into minor units to 

separate the production of the product from the production of the co-product. Therefore, the subprocess 

that provide the additional function from the product system (Aggloceppo product) is excluded. The impact 

Aggloceppo further processing is 100% allocated to Verona company, while the impact of the Aggloceppo as 

“waste arising from the extraction in the mine” is allocated to the marble production.  

 

  

Figure 4. Handling of co-product (source: own elaboration) 

 

As for the LCI modelling framework, among the attributional and the consequential modelling9, the 

attributional modelling will be followed. Previously, the situation A (which concerns the micro-level decision 

support) was chosen, and this situation belongs to the attributional modelling. Of course, this was not the 

criteria for choosing this modelling. In the Marini Marmi case, the overall aim is to represent the marble 

mining process in isolation from the rest of the Technosphere or economy. Therefore, the main question that 

the attributional modelling answers is what environmental impact is attributed to the marble mining άōŜŦƻǊŜέ 

ŀƴŘ άŀŦǘŜǊέ the installation of the IIoTp. 

 

System boundaries and completeness requirements: The system boundaries of the Marini mine that will be 

examined considers the cradle-to-gate life cycle perspective, meaning from ore mining to the final delivery 

of concentrated ore, and are depicted in detail on the figure below. The system boundaries separate the 

                                                           
9 Consequential modelling aims to describe the changes to the economy caused by the introduction of the studied 
product system. Source: Michael Z. Hauschild, Ralph K. Rosenbaum, Stig Irving Olsen, “Life Cycle Assessment, Theory and Practice”, ISBN 978-3-

319-56474-6 
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boundaries between the studied product system and the surrounding economy (Technosphere) and the 

environment (Ecosphere). Within the system boundaries, and the Technosphere, there is a division (which is 

not shown in the figure) of the foreground (data directly from mine) and background system (energy 

consumption from the grid). Please, refer to Appendix 2 for more background theory on this topic.  

 
Legend 

 
Figure 5. System Boundaries under study for the Marini mine 
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A more simplified version of the above figure is depicted here. 

 

Figure 6. Simplified System Boundaries under study for the Marini mine 

T stands for the diesel in the transportation, E stands for the Energy consumption, Yellow boxes are the 

main processes, Blue boxes are the water processes, Grey boxes are the waste processes. 

 

Both figures describe the steps that are currently followed in the Marini mine to produce the final marble 

blocks. Starting with the extraction process, Marini usually employ the two chainsaws by Fantini and the 

diamond wire machine. The three machines are powered by electricity. The blocks are extracted by means 

of wet-cutting, where water is used as cooling agent. Once blocks are extracted, they are transported by a 

diesel wheel loader. Therefore, this step requires electricity consumption linked to the three machines, water 

consumption for wet-cutting and diesel consumption for the transport. No chemical substances are used as 

cooling agent. The water is pumped directly from the natural water well located outside the quarry, and thus 

no raw water from the grid is used. Marini mine has one truck used for all the transportation purposes.  

 

When the blocks are considered as waste due to lack of meeting the final product specifications, they are 

driven outside the quarry and broken into smaller pieces by means of an excavator with a hydraulic hammer. 

The useful blocks are cleaned and stored inside the quarry waiting to be sawn. For this second phase, it is 

required water consumption for the cleaning process (water pumped from lake) and diesel consumption for 

the transportation. 

 

As it was previously said, the good quality blocks that have been stored, are now sawn either with the “PTM 

Kuasar 900” or with the “PTM Triplika” gangsaw. Apart from these two gangsaws which are located in the 

quarry area, there are three gangsaws inside the factory as well (out of the study’s scope). During this process 

water acts as a cooling agent. In this phase, it has been realized a system to recycle “exhaust water” get from 

the cutting process, by means of a filter press which is able to separate mud from water (dehydrating mud). 

PTM Kuasar takes approximately 4.5h to cut a block, with a water consumption of 800lt per min. Once the 

cutting process is over, the blocks are transported to the factory by company’s truck. For this phase, water 
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consumption (water is recycled in the filter press), electricity consumption from the two gangsaws and the 

water pumping and filtration, and diesel consumption from the truck for the transportation process. 

 

The material from the slabs (from the extraction and the sawing operations) which cannot be sold as marble, 

is stored outside the quarry and later is transported to Verona which is sold as Ceppo di Gré or Aggloceppo. 

The processing of this material at Verona’s company is excluded from this study. Thus, there is no waste 

(either solid or water). For this step, it is considered only the diesel consumption from the truck for the 

transportation process.  

 

The water in Marini’s quarry is mainly used for sawing the blocks into slabs, through the dry- cutting process, 

where water is utilized as cooling agent. The two gangsaws by means of a pipeline get the water from a 

natural water well, located outside the quarry. Water coming from the mountain and water coming from the 

soil (lake) are conveyed into this natural water well. From this water well, water is pumped to the artificial 

pools (approx. 200m3) located inside the quarry. Then, from the inside pools, water is conveyed to the 

gangsaw by means of other pipelines. Water used during the extraction process, mainly by the diamond wire 

machine, (clean water free of chemical agents or other kind of contaminants) goes on the ground together 

with the rainwater and ends up in the “drain wells” which by means of a pump, leads the water out of the 

mountain.  Water used during the cleaning blocks process (again, without any chemical agents) ends up in 

the “drain wells”. Exhaust water (which is water+mud) coming from the cutting of the blocks, flows (still with 

pipelines) into the silo for the first separation process, where “rock dust” being heavier than the water goes 

down to a tank and it is pumped from the tank into the filter press. When the level of clean water inside the 

silo gets high, since the silo has an overflow drain, water flows into the artificial pools. As mentioned before, 

rock dust and the remaining water is pumped into the filter press for the second separation process and clean 

water is conveyed into the artificial pools. So, the filter press provides sludge dewatering by pressing the 

sludge between a series of porous plates. Then water which is filtered is conveyed into the artificial pools by 

means of a pipeline system, while dewatered sludge is used for the environmental recovery of the quarry 

being the same stone (spread all over. In general, all the mud and waste, which is not sold as Ceppo di Gré 

or Aggloceppo, is spread all over the quarry for the environmental recovery. This process is followed by 

Marini mine for the water recycling within the quarry. 

 

The gangsaw PTM 

Triplika and PTM 

Kuasar 

 

 

Natural water well 

 

Artificial pool 

 

Silo & Filter press 

 

Figure 7. Water recycling and gangsaws in Marini quarry 
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For the defined goal and scope, it was excluded from the study the activities related to the Aggloceppo and 

the activities of further processing of the marble inside the factory. For the former, the Aggloceppo was 

excluded as it is assigned to be processed to become a product in another company outside Marini’s mine. 

For the Marini mine the environmental benefit of this exclusion are the savings from not handling the waste. 

The transportation of the waste is taking place by the other company’s truck and is excluded it from this 

study. As for the latter, the further processing of the slabs in the factory is out of interest as there are no 

interventions (no IIoTp and technologies concerns this phase) taking place there. Moreover, the equipment’s 

maintenance has not been considered in this study due to lack of specified amount of materials consumption 

and processes which are necessary during the maintenance stage for each of the equipment. Although the 

mine’s engineers provided the technical sheets for the machineries (in Italian language), the information 

included there was not as descriptive as it should be to extract data for the LCI.   These exclusions are the 

Cut-off10 criteria for the study.   

 

Another important aspect that should be included, is that at the moment the data provided by the mine 

owners regarding electricity consumption and diesel consumption, are the result of the consumption of all 

the machines owned by the mine together. At the moment, there are only aggregated data. However, in 

2023, the mine will probably be able to identify and separate both the electric consumption from the 

extraction process and the electric consumption from the sawing process. All the machines in the quarry, 

apart from the wheel loaders and the truck, are powered by electricity. 

 

Representativeness of LCI data: LCA aims to reflect as much as possible the physical reality, thus the model 

should represent what is actually happening or will happen and to be as representative as possible in terms 

of inventory data.  Representativeness of LCI data can be understood in the three interrelated dimensions, 

the geographical, the time-related and the technological. The geographical representativeness is very well 

satisfied, as the Marini Mine is located in Italy, thus the comparative study considers the mining process in 

the same mine. All the foreground data are considered for Italy. The background data will consider the same 

process for both LCIs. Therefore, the same weather conditions, specific region, regulations, market, etc. apply 

for both studies. As for the time-related representativeness, the inventory data represent the year 2021 for 

the mine operation, while the data that will be used for the LCA after the installation of the platform will be 

data from 2023. Hence, the time frame is very short and there will not be any significant change during this 

time. Lastly, the technological representativeness, is not fully satisfied due to the nature of the study 

(Ecoinvent processes are used which many of these are not updated or are not 100% reflecting the 

technology in the specific mine). The same technology and equipment are compared in this work.  

 

Preparation of the basis for the impact assessment: To be proactive, the selection of impact coverage is 

taking place from this early step (prior to the LCI analysis) to ensure that the correct data have been collected 

in the LCI. Therefore, all environmental impacts where the product system has relevant contributions are 

included in the impact assessment. This LCIA examines all the impact categories11 and the most relevant are 

                                                           
10 “Cut-off" refers to the omission of not relevant life cycle stages, activity types, specific processes and products and 
elementary flows from the system model. Thus, it is expected that, for instance, the omission of a certain process will 
be insignificant for the overall results. Source: Michael Z. Hauschild, Ralph K. Rosenbaum, Stig Irving Olsen, “Life Cycle Assessment, Theory 

and Practice”, ISBN 978-3-319-56474-6 
11 Impact category is defined as a “class representing environmental issues of concern to which life cycle inventory 
analysis results may be assigned”. (source: ISO 14044) 
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presented on this report. Therefore, all five elements of the impact assessment are utilized on this study and 

are the classification and characterization (mandatory steps according to ISO 14040), as well the 

normalisation and weighting (optional steps according to ISO 14040). Please refer to Appendix 3 for the 

background theory. By definition, the impact assessment means various emissions which are assigned to 

impact categories at mid-point and endpoint categories. At midpoint level, indicators such as Global 

Warming Potential (GWP), Acidification Potential (AP), Eutrophication Potential (EP), Photochemical Ozone 

Creation Potential (POCP), Human Toxicity (cancer and non-cancer related), Respiratory Inorganics, Ionising 

Radiation, Eco Toxicity, Land Use, Water Footprint, and Resource Depletion, will be examined. As for the 

categories at the endpoint level, the Area of Protection (AoP) i.e. on human health, on the natural 

environment and on natural resources will be analysed. See Appendix 4 for the background theory on this 

topic. LCA uses a number of category indicators based on specific characterization models which are 

combined into predefined sets or methods referred as LCIA methods. This study utilizes the ReCiPe midpoint 

and endpoint LCIA method which is appropriate for such LCAs.  

 

2.1.2. Life Cycle Inventory (LCI) 

The LCI step is guided by the goal and scope. The core activity of the task is the collection of representative 

data flows for all the life cycle processes of the mine. The below 4 steps address the needs of this step. 

Data categories: The input and output data related to marble slab production were acquired though the 

distribution of a technical data collection survey excel file to the Marini mine. The survey, which was prepared 

by STRATAGEM, was checked, validated and verified by SINTEF, the co-leader of this work. The same technical 

data collection file was distributed to all the mines as it was very easy to be adjusted to each use case. Various 

virtual meetings took place with the mine to either guide them through filling out the file or to clarify any 

insufficient information. It is also important to mention that the considered production technology is modern 

and widely implemented. The LCI data were used consistently to characterize the environmental 

performance of marble production in a representative manner.  

Therefore, materials, resources, support materials used in the processing, energy as well as other resources 

consumed and needed, were used as inputs. As outputs, this study includes the waste and the product. The 

inventory data of this study are normalized by taking into account the mass of the output per functional unit.  

Table 1. Type of data collected ƛƴ aŀǊƛƴƛΩǎ ƳƛƴŜ 

Electricity 

consumption 

Electricity, supplied from the grid (Italian mix), is consumed by the equipment  

Diesel consumption  Diesel is used to fuel the machinery  

Water balance Includes, on the one hand, the water consumed in the beneficiation stage (drawn 

from a natural lake located near the mine), and on the other hand, the water 

released (to the same lake) after dewatering both produced concentrate and mug. 

 

Data Collection, quality and Data sources: For the needs of this study, specific inventory data/primary data 

of the foreground were used and extracted from the mine’s partners of the project’s consortium. Average 

data for the background system/secondary were also used and extracted from the Ecoinvent database.  

Relevance was given to primary data, in order to have real data as input for the inventory and therefore more 
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reliable results. Only when primary data were not available, secondary sources were used. As already 

mentioned, data collected for the study are being either obtained from personal exchanges, site visits, virtual 

interviews, or electronic mail correspondences using a standardized data collection form developed by 

STRATAGEM. 

Data management and Software: All information gathered for the study was adjusted to reflect the 

functional unit. Then the data were imported into the Software SimaPro12 version 9.2, which is a widely used 

commercial LCA software. SimaPro is used for the LCI and LCIA procedures together with the LCI database 

Ecoinvent13 version 3 (the Ecoinvent database is used for the background data). The Hierarchist (H) cultural 

perspective was used as the more relevant (Please refer to Appendix 5 for more background theory). This 

software enables the storage and organization of LCI data and the calculation of their environmental impacts.  

Inventory Data: In this section, the respective LCI data for this study are presented. 

 

                                                           
12 PRé:. Company History. https://www.pre-sustainability.com/company-history. Accessed 31/01/2022 
13 Ecoinvent: https://ecoinvent.org/the-ecoinvent-database/ . Accessed 31/01/2022 

https://ecoinvent.org/the-ecoinvent-database/
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Before the IIoTp installation After the IIoTp installation 

Flow info 

explanations 
Flow Unit Value Notes Values & Notes 

1st Life Cycle Stage: Extraction  

Inputs from Technosphere & Nature 

Total material 

extracted 
Material  m3/a 5 436.8 

From this amount (extracted in 2021), the final material that 

was sold was 773,41 m3 (2096714.51 kg). 

- 20% reduction of waste 

material  

Diamond wire 

machine & Fantini 

Chainsaw 

Energy 

Consumption 
KWh/a 70 000 

Electricity for cutting. It cuts vertical and Cooperate with the 

other machine. 

- 25% less energy 

Maintenance  Kg/a 924.26 

Maintenance is done according to manufacturer’s 

maintenance schedule. Also unscheduled smaller 

maintenance is done almost every day like cleaning, 

greasing and checking the machine due to the humid work 

environment. The Fantini Chainsaw uses 0,15/0,20 kg of ENI 

Eco Grease per m3 extracted. 

- As for the maintenance, the 

mine is expecting and willing to 

decrease the unscheduled 

downtime of assets in this 

project. However detailed 

maintenance cannot be 

determined. 

Water  
Water 

consumption 
- - 

Amount of water used for wet-cutting process. Water is 

coming from the natural water well (underground and 

mountains water/located outside the quarry). No tap 

consumption. However, the mine does not have the means 

to determine the amount of the water. The Energy needed 

for pumping the water from the water pool to the machines 

by the pipeline system is not possible to be determined, as 

well as the pipeline maintenance.  

 

Transportation 

(wheel loader: Volvo 

L350F, Hitachi and 

Michigan) 

Diesel Lt/a 23053.33 

Diesel for transportation from the extraction place to the 
cleaning place. (Volvo’s diesel consumption was 9880lt). 
Transportation of aggloceppo outside the quarry. Data from 
2021.  

- 25% less energy 

- As for the maintenance, the 

mine is expecting and willing to 

decrease the unscheduled 

downtime of assets in this 
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About the maintenance, there is a scheduled maintenance 

and an inspection which takes place every 500h. However it 

has not been considered in this study due to lack of 

specified amount of materials consumption and processes 

which are necessary during the maintenance stage for each 

of the equipment. Although the mine’s engineers provided 

the technical sheets for the machineries (in Italian 

language), the information included there was not as 

descriptive as it should be to extract data for the modelling 

procedure.    

project. However detailed 

maintenance cannot be 

determined. 

Hydraulic hammer - - - 

Excavation by the hydraulic hammer to break the waste into 

smaller pieces. The mine does not have the means to 

determine this value, neither the maintenance required. 

 

Wastewater pumping - - - 

The water used by the diamond wire machine, goes on the 

ground and ends up in the “drain wells”, which by means of 

a pump, leads the water out of the mountain. The mine 

does not have the means to determine the energy needed 

for pumping this water.  

 

Outputs to Nature  

Output: By product 
Not useful 

marble/stones 
m3/a 1 079.14 

Material stored to be transported to Verona (aggloceppo) 

in 2021 

 

Water  
Water in the 

ground 

- 
 

 

The mine does not have the means to determine the water 

amounts that will pumped out of the mine. This water has 

been generated mainly by the diamond wire machine and 

goes on the ground together with the rainwater and ends 

up in the “drain wells” which by means of a pump, leads the 

water out of the mountain.  

 

2nd Life Cycle Stage: Cleaning the marble slabs    

Inputs from Technosphere & Nature  

Water  Water - - 

Amount of water used for the cleaning process coming from 

the natural water well (underground and mountains water). 

No tap consumption. Although it takes approx. 4 min to 
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clean a block with a water hose the water consumption 

cannot be estimated. Energy is not able to be determined 

also, as well the pipeline’s maintenance. 

Transportation Diesel - - 

Diesel needed for transportation of the clean slab from the 

cleaning place to the Kuasar equipment. From cleaning 

point to Kuasar the distance is only just 30/40 meter, and 

the wheel loader is used. So, the diesel consumption has 

been considered on the extraction phase.  

 

Outputs to Nature 

Amount of Water 

discharged 
Water  - - 

Water from the cleaning is pumped out of the quarry. Most 

of the water used for this process is absorbed by the soil.  

 

3rd Life Cycle Stage: Sawing Process  

Inputs from Technosphere & Nature 

Kuasar equipment Energy Kwh/a 55 000 

Energy consumed for Sawing process. PTM Kuasar takes 
approx. 4.5h to cut a block, with a water consumption of 
800lt per min. The maintenance has not been considered in 
this study due to lack of specified amount of materials 
consumption and processes which are necessary during the 
maintenance stage for each of the equipment.  

- 25% less energy 

- As for the maintenance, the 

mine is expecting and willing to 

decrease the unscheduled 

downtime of assets in this 

project. However detailed 

maintenance cannot be 

determined. 

Water  Water m3/a 41 040 

Amount of water pumped to the gangsaw from the artificial 
pool and used as cooling agent during the sawing process. 
The energy for water pumping cannot be determined, as 
well as the pipeline maintenance (it might happen that 
pumps break and are replaced or fixed).  

 

Water (from sawing 
to silo Ąto filter 
pressĄ1st 

separationĄ2nd 
separation) 

Water - - 
Amount of exhaust water (from the sawing process) that 
goes to the silo cannot be determined. Energy for pumping 
cannot be determined, neither the pipeline’s maintenance. 

-  

Transportation Diesel lt/a 1 200 
Diesel for transportation from the Kuasar to the factory is 
taking place by the only truck, the Man-TGA. The 

- 25% less energy 



    Deliverable D5.2  

23 
 

maintenance has not been considered in this study due to 
lack of specified amount of materials consumption and 
processes which are necessary during the maintenance 
stage for each of the equipment. 

- As for the maintenance, the 

mine is expecting and willing to 

decrease the unscheduled 

downtime of assets in this 

project. However detailed 

maintenance cannot be 

determined. 

Outputs to Nature 

Amount of filter press 

output -solid waste 
 m3/a 280 

Amount of mud discharged from the filter press.The mud 
and waste, which is not sold as Ceppo di Gré or aggloceppo, 
is spread all over the quarry for the environmental recovery. 
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2.1.3. Life Cycle Impact Assessment (LCIA) 

 

In the Life Cycle Impact Assessment, the inventory data are aggregated and converted to environmental 

impact/load for each impact category. SimaPro contains a number of impact assessment methods, which are 

used to calculate impact assessment results. All the different methods are assessing the same environmental 

impact of the same product/service/procedure, but they differ on the factors that they are considering for 

converting the inventory data into impact. Each method has its own perspective and thus observing results 

from different methodologies (Midpoint and endpoint) allows to draw more complete conclusions. 

According to the study’s goal and scope, the impact categories, category indicators and characterization 

methods have been selected to provide a comprehensive profile of environmental impacts for emission from 

the IIoTp production and operation. The results are listed per analysed methodology. The presented graphs 

are screenshots from the SimaPro software and graphs processed in Microsoft Excel. 

 

The LCIA analysis starts with the results of the current practises and then, it follows the comparison between 

the current practises and the expected mine performance after the IIoTp.
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/ǳǊǊŜƴǘ aƛƴŜΩǎ tŜǊŦƻǊƳŀƴŎŜ 

Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Characterization  

 

The figure depicts the analysis of the current mine practises of the Marini’s mine extraction, cleaning and sawing stages for the year 2020 (including only 

the available data). The first results indicated that most of the impact regarding the resources area of protection is on the mineral resource scarcity 

indicator. This accumulated impact is caused due to the total amounts of marble extraction and therefore the minimization of the ore reservoirs 

underground which has been considered. The next most impacted indicator regarding the resources area of protection is the fossil resource scarcity, as 

almost all the processing steps contribute to this impact. Diesel usage and resources for the energy consumption contribute to this impact.  

Removing the fossil and mineral resource scarcity indicator to be able to observe the results regarding the human health area of protection, the figure 

below reveals the new conclusions. 
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This graph shows that the most impacting indicators on damage to human health are the fine particulate matter formation (PM 2.5) and the global 

warming potential. Both impacts rise from the production of energy and diesel usage in equipment. 
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Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Normalization 

The normalization in the ReCiPe method relates the emissions and resource depletion to the average world 

citizen's impact in 2010.  

 

 
 

 

This graph shows that the damage to 

human health from the mine is higher 

than damage to both resources and 

ecosystems when comparing to the 

world average impact in the three 

compartments. The normalized results 

reveal that the human health indicator is 

mostly affected by the diesel use in the 

wheel loader (it uses more diesel than 

the Man-TGA). The red and green 

columns show the impact marked from 

the use of electricity in the chainsaw and 

the Kuasar machines. 
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Characterization 

Characterized values of the midpoint methodology, revealed the same results as the characterized values of 

the endpoint methodology.  Therefore, the below chapter revealed the same results but in a different form.  

 

 

 

This form of figure depicts the 

contribution of each of the processes on 

the impact indicators. The global 

warming indicator is affected mostly by 

wheel loader, and in lower degree from 

chainsaw and the Kuasar. Stratospheric 

ozone, terrestrial ecotoxicity and fossil 

resource scarcity follows almost the 

same pattern as the global warming 

indicator. The same patterns but with 

more noticeable difference is depicted 

on the ozone formation with effects on 

human health, fine particulate matter 

formation, ozone formation on effect on 

terrestrial ecosystems and terrestrial 

acidification. On the other hand, the 

ionizing radiation indicator seems to be 

less affected by the diesel used in the 

wheel loader and more affected by the 

electricity consumption. The same 

pattern is followed by the freshwater 

eutrophication, marine eutrophication, 

freshwater and marine ecotoxicity, 

human toxicity carcinogenic and non, 

land use and water consumption.  

 

 
 



    Deliverable D5.2  

29 
 

Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Normalization 

 

 

Observing the normalized results, the 

wheel loader seems to add more impact 

on the impact indicators related to 

ozone, fine particulate matter and fossil 

resource scarcity. The mineral resource 

indicator is affected by the elimination 

of the marble reservoirs in the land, but 

reveals less dominant than one could 

assume from the endpoint 

characterization methodology where 

we had to remove it in order to observe 

the rest of the results. This is because 

the endpoint characterization impact 

categories have three different units; 

DALY, USD13 and species.yr, and so the 

graph could lead to wrong 

interpretation without performing 

normalization and weighting. 
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Comparison of the Current Mine Performance VS Expected Mine Performance after the IIoTp installation. 

Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Characterization  

After understanding the environmental impact of the current mine’s processes, the comparison against the expected scenario is depicted. As a recap, 

the expected scenario has a decrease of 25% on the use of energy and diesel consumed on the equipment and 20% less waste production. 

 
The characterized values revealed that the mineral resource scarcity impact indicator is not affected from the IIoTp installations, which is logical, as the 

amount of marble extracted will remain the same, thus the earths reservoirs are affected in the same degree as before the IIoTp installations in the 

mine. Contradictory, the fossil resource scarcity indicator, is affected by the IIoTp installation (less energy and diesel is used) and this is depicted on the 

lower impact marked on the indicator. 
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Excluding the mineral and fossil resource scarcity, the results revealed that the impact to several of the impact indicators regarding damage to human 

health will be decreased.  
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Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Normalization 

 
Normalized results show a decrease in all the 3 endpoint indicators, as expected.  
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Characterization 

 
Midpoint characterized results revealed that the impact will be decreased by 25 % in all impact indicators, except the mineral resource scarcity. This is 

an expected result, since the input data retrieved from the Marini mine was limited to diesel, electricity and water, which were all reduced by 25 % in 

the “after IIoTp” scenario. 
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Normalization 

 
Lower impact is accumulated on the “after IIoTp” scenario, meaning that the IIoTp installation will offer very promising results.  
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2.1.4. Interpretation 

In the life cycle interpretation phase, the results are evaluated, significant issues are identified, conclusions 

are drawn, and recommendations are made (ISO 14043: 2000). Conclusions and recommendations are made 

in the context of the defined goal and scope and bearing in mind the limitations of the results. 

One aim of this study is to assess the environmental impact that the Marini marble mine generates currently 

from the extraction, cleaning, and sawing processing stages. Unfortunately, the company does not have the 

means to determine all data that were important for the study (e.g. water input and outputs). Moreover, 

extrapolations were made to identify the energy and diesel consumption for each of the equipment since 

the company collects only aggregated data. Therefore, the LCA was carried out considering the inventory 

data listed in chapter 2.1.3. In this way the “before” scenario was modelled and studied.  

The “before” scenario was compared against the “after” scenario, which was the primary goal of this study. 

However, as the IIoTp has not yet been fully installed in the mine, there are no real data which expresses the 

improvements on the assets, air quality and waste minimization. Nevertheless, to be able to conduct the 

study, the “Performance Improvement Targets”, set in the DoW, where used to model the expected scenario. 

Assumptions and study limitations were presented in the goal and scope section.  

The methodological aspects applied for all the use cases were also applied for the Marini mine. The same 

pattern was followed, meaning the same goal and scope definitions, system boundaries, functional unit, data 

with similar degree of accuracy and impact assessment indicators. Therefore, environmental impact was 

assessed for one year of fully mine operation for both scenarios.  Different LCIA methods (incorporated in 

the SimaPro software used for the LCI and LCIA study) were used, representing a different situation due to 

several reasons. For instance, each one has different impact categories that express the same environmental 

impact; or in some cases, the methods have equivalent categories with different impact and characterization 

factors. Therefore, the two ReCiPe LCIA methods (at midpoint and endpoint level) were chosen to translate 

the inventory results into environmental impact as the most relevant. Human health, ecosystem quality and 

resource scarcity are the three areas of protection for the implementation of the ReCiPe2016 methodology. 

The endpoints are related to the three areas of protection. DALYs (disability adjusted life years), relevant for 

human health, represent the years that are lost or that a person is disabled due to a disease or accident. The 

unit for ecosystem quality is the local species loss integrated over time (species year). The unit for resource 

scarcity is the US dollar ($), which represents the extra costs involved for future mineral and fossil resource 

extraction. All the Midpoint impact categories are reduced to three major damage macro-categories 

(endpoint impact categories). Annex 6 includes more details on the method.   

 

After considering all the above, the inventory data are aggregated and converted to environmental 

impact/load for each impact category. Results were extracted and observed. As a general remark, it could be 

concluded that the mineral and the fossil resource scarcity indicators are the most contaminant indicators 

among all the others (according to the midpoint analysis). The mineral resource scarcity indicator is affected 

due to the extraction of the marble in the ground which limits the global availability of the resources. This 

indicator marks the same impact in both scenarios (before vs after). As for the fossil resource scarcity 

indicator, which also contributes significantly to the resources area of protection, is affected 



    Deliverable D5.2  

36 
 

by the resources used to cover the needs for diesel and energy in the mine. According to the Endpoint 

analysis, the damage in human health seems to be most affected among the damage in ecosystems and 

resource scarcity. 

 

In the after scenario, it is expected that the use of those resources will be limited. Therefore, the impact of 

the “after” scenario is lower compared to the “before” due to the reduced use of diesel and energy. 

Additionally, an important impact is accumulated to the fine particulate matter formation indicator in the 

characterized results, due to the emissions generated from the wheel loader.  

 

The “after IIoTp installation” scenario is expected to lower the overall impact that the mine generates to a 

global scale. At the end of the project, the real values from the assets and the waste will replace the estimated 

values of the “after” scenario, and thus the comparison will be more representative. Additionally to that, 

STRATAGEM is open to model any kind of alternatives for all the processing steps in order to examine other 

possibilities. 



Dig_IT – A Human-centred Internet of Thing Platform for the Sustainable Digital Mine of the Future 

  
  

This project has received funding from the European Union’s Horizon 2020  
research and innovation program under grant agreement N°869529 

 

2.2. Use Case 2: Titania AS (Norway) 

Titania AS (Norway) is a part of Kronos Worldwide Inc (US) producer and marketer of titanium dioxide (TiO2) 

pigments. Titania operates a 2.7 km by 0.6 km open-pit mine which is 300 m deep and located in Hauge i 

Dalane, southern Norway. The mine was opened in 1960 and is estimated to be operational until around 

2080. Ilmenite-norite is extracted and processed to ilmenite concentrate, which is a raw material for pigment 

production. The geological bed from which ilmenite ore is extracted also contains anorthosite. This is defined 

a waste rock and is transported to a waste rock landfill at the border of the mine to allow access to the 

ilmenite ore. The mining operations consist of mapping, monitoring, drilling, blasting, loading, and transport 

of ore and waste rock. Titania has a relatively high number of equipment and vehicles compared to the mass 

of ore that is mined. This is because the ore quality differs across the reserves, so ore is constantly taken out 

from several locations to achieve a product with low variations in quality. The mineral processing plant at 

Titania consists of comminution, gravity separation, magnetic separation, flotation, and drying infrastructure. 

By-products from the mineral processing are magnetite concentrate and sulphide concentrate. All products 

are dried and stored in silos close to the quay, from which the products are shipped. Titania owns and 

operates a hydropower plant which delivers approximately ¼ of their electricity needs. The rest of the 

electricity demand is bought from the electricity net. Process water is taken from the Tellnes lake, and most 

of this water is recycled in the process. Overflow from the thickeners is returned to the lake, underflow 

contains tailings and is pumped to the tailings pond. New water influx to the Tellnes lake comes from the 

tailings pond and other lakes in the area. 

2.2.1. Goal & Scope Definition 

Goal  

The IIoTp aims to improve the mining efficiency, work environment and sustainability of mining operations 

by connecting cyber and physical systems. Therefore, the LCA goal in this chapter is to determine the 

potential environmental benefits that the IIoTp will bring to Titania compared to current operations.  

The goal definition based on the ISO standard requirements contains six aspects: 

Intended application of the Results: The intended application of the results is for the Dig_IT consortium, and 

in this case study especially Titania, to get a deeper understanding of how Titania's operations affect the 

environment today and identify hotspots to guide improvement measures. Furthermore, the possible 

environmental implications of implementing the Dig_IT innovations ("after IIoTp" scenario) at Titania can 

guide further development of the IIoTp.  

Methods, assumptions and impact limitations due to methodological choices: A limitation for this study is 

the lack of real data for drawing the scenario “mine performance after IIoTp installation”, as the IIoTp is not 

fully installed and operating. Instead, assumed implications and targets on Titania's operations were used to 

explore a possible scenario with improvements from the IIoTp installation. These will be updated towards 

the end of the project when there will be some use of the platform and real data will be generated. 

Additionally, a Performance Improvement Target is regarding the Unscheduled Downtime Assets (UDA) (a 

technology which predicts when equipment is supposed to fail covering a wide range of possibilities as 

anomaly detection, fault classification, time-to-failure prediction) which is anticipated to reduce UDA by 5-

10% on the monitored assets. Although it would be very interesting to have the initial 
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maintenance and compare it with the maintenance after the application of the UDA, this target will not be 

assessed as the maintenance data is not feasible to model within the scope of this study (the engineers 

cannot provide data on components and resources used in the workshop), and the change in maintenance 

routines would not happen immediately after implementation and thus not be possible to assess within the 

duration of the Dig_IT project. 

Decision context and reasons for carrying out the study: The main purpose for the development of this work 

is to first determine the environmental load associated with the mine operation for ilmenite concentrate 

production before installation of IIoTp and then to compare it with the expected performance of the mine 

after the installation of the platform. The two environmental profiles will be compared, and the weak points 

of the mine operation will be identified. Therefore, the potential positive environmental impact arising from 

the use of the platform will be determined and quantified. The LCA applications fall under the scope of 

situation A: “Micro- level decision support. Situation A, refers to decision support typically at the level of 

sites/companies, with no or exclusively small-scale consequences in the background system or on other 

systems." (See Appendix 1 for the theory of the other 2 scenarios) 

Target audience: As the main objective of this work is to support the consortium on the evaluation of the 

environmental performance of the IIoTp, and to better understand its benefits and disadvantages, the target 

audience for this LCA is the Dig_IT consortium (including the mine owners), as well as the European 

Commission. As listed in the DoW, since the Dissemination Level is set to “Public”, the results of the LCA are 

expected to be released to the general public.  

Comparisons intended to be disclosed to the public: The comparative part of this case study is a comparison 

between Titania's current operations and a future scenario for when the IIoTp platform is integrated in 

Titania's operations. All case studies carried out in the Dig_IT project are presented in the same report, but 

comparisons should not be done across the mines because their mining activities produce widely different 

products.  

Commissioner of the study and other influential actors: The LCA study is developed within the received 

funding from the European Union’s Horizon 2020 Research and Innovation Action programme, under grant 

agreement No 869529. The list of influential actors is composed of the organizations participating in the 

Dig_IT project, giving particular relevance to the partners involved in the technical developments.  

 

Scope 

The scope of the LCA study considers the following five central aspects. However, due to the iterative nature 

of an LCA study, the considerations given in this section have been refined during the course of the project 

and will be revised if necessary. The scope of this LCA is to assess the environmental impact of the Titania 

mine's operations, per year. The current production practices will be analysed and compared to a future 

scenario based on assumptions on operational improvements when the IIoTp is in operation. 

 

Object of the assessment: In the LCA study, the object is defined in terms of function, functional unit and/or 

reference flow. From the perspective of the user, the function of the Titania open pit mine is mainly to 
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produce ilmenite concentrate as a raw material for pigment production (obligatory property14). The 

positioning properties15 of the mine are to supply of important resources, to produce various products which 

are important for our daily life as well as the technological progress and the economic benefit this brings to 

the region/country (positioning properties).  

 

The functional unit was defined as 'total amount of concentrate produced during one year of full operation 

at Titania'. This was done because the mining companies typically report their reserves and production 

information on a yearly basis, both for accounting and for reporting of emissions and waste handling to 

governmental agencies. This functional unit of the LCA can thus be related with other aspects of the Titania 

company.  

 

LCI modelling framework and handling of multifunctional processes: The different LCI modelling 

frameworks exist as a product system often delivers other types of functions than the obligatory and 

positioning functions (primary functions). According to the ISO that this study follows, allocation problems 

occur when you model a process with more than one economic output or when you model a waste treatment 

with a useful by product (for instance, material recovery from a recycling process or heat recovery from an 

incineration process). In the case of the Titania mine, considering all the life cycle stages (even the ones which 

are out of the system boundaries), there is no secondary function with relevance to the user and the mine. 

In addition to the main ilmenite concentrate product, magnetite and sulphide concentrates are co-products 

with commercial value. In the mineral processing plant, several process steps are only performed on one or 

two of the concentrate types, whereas some are performed on all inputs. It is not possible to retrieve data 

on a level where the exact inputs can be allocated to each product separately, so instead one common 

product from the Titania mine was considered: 'final product (ilmenite, magnetite or sulphide concentrate), 

at Titania quay'.  

Other outputs from Titania's operations are the anorthosite and the tailings. A small proportion of waste rock 

has been sold to construction projects, since the product is coarse aggregates. However, most anorthosite is 

considered waste and is removed from the mine and landfilled at the edge of the mine to be able to access 

the valuable ore. Thus, no environmental burden is allocated to the waste rock in this LCA. Titania is exploring 

several options on how the tailings can be upgraded into a useful product with commercial value. Therefore, 

the production of tailings could be considered as a multifunctional process in case that it will be further 

utilized/used. However, this is at early-stage research, and at current the tailings is a waste problem filling 

up the tailings pond. As there is no current use or market for the waste rock nor the tailings, these streams 

have been considered as final waste flow, and the environmental burden of the waste handling is allocated 

to the commercial products.  

 

                                                           
14 Obligatory properties are features that the product must possess for any user to perceive it as a product. Source: Michael 

Z. Hauschild, Ralph K. Rosenbaum,  Stig Irving Olsen, “Life Cycle Assessment, Theory and Practice”, ISBN 978-3-319-56474-6 
15 The positioning properties are optional features of a product, which can be used to position it as more attractive to 
the consumer in the competition with other similar products. Source: Michael Z. Hauschild, Ralph K. Rosenbaum, Stig Irving Olsen, 

“Life Cycle Assessment, Theory and Practice”, ISBN 978-3-319-56474-6 
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Additionally, for the LCI modelling framework, among the attributional and the consequential modelling16, 

the attributional modelling will be followed. Previously, the situation A (which concerns the micro-level 

decision support) was chosen, and this situation belongs to the attributional modelling. Of course, this was 

not the criteria for choosing this modelling. In the Titania mine, the overall aim is to represent the mining 

process in isolation from the rest of the Technosphere or economy. Therefore, the main question that the 

attributional modelling answers is what environmental impact is attributed to the mining process?  

 

System boundaries and completeness requirements: The system boundaries of the mine that will be 

examined considers the cradle-to-gate life cycle perspective, starting from extraction of ore from nature and 

ending as concentrated ore ready for shipping at the company quay. The system boundary and life cycle 

stages for Titania are depicted in detail in the figure below and described. The system boundaries separate 

the boundaries between the studied product system and the surrounding economy (Technosphere) and the 

environment (Ecosphere). Within the system boundaries, and the Technosphere, there is a division (which is 

not shown in the figure) of the foreground (data directly from mine) and background system (energy 

consumption from the grid). Please, refer to Appendix 2 for more background theory on this topic.  

 

 

                                                           
16 Consequential modelling aims to describe the changes to the economy caused by the introduction of the studied product system. 
Source: Michael Z. Hauschild, Ralph K. Rosenbaum, Stig Irving Olsen, “Life Cycle Assessment, Theory and Practice”, ISBN 978-3-319-
56474-6 
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Figure 8. System Boundaries under study for the Titania mine 
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The 1st life cycle stage is the extraction and mining in the Titania open pit mine. In the Titania mine, the ratio 

of valuable ore to waste rock is 1 to 2,35, so to gain access to 1 tonne of ore, on average 2,35 tonnes of waste 

rock must be mined as well. The quality of the ore differs across the mine deposit, so ore from different parts 

of the pit must be taken out simultaneously and mixed before going into mineral processing to ensure a 

product with less quality variations. This is mainly because of variations in Cr2O3 content, which is not possible 

to be removed in the mineral processing step.  

The work cycle of the extraction and mining consists of drilling, blasting, loading, hauling ore to the primary 

crusher (gyratory crusher) and hauling waste rock to a landfill at the edge of the mine. Included in this life 

cycle stage is the primary crushing step, which is located at the top of the open pit and transportation by 

conveyor belt to mountain silos. Main inputs are the minerals from nature, explosives, diesel consumption 

in mining equipment, water to limit airborne dust formation and electricity for coarse crushing, conveyor belt 

transport and the workshop. Main wastes are wastewater from the open pit (rain water) and anorthosite 

(waste rock).  

Currently, almost all the mining machines are diesel powered. The mining machine fleet is comprised of 3 

drill rigs of different sizes; 1 small electric driven, 1 small (56<P<130kW) diesel-driven and one medium-sized 

(130<P<560kW) diesel-driven, 7 mining trucks (130 ton, >560kW) with a loading capacity of 185 tons, 3 wheel 

loaders (50ton, 100ton and 250ton), 2 face shovels (P>560kW), 1 road scraper (130<P<560kW) and auxiliary 

machinery (aggregates, light mast, compressors). The same equipment is used for the mining, loading, and 

hauling of both waste rock and the ilmenite norite ore. In addition, there is a coarse crusher, a workshop and 

the conveyor belt transporting the coarsely crushed ilmenite norite ore to the two mountain silos of 

approximately 10 000 tonnes each. The product from this life cycle stage is 'ilmenite norite ore, <50cm, in 

mountain silo ready for comminution'. 

 

The 2nd life cycle stage is the comminution in Hommedal, in which the coarse ilmenite norite ore is crushed 

batch-wise in several steps down to <10 mm. From the tertiary crusher the process becomes continuous as 

the material is milled together with water in ball mills down to a particle size of <390 µm. Also included in 

this life cycle stage is low-intensity magnetic separation (LIMS), and the products from the comminution 

activities are ilmenite norite ore particles (containing ilmenite and silicates) and fine magnetic particles. 

However, it is not possible to separate the processing steps between the output materials, so the product 

from this step in the LCA-context is 'ilmenite, silicates, and magnetic minerals, <390 µm, ready for mineral 

processing'. Main inputs are water, electricity for crushing, milling and low-intensity magnetic separation 

(LIMS), balls and lubricating oil for the ball mills and the main waste is wastewater. 

The 3rd life cycle stage is mineral processing in Hommedal. In the mineral processing plant, magnetic 

separation, flotation, and gravity separation techniques are applied for the purpose of separating the 

economic minerals from the non-economic minerals. The products from this process are ilmenite, magnetite, 

and sulphide concentrates, but because it is not possible to retrieve separate data for each processing, and 

because one input material becomes several output products from each processing step within the mineral 

processing, the product from this life cycle stage is 'preliminary concentrates, ready for drying'. The main 

inputs to the mineral processing are water, chemicals, and electricity. The main wastes are wastewater and 

tailings. 
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The 4th life cycle stage is drying at the drying plant. The preliminary ilmenite concentrates from different 

processes in the mineral processing stage are pumped together down to the drying plant in Jøssingfjord. The 

first step at the drying plant is dewatering by hydro cyclones and a thickener. From here, the ilmenite 

concentrate goes through a leaching step to dissolve any apatite present in the concentrate. A subsequent 

flotation step is used to separate the sulphides from the ilmenite. The sulphide goes through several 

additional steps of flotation, from which some ilmenite is separated and sent back to the ilmenite concentrate 

route. After the main flotation step the ilmenite concentrate is dewatered in two thickeners, reaching a water 

content of 30-40 %. The underflow from the thickeners is sent to vacuum filters where the water content is 

further reduced to 8-9 %. The last step in the drying process is a natural gas fired rotating kiln, in which the 

water content is reduced to 3.5 %. The sulphide concentrate is dewatered using belt filtration, while the 

magnetite concentrate is dewatered on a drum filter. 

The 5th life cycle stage is loading and product storage. The dried concentrates are transported from the drying 

plant by conveyor belts to their respective product storage silos and loaded onto ships by conveyor belts at 

the quay. Main inputs to this life cycle stage are electricity to the quay facilities and transport by conveyor 

belts. The only output is some wastewater (runoff from the magnetite and sulphide silos). 

The 6th life cycle stage is Mining waste disposal. All tailings from the mineral processing plant are pumped up 

to a landfill, called the tailings pond. The tailings contain some water when pumped to the landfill area, so 

the tailings pond has an inclination, to allow the surface water to move towards one part of the pond. This 

water is pumped back to the Tellnes lake. The rest of the water in the tailings will drain through the 

sediments/tailings and be discharged at the bottom into a small stream. This discharge is monitored and 

sampled as a requirement from the Norwegian government. 

In addition to the six life cycle stages of the mine, Titania operates a hydropower plant in Jøssingfjord (close 

to the drying plant and quay) which produces electricity for their own consumption. This electricity 

production covers approximately 25 % of Titania's current electricity consumption, and was modelled with 

the Ecoinvent process 'Electricity, high voltage {NO}| electricity production, hydro, reservoir, alpine region | 

Cut-off, U'. The rest of the electricity consumed at Titania is bought from the grid, and was modelled with 

the Ecoinvent process 'Electricity, high voltage {NO}| market for | Cut-off, U'. For the scenario "after 

installation of the IIoTp", the total power delivered and consumed by Titania from the Jøssingfjord power 

plant was modelled equal to the current situation, and the reductions in the total amount of electricity 

needed for Titania's operation was modelled as a reduced input of power from the grid. 

 

Representativeness of LCI data: Representativeness of LCI data can be understood in the three interrelated 

dimensions; the geographical, the time-related and the technological. The geographical representativeness 

is very well satisfied, as the Titania mine is located in Norway and the foreground and background data for 

the specific geographical area have been considered (wherever possible). Chemicals used at Titania are 

imported, so European or Global background processes have been used and are considered sufficiently 

representative. An electricity mix representative for Norway was chosen from the database, as described in 

detail in the previous paragraph.  As for the time-related representativeness, the inventory data of this study 

is based on the year 2020. This was considered a representative year at the Titania mine, although some 

heating oil was still used during 2020 before it was phased out in the spring. Thus, in the future, the electricity 

consumption might be higher and the heating oil consumption lower. For analysing the expected outcomes 
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of installing the IIoTp, assumptions were made since the instalment has not taken place yet. Regarding the 

technological representativeness, the Ecoinvent library is the source for the background data and foreground 

data have been shared from the mine’s engineers. Although considered satisfactory for this LCA, it is 

important to know that many Ecoinvent processes are modelled based on outdated data and processes, so 

a full technological representativeness cannot be met. 

 

Preparation of the basis for the impact assessment: To be proactive, the selection of impact coverage is 

taking place from this early step (prior to the LCI analysis) to ensure that the correct data have been collected 

in the LCI. Therefore, all environmental impacts where the product system has relevant contributions are 

included in the impact assessment. This LCIA examines all the impact categories17 and the most relevant are 

presented in this report. Therefore, all five elements of the impact assessment are utilized in this study and 

are the classification and characterization (mandatory steps according to ISO 14040), as well the 

normalisation and weighting (optional steps according to ISO 14040). Please refer to Appendix 3 for the 

background theory. By definition, the impact assessment means various emissions which are assigned to 

impact categories. At midpoint level, indicators such as Global Warming Potential (GWP), Acidification 

Potential (AP), Eutrophication Potential (EP), Photochemical Ozone Creation Potential (POCP), Human 

Toxicity (cancer and non-cancer related), Respiratory Inorganics, Ionising Radiation, Eco Toxicity, Land Use, 

Water Footprint, and Resource Depletion, will be examined. As for the categories at the endpoint level, the 

Area of Protection (AoP) i.e. on human health, on the natural environment and on natural resources will be 

analysed. See Appendix 4 for the background theory on this topic. LCA uses a number of category indicators 

based on specific characterization models which are combined into predefined sets or methods referred to 

as LCIA methods. This study utilizes the ReCiPe midpoint LCIA method which is appropriate for such LCAs.  

 

2.2.2. Life Cycle Inventory (LCI) 

The LCI step is guided by the goal and scope. The core activity of the task is the collection of representative 

data flows for all the life cycle processes of the mine. The below 4 steps, addresses the needs of this stage 

and how they have been performed in this assessment. 

Data categories: The composition of ore and rock at the Titania site, water, energy and chemicals 

consumption in the different life cycle stages, lifetime of machinery and tyres on the vehicles, consumption 

of support materials such as balls and lubricating oil for the milling steps, were used as inputs. As outputs, 

this study includes the wastewater flows, waste rock and the final products. Other wastes have been 

modelled with their known or assumed waste handling method at its final destination, although outside of 

Titania. The inventory data was collected for one year of operation (2020). 

Table 2. Type of data collected ƛƴ ¢ƛǘŀƴƛŀΩǎ ƳƛƴŜ 

Energy production 

and consumption 

Electricity, supplied partially from Titania's own hydropower plant and partially from 

the national grid, is consumed by the equipment in various life cycle stages. Use of 

heating oil. Natural gas is used in the drying step. 

                                                           
17 Impact category is defined as a “class representing environmental issues of concern to which life cycle inventory 
analysis results may be assigned”. (source: ISO 14044) 
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Machinery 

operation  

Total park of mining machinery and hours of operation. Diesel is used to fuel the 

machinery necessary for various activities such as drilling, and loading/hauling the 

extracted ore. Details on the engine size, average diesel consumption per hour of 

operation, machine weight and lifetime, tyre weight and lifetime were all used to 

model the machinery in terms of hourly operation. Length of conveyor belts in each 

life cycle stage, and the amount of mass transported over each length. 

Explosives Types and amounts of explosives used for blasting and their environmental product 

declarations (EPDs).  

Auxiliary materials Balls for milling (amount used per year and material composition), lubrication oil for 

the mills in the comminution, filter net and plastic pipes for the handling of tailings 

Water  At Titania, water is taken from several nearby lakes and circulated back to these. 

Also, rainwater must be pumped out from the open pit. 

Chemicals Used in various processes, mostly in the mineral processing where ilmenite, sulphide 

and magnetite are separated from waste rock particles and each other. Chemical 

name, chemical data sheets and amounts used. 

Land use Land use change for operation of the mine, both the change due to ore mining and 

the increasing area per year due to an increasing tailings pond. 

Wastewater  Amount of wastewater from each life cycle stage. Measurements on contaminant 

amounts in wastewater per year, reported to the Norwegian Environmental Agency. 

Mass balance Includes the mass that leaves each stage and moves to the other stage, as well as 

the output solid (products, waste rock, tailings, etc). 

Dust emissions From the drying plant. 

 

Data Collection, quality and Data sources: For the needs of this study, specific inventory data/primary data 

of the foreground were acquired extracted from Titania. Data collected for the study were obtained by 

SINTEF from personal exchanges, site visits, virtual interviews, or electronic mail correspondences using a 

standardized data collection form developed by STRATAGEM. Numbers on the consumption of diesel, 

electricity, chemicals, water and maintenance were obtained from Titania's engineers. In the first LCIA 

iteration, the blasting with explosives and the operation of diesel-driven mining machinery stood out as the 

largest contributors to most of the environmental impact categories. Thus, Titania also provided data sheets 

of the explosives, and in the case of most of the explosives used by Titania, EPDs were found and used to 

model the blasting process to improve the data quality. For the production of diesel, chemicals and other 

auxiliary materials except explosives, the production of electricity and for the combustion of diesel in the 

mining machinery, processes from the Ecoinvent database were used. 

Data management and Software: All data gathered for the LCA was collected in Excel sheets. Then the data 

were imported into the Software SimaPro18 version 9.1.1.7, which is a widely used commercial LCA software. 

SimaPro is used for the LCI and LCIA procedures together with the LCI database Ecoinvent19 version 3.5 (the 

Ecoinvent database is used for the background data). The Hierarchist (H) cultural perspective was used as the 

                                                           
18 PRé:. Company History. https://www.pre-sustainability.com/company-history. Accessed 31/01/2022 
19 Ecoinvent: https://ecoinvent.org/the-ecoinvent-database/ . Accessed 31/01/2022 

https://ecoinvent.org/the-ecoinvent-database/
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more relevant (Please refer to Appendix 5 for more background theory). This software enables the storage 

and organization of LCI data and the calculation of their environmental impacts.  

Inventory Data: In this section, the respective LCI data for this study are presented. The level of detail used 

for the modelling in all life cycle stages is high, so no values are presented because of confidentiality. 

Modelling the scenario of the Titania mine operation after implementation of the IIoTp has been done by 

exploring an "after IIoTp" scenario, where the following intended or expected improvements have been 

assumed: 

- Through optimized scheduling and operation of the mining vehicles, the diesel consumption per 

operating hour is assumed to drop by 5 % in all extraction and mining specific vehicles. It is also 

expected that the number of operating hours per vehicle type per mined ore is reduced by 5 % from 

optimization of the mining activities. 

- Through optimization of equipment use and more processed ore per operating hour in the processing 

steps, we expect a reduced water consumption by up to 10 % in life cycle stages 1, 2, 3 and 4. 

- Followed by a reduction in water consumption is expected a reduction in electricity consumption by 

8 % in life cycle stages 1, 2, 3 and 4 and 8 % reduced need for gas for drying (life cycle stage 4). 

Although the IIoTp and optimization from installation is expected to increase the amount of ore mined and 

processed per year, the amount of mined and processed ore is modelled as constant, and reductions in the 

amount of energy and water used are modelled instead. Thus, the effects of the IIoTp installation have been 

normalized for the same mass functional unit, since the amount of product produced is the same in both 

scenarios. 



Dig_IT – A Human-centred Internet of Thing Platform for the Sustainable Digital Mine of the Future 

  
  

This project has received funding from the European Union’s Horizon 2020  
research and innovation program under grant agreement N°869529 

 

Before the IIoTp installation 
After the IIoTp 

installation 

Flow info 

explanations 
Flow Unit Notes 

Change in values & 

Notes 

1st Life Cycle Stage: Extraction and mining  

Inputs from Technosphere & Nature  

Total rock extracted Rock Mt/a 

The average ore composition was used to estimate the amount of 

minerals and metals extracted from nature (25 % feldspar, 31 % ilmenite, 

4 % hematite, 1.1 % magnetite and 1.1 % biotite). Waste rock was 

assumed to consist of 100 % feldspar (although it does contain small 

amounts of ore minerals as well). 

No change 

Land use change Land use change m2/a 

Transformation from forest, unspecified to mineral extraction site. This 

land use change is the area of the open pit mine divided by the total years 

of operation, to reflect the yearly land use change due to the extraction 

and mining activity. 

No change 

Fresh water Water, lake m3/a 

Water is used to reduce dust emission from roads/infrastructure in the 

open pit. Estimated. Water is from nearby lake (Aurevann), not drinking 

water. 

No change 

Blasting explosives t/a 

Amount of explosives used for blasting of both ore and waste rock. Types 

of explosives is confidential information, but has been used to build the 

life cycle inventory. Representative EPDs for the specific explosives used 

at Titania, reporting the environmental impacts for life cycle stages A1-A5 

(production, transport to user, installation and detonation) were 

modelled as processes in SimaPro. 

No change 

Coarse crushing and 

workshop 
Electricity MWh/a 

Includes electricity for coarse crusher/mill, light and heating of buildings 

and electricity consumption in the workshop. 

-8% electricity 

consumption due to 

optimization of crusher 
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Transportation of 

primary crushed ore 
Conveyor belt km 

Length of the conveyor belt which transports all mined ore from the 

primary crusher to the mountain silos. 

No change 

Mining vehicle 

operation (diesel 

consumption, 

industrial machine 

and tyres) 

Drill rig (small) h/a The mining vehicles consume diesel, and an average diesel consumption 

in L/operating hour per vehicle type was calculated based on total diesel 

consumption per vehicle at Titania in 2020. Diesel combustion in the 

machinery was modelled by adjusting the Ecoinvent process 'machine 

operation, diesel, >= 74.57 kW, high load factor GLO', which has an output 

in h, to only represent the emissions from the diesel combustion by 

removing the inputs of industrial machine and lubricating oil and setting 

the output to kg diesel combusted. The adjusted process was named 

'diesel burned in engine >= 74.57 kW, high load factor', and taken in as 

input to each vehicle type, according to that vehicle type's diesel 

consumption per operating hour. Estimates on the machinery and tyre 

lifetime were also included to model the contribution from the assets 

themselves. 

-5 % diesel consumption 

per operating hour for 

the mining vehicles and 

equipment due to more 

optimized use from 

increased understanding 

of the vehicle after 

installation of the IIoTp 

 

-5% operating hours due 

to optimization of routes 

and ore handling  

Drill rig (big) h/a 

Truck (130 tonn) h/a 

Face shovel h/a 

Wheel loader 

130<P<560kW 
h/a 

Wheel loader 

P>560kW 
h/a 

Aggregate 

130<P<560kW 
h/a 

Road planer 

130<P<560kW 
h/a 

Outputs to Nature  

Solid waste 
Anorthosite (waste 

rock) 
Mt/a  

The anorthosite is transported to a waste rock landfill at the border of the 

mine to allow access to the ilmenite ore. 

No change 

Water 
Surface water from 

rain and snow 

Mm3 

(Million cubic 

meters) 

 

Drainage water from open pit. Water emissions from ore dressing 

(process water), drying plant and silos. The concentration of Ni, Cd, Cu, 

Pb, Zn, Cr, Fe, Co, Mn, N, TOC and P is measured in weekly campaigns, and 

from these measurements, the total yearly emissions are estimated 

through calculations and reported to the Norwegian government in kg/a. 

-10% water consumption 

due to process 

optimization 

2nd Life Cycle Stage: Comminution activities  

Inputs from Technosphere & Nature  

Process water water Mm3/a Water is used in the crushers and ball mills.  
-10% due to process 

optimization 

Fine crushing, milling 

and workshop 
Electricity  GWh/a  

-8% due to process 

optimization 
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Heating oil t/a 

Heating oil has been included in this LCA since the LCA is based on Titania's 

operations in 2020. However, the use of heating oil was phased out during 

2020 and from 2021, only electricity is used. 

No change (although it is 

phased out, this is not an 

effect of Dig_IT) 

Lubricating oil l/a Lubricating oil is used for the crushers and mills. No change 

Balls for ball milling Chromium-rich iron t/a Amount of balls used per year. No change 

Outputs to Nature  

No governmental requirements for measurements of waste water. Water emission from this step is following the process water. Goes to 

Tellnesvann (process water pond). 

 

3rd Life Cycle Stage: Mineral processing   

Inputs from Technosphere & Nature  

Process water Water  Mm3/a From Tellnesvann 
-10% due to process 

optimization 

Energy electricity GWh/a 
Electricity is used by pumps, secondary mills, thickeners and flotation 

units in the mineral processing facilities at Titania. 

-8% due to less water and 

process optimization 

Service vehicle 

operation 
Diesel l/a 

Modelled with Ecoinvent process 'transport, passenger car, large size, 

diesel, EURO 5 RER'. 

No change 

Tractor and heating 

oil 
diesel l/a  

no change 

Chemicals 
Solvents and other 

chemicals 
t/a 

Chemicals are used in the mineral processing plant to separate the 

valuable ilmenite, sulphide and magnetite from each other and from the 

tailings. The types of chemicals used is confidential information, but have 

been used to build the life cycle inventory.  

No change 

Outputs to Nature  

tailings tailings t/a 
Dry weight of tailings from the mineral processing. These are pumped to 

the tailings pond, an open deposit of tailings next to the open pit mine. 

No change 

wastewater 

Nickel (Ni) kg/a Water emissions from ore dressing (process water), drying plant and silos. 

The concentration of Ni, Cd, Cu, Pb, Zn, Cr, Fe, Co, Mn, N, TOC and P is 

measured in weekly campaigns, and from these measurements, the total 

yearly emissions are estimated through calculations and reported to the 

Norwegian government in kg/a. 

No change 

Cadmium (Cd) kg/a 

Copper (Cu) kg/a 

Lead (Pb) kg/a 

Zink (Zn) kg/a 
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Chrome (Cr) kg/a 

Iron (Fe) kg/a 

Cobalt (Co) kg/a 

Mangan (Mn) kg/a 

Total Nitrogen (N) ton/a 

Total Organic 

Carbon (TOC) 
ton/a 

Total Phosphor (P) ton/a 

4th Life Cycle Stage: Drying  

Inputs from Technosphere & Nature  

Process water water m3/a From the nearby lake Tellnesvann. 
-10% due to process 

optimization 

Dewatering Electricity GWh/a Electricity used for dewatering of the products. -8% due to less water 

Drying of main 

product 
Natural gas Sm3/a Natural gas used for drying of the main product in a rotary kiln. 

-8% due to less water 

Chemicals chemicals t/a 

Total amount of chemicals used in the drying stage. The types and 

amounts of chemicals used is confidential information, but have been 

used to build the life cycle inventory. 

No change 

Outputs to Nature  

Emissions to air dust kg/a Reported to agency. No change 

wastewater 

water Mm3/a To inntaksdam. -10% due to less water in 

contaminants kg/a 

Water emissions from ore dressing (process water), drying plant and silos 

are reported together. The contents of Ni, Cd, Cu, Pb, Zn, Cr, Fe, Co, Mn, 

N, TOC and P is measured regularly and reported to the Norwegian 

government in kg/a. 

No change 

5th Life Cycle Stage: Loading facilities and product storage  

Inputs from Technosphere & Nature  

Quay facilities Electricity GWh/a 
Electricity is used mostly for operating conveyor belts at the loading 

facilities. 

No change 

Transport Conveyor belt tkm/a  No change 
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Outputs to Nature  

wastewater wastewater m3/a There is some wastewater from the magnetite and sulphide silos. No change 

6th Life Cycle Stage: mining waste disposal  

Inputs from Technosphere & Nature  

Tailings pond Land use change m2/a 

The yearly land use change due to the tailings pond, modelled as 

transformation from forest to dump site, is the area that the tailings pond 

takes up, divided by the estimated lifetime of the landfill. 

No change 

Service vehicle 

operation 
Diesel combustion kg/a 

Amount of diesel used for the service vehicle used for activities related to 

the tailings pond. 

No change 

Pumping of tailings 

Electricity kWh/a 

The tailings pond is at a higher altitude than the mineral processing plant. 

Electricity is used to pump tailings from the mineral processing plant to 

the tailings pond.  

No change 

Plastic pipes t/a 

The pipe network for the pumping of tailings is expanded approximately 

every three years. Modelled with Ecoinvent process 'Extrusion, plastic 

pipes {GLO}| market for | Cut-off, U'. 

No change 

Geotextile t/a Used to prevent runoff of tailings particles. No change 

Outputs to Nature  

Tailings Tailings t/a The total amount of tailings (dry weight) pumped to the tailings pond. No change 

wastewater 

Nickel (Ni) kg/a 

Water emissions from the landfill. The concentration of Ni, Cd, Cu, Pb, Zn, 

Cr, Fe, Co, Mn, N, TOC and P is measured in weekly campaigns, and from 

these measurements, the total yearly emissions are estimated through 

calculations and reported to the Norwegian government in kg/a. 

No change 

Cadmium (Cd) kg/a 

Kobber (Cu) kg/a 

Lead (Pb) kg/a 

Zink (Zn) kg/a 

Chrome (Cr) kg/a 

Iron (Fe) kg/a 

Cobalt (Co) kg/a 

Mangan (Mn) kg/a 

Total Nitrogen (N) ton/a 

Total Organic 

Carbon (TOC) 
ton/a 
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Total Phosphor (P) ton/a 

Electricity -> product: Electricity, at Titania. 87,6 GWh/a  

Inputs from Technosphere & Nature  

Electricity from 

hydropower plant 
Electricity GWh/a 

Titania's own power production at their hydropower plant at Jøssingfjord. 

Ecoinvent process 'Electricity, high voltage {NO}| electricity production, 

hydro, reservoir, alpine region | Cut-off, U' used. 

No change 

Electricity from the 

electricity net 
Electricity GWh/a 

Electricity bought from the electricity net in southern Norway. Ecoinvent 

process 'Electricity, high voltage {NO}| market for | Cut-off, U' used. 

Reduced with same 

amount as the total 

electricity consumption is 

reduced with. 



Dig_IT – A Human-centred Internet of Thing Platform for the Sustainable Digital Mine of the Future 

  
  

This project has received funding from the European Union’s Horizon 2020  
research and innovation program under grant agreement N°869529 

 

2.2.3. Life Cycle Impact Assessment (LCIA) 

In the Life Cycle Impact Assessment, the stressors (emissions and resource use) are converted to 

environmental impacts. SimaPro contains a number of impact assessment methods, which are used to 

calculate impact assessment results. All the different methods are quantifying environmental impacts of the 

same product/service/procedure, but they differ on the factors they use for converting the inventory data 

into impacts. According to the study’s goal and scope, the impact categories, category indicators and 

characterization methods have been selected to provide a comprehensive profile of environmental impacts 

for Titania's operation before and after installation of the IIoTp. The ReCiPe 2016 Midpoint and Endpoint 

Hierarchist method is presented, both Characterization and Normalization. The results are shown per 

analysed methodology. The presented graphs are exported graphs from the SimaPro software. 

The LCIA starts with the results of the current practises (before IIoTp) and then, it follows the comparison 

between the current practises and the expected mine performance after the IIoTp has been installed. 

 

Current practices ς one year of Titania operation (before IIoTp) 

Assessment Method: ReCiPe 2016 Midpoint (H) V1.03/ Characterization  

This graph shows the relative contribution of each life cycle stage of Titania's operations to the different 

impact categories at Midpoint level. It shows that the Extraction and mining life cycle stage contributes to 

most of the environmental impacts in almost all air-based impacts (global warming potential, stratospheric 

ozone formation, ozone formation affecting human health and terrestrial ecosystems, and fine particulate 

matter), whereas the three first life cycle stages contribute almost equal amounts to the ionizing radiation. 

The first life cycle stage at Titania is also the life cycle stage contributing most to resource scarcity, both of 

mineral and fossil resources. Mineral processing is the life cycle stage which contributes most to the water-

related impacts (freshwater eutrophication, marine eutrophication and water consumption). Loading and 

product storage cause insignificant contributions to the impact categories, and the tailings disposal has little 

impact as well. 

Blasting and the diesel combustion in the mining vehicles contribute to direct emissions of stressors 

contributing to the air-related impact categories, thus the first life cycle stage shows dominant in the relative 

contribution to these impacts. In addition, the extraction and production of diesel and explosives contribute 

to indirect air emissions. This is not surprising, since this is the stage in which the minerals are extracted from 

nature, and also the stage where most of Titania's diesel consumption takes place. 

Somewhat surprising, the mineral processing is the most contributing life cycle stage at Titania regarding land 

use change. This is because the land use change due to the mining operations at Titania is small compared to 

land use change taking place in other countries to produce and process raw materials for the chemicals 

needed in the mineral processing. More intuitive is the mineral processing's contribution to water 

consumption and freshwater eutrophication, since the mineral processing is using both large amounts of 

water and some chemicals to separate the valuable minerals from the non-valuable ones. Some 

contaminants thus end up in the wastewater contributing to the impact categories related to water. 
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The values for each analysed impact category are presented in the following table. From the table Titania's 

yearly operations have life cycle impacts to global warming of approximately 34,5 ktons of CO2-equivalents. 

To better understand the meaning of these values, normalization was carried out, see the following section.  

Impact category Unit Total 

1. 
Extraction 
and mining 

2. 
Comminut
ion 

3. Mineral 
processing 

4. Drying of 
concentrates 

5. Loading and 
product storage 

6. Tailings 
disposal 

Global warming 
kg CO2 
eq 

3.45E+
07 2.05E+07 1.10E+06 3.62E+06 9.01E+06 1.79E+04 2.00E+05 

Stratospheric 
ozone depletion 

kg CFC11 
eq 

1.83E+
01 1.00E+01 2.32E+00 3.02E+00 2.54E+00 4.71E-02 4.18E-01 

Ionizing radiation 
kBq Co-
60 eq 

1.29E+
06 2.88E+05 3.79E+05 4.15E+05 1.31E+05 7.83E+03 7.63E+04 

Ozone formation, 
Human health 

kg NOx 
eq 

8.19E+
04 6.21E+04 2.32E+03 8.75E+03 8.31E+03 2.91E+01 3.56E+02 

Fine particulate 
matter formation 

kg PM2.5 
eq 

3.69E+
04 1.76E+04 2.44E+03 8.15E+03 8.50E+03 1.52E+01 2.03E+02 

Ozone formation, 
Terrestrial 
ecosystems 

kg NOx 
eq 

8.39E+
04 6.33E+04 2.40E+03 9.30E+03 8.59E+03 2.97E+01 3.64E+02 

Terrestrial 
acidification 

kg SO2 
eq 

9.29E+
04 4.02E+04 3.11E+03 2.36E+04 2.54E+04 3.62E+01 5.00E+02 

Freshwater 
eutrophication kg P eq 

2.25E+
04 4.64E+03 2.84E+02 1.57E+04 4.63E+02 4.47E+00 1.36E+03 

Marine 
eutrophication kg N eq 

3.07E+
02 6.40E+01 2.31E+01 1.84E+02 3.05E+01 3.92E-01 5.07E+00 

Land use 
m2a crop 
eq 

1.82E+
06 2.90E+07 3.18E+06 1.18E+07 1.19E+07 2.86E+04 3.19E+05 

Mineral resource 
scarcity kg Cu eq 

1.28E+
08 3.73E+05 2.95E+04 1.63E+05 6.71E+04 4.38E+02 5.83E+03 

Fossil resource 
scarcity kg oil eq 

1.23E+
07 5.06E+05 4.22E+04 2.18E+05 1.15E+05 6.11E+02 7.98E+03 

Water 
consumption m3 

2.58E+
07 3.94E+05 3.32E+05 1.37E+05 6.86E+04 9.51E+02 1.02E+04 
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.03/ Normalization  

The normalization in the ReCiPe method relates the emissions and resource depletion to the average world 

citizen's impact in 2010. For global warming, the normalization factor is 7980 kg CO2-eq/cap(2010), which 

was the average CO2-eq emission per capita on a world average in 2010. The normalized impact contribution 

graph for Titania is presented below. The graph suggests that Titania's activities cause relatively high impacts 

in the categories water consumption, freshwater eutrophication, and fossil resource scarcity. Of the impact 

categories related to air emissions, the normalization suggests that Titania's activities contribute the most to 

ozone formation and global warming potential relative to world average activities. The process contributions 

to the different impact categories were analysed in more detail and are described in the presentation of the 

Endpoint results.  

It is important to note that the normalization factors do not evaluate the significance or harm on ecosystems 

or human health, they only make the numbers easier to relate. According to the normalized graph below, 

Titania uses the same amount of water in one operational year as the yearly 2010 world average of almost 

100,000 people.  

 

 

Assessment Method: ReCiPe 2016 Endpoint (H) V1.03/ Damage assessment  

The Endpoint Damage assessment graph below shows the relative contribution of the different life cycle 

stages in the Titania mine's operation to damage within the three areas of protection, Human Health, 

Ecosystems and Resources. The graph shows that extraction and mining is the most damaging in all AoP's, 

followed by the Mineral processing in Human Health and Ecosystems, whereas Drying is the second most 

contributing to the Resources depletion.    
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Assessment Method: ReCiPe 2016 Endpoint (H) V1.03/ Normalization  

Normalization suggests that Titania's operations contribute the most to damage within the Human Health 

AoP and least to damage on Ecosystems, relative to the 2010 world per capita average. 
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Assessment Method: ReCiPe 2016 Endpoint (H) V1.03/ Characterization 

The contribution of the different environmental impacts from Titania's total operations to damage within the 

three areas of protection are shown in the graphs below, according to the ReCiPe Endpoint method. Please 

refer to Appendix 6 for an explanation of the units.  

As can be seen, the global warming potential, the water consumption and the fine particulate matter 

formation are the most contributing to damage on human health. Which processes and materials that 

contribute to these impact categories was further assessed and are described below the graph.  

 

Global warming: The contributions to global warming by Titania comes from diesel burned in mining 

machinery (36 %), combustion of natural gas in the drying stage (20 %), explosive production and transport 

to Titania (13 %) and production of one of the chemicals used in the mineral processing step (5 %). Remaining 

processes contribute 26 % to the GWP, much of this is most likely related to the power consumption from 

the grid. 

Water consumption: The mineral processing is by far the most water consuming process of Titania's activities. 

Analysing which processes contribute to the water consumption impact category, 69 % is the direct water 

consumption in the mineral processing plant, 18 % is the direct water consumption in the comminution 

(water is added in the final milling steps) and 11 % is water used in the hydropower plant. Remaining 

processes contribute to the last 2 %.  
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Fine particulate matter formation: 26 % is related to the production of one of the main chemicals used at 

Titania in both the mineral processing and the drying step, 22 % comes from diesel burned in mining 

equipment, 7 % comes from burning waste natural gas during the production of natural gas, 5 % comes from 

the production of steel used in the milling balls, 3 % comes from tyre wear and 2 % from transoceanic 

transport freight. Remaining processes contribute with 35 % of the fine particulate matter formation. 

The graph below shows that global warming is the most contributing factor to damage to ecosystems as well, 

according to the ReCiPe Endpoint method. Then follows water consumption contributing to damage on 

terrestrial ecosystems, and terrestrial acidification. Land use, freshwater eutrophication and ozone formation 

contributing to damage on terrestrial ecosystems also contribute to the total impact, whereas the ecotoxicity 

factors are insignificant.  

 

The contributing processes and materials to the global warming potential and water consumption were 

described above. The contributions to the other significant impacts to ecosystems damage are described 

here. 

Terrestrial acidification: 35 % of the terrestrial acidification comes from the production of the main chemical 

used in both mineral processing and drying, 20 % comes from the combustion of diesel in the mining 

equipment, 10 % comes from burning waste natural gas during the production of natural gas, 3 % comes 
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from transoceanic freight, 3 % comes from burning of sour gas in gas turbine (assumed related to production 

of fossil fuels) and 2 % comes from burning heating oil. Remaining processes contribute to 28 % of the 

emissions causing terrestrial acidification. 

Land use: 77 % of the land use caused by Titania is related to forestry to produce chemicals used in the 

mineral processing step. Remaining processes contribute to 23 % of the land use change. 

Freshwater eutrophication: Direct emissions in the wastewater from the mineral processing contribute to 67 

% of the freshwater eutrophication impact caused by Titania's activities, 6 % are caused by direct emissions 

in the wastewater from the tailings pond and 4 % are caused by direct emissions in the wastewater from the 

open pit. 12 % comes from the production of the explosives used by Titania, so these impacts are indirect 

impacts caused by Titania's supply chain. This is also the case for 10 % caused by the production of different 

chemicals used by Titania. 

Ozone formation: 63 % of the ozone formation impact by Titania comes from combustion of diesel in the 

mining machinery, 3% comes from burning of heating oil, 3 % comes from the burning of natural gas in the 

drying plant and 3 % happens at the production facility for one of the chemicals used in the mineral 

processing. Remaining processes contribute to 28 % of the ozone formation. 

The resource area of protection is in the ReCiPe Endpoint method impacted by contributions to mineral 

resource scarcity and fossil resource scarcity. The graph below shows that mineral resource scarcity is by far 

the most contributing of these two in case of Titania's operations. This is not surprising for a mining company 

mining mineral resources. The contributions to the impact categories are described below. 

 

Mineral resource scarcity: 99,9 % of the contributions to the mineral resource scarcity comes from the 

extraction and mining of ore and waste rock at Titania. 

Fossil resource scarcity: Most contributions to the fossil resource scarcity caused by Titania's activities are 

indirect impacts, caused by Titania's supply chain. 40 % of the fossil resource scarcity by Titania is caused by 



    Deliverable D5.2  

60 
 

petroleum production, which is the extraction step for diesel production. 24 % is caused by natural gas 

production and 14 % is caused by the production and transportation of explosives to Titania. 21 % are caused 

by remaining processes linked to life cycle stages 4, 1 and 3 (in descending order), most likely this is caused 

by the production of electricity. 

Comparison before and after IIoTp 

Before presenting the impacts comparison, we present a recap of the assumptions made to create the "after 

IIoTp" scenario: 

- 5 % reduction in diesel consumption per operating hour in all extraction and mining specific vehicles 

(life cycle stage 1) 

- 5 % reduction in number of operating hours per vehicle type per mined ore (life cycle stage 1) 

- 10 % reduced water consumption in comminution and mineral processing (life cycle stages 2 and 3) 

- 8 % reduction in electricity consumption in life cycle stages 1, 2, 3 and 4. This reduces the amount of 

electricity bought from the electricity net. 

- 8 % reduced need for gas for drying (life cycle stage 4) 

Assessment Method: ReCiPe 2016 Midpoint (H) V1.03/ Characterization  

The assessment results for the scenario for the expected changes in operations at Titania when the IIoTp has 

been installed is shown together with Titania's current practices in the graph below. Not surprisingly, a 10 % 

reduction in water consumption at Titania will contribute to a 10 % reduction of the water consumption 

impact category. 

All impact categories experience some reductions under the assumptions made, among them a 9 % reduction 

in ozone formation and a 7 % reduction in the total contribution to global warming potential. A 7 % reduction 

also takes place in the fossil resource scarcity, which is directly linked to the reduction in both diesel and 

natural gas consumption together with the global warming potential. 
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The values are presented in the table below. 

Impact category Unit 
Before 
IIoTp After IIoTp Reduction 

Global warming kg CO2 eq 3.45E+07 3.20E+07 2.45E+06 7 % 

Stratospheric ozone 
depletion kg CFC11 eq 1.83E+01 1.65E+01 1.87E+00 10 % 

Ionizing radiation kBq Co-60 eq 1.30E+06 1.14E+06 1.63E+05 13 % 

Ozone formation, Human 
health kg NOx eq 8.19E+04 7.51E+04 6.84E+03 8 % 

Fine particulate matter 
formation kg PM2.5 eq 3.69E+04 3.50E+04 1.92E+03 5 % 

Ozone formation, Terrestrial 
ecosystems kg NOx eq 8.40E+04 7.70E+04 6.96E+03 8 % 

Terrestrial acidification kg SO2 eq 9.30E+04 8.83E+04 4.70E+03 5 % 

Freshwater eutrophication kg P eq 2.25E+04 2.23E+04 1.33E+02 1 % 

Marine eutrophication kg N eq 3.07E+02 2.95E+02 1.19E+01 4 % 

Terrestrial ecotoxicity kg 1,4-DCB 5.63E+07 5.38E+07 2.49E+06 4 % 

Freshwater ecotoxicity kg 1,4-DCB 6.39E+05 6.15E+05 2.36E+04 4 % 

Marine ecotoxicity kg 1,4-DCB 8.89E+05 8.55E+05 3.43E+04 4 % 

Human carcinogenic toxicity kg 1,4-DCB 9.43E+05 9.03E+05 3.98E+04 4 % 

Human non-carcinogenic 
toxicity kg 1,4-DCB 1.28E+07 1.23E+07 5.21E+05 4 % 

Land use m2a crop eq 1.82E+06 1.80E+06 2.21E+04 1 % 

Mineral resource scarcity kg Cu eq 1.28E+08 1.28E+08 4.43E+03 0 % 

Fossil resource scarcity kg oil eq 1.23E+07 1.15E+07 8.23E+05 7 % 

Water consumption m3 2.58E+07 2.32E+07 2.64E+06 10 % 
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Assessment Method: ReCiPe 2016 Endpoint (H) V1.03/ Damage assessment 

The Endpoint damage assessment comparison of the two scenarios shows that the "after IIoTp" scenario at 

the Titania mine will contribute to 8 % less damage on human health, 6 % less damage to ecosystems and 

2 % less damage to resources.

 

 

2.2.4. Interpretation 

In the life cycle interpretation phase, the results are evaluated, significant issues are identified, conclusions 

are drawn, and recommendations are made (ISO 14043: 2000). Conclusions and recommendations are made 

in the context of the defined goal and scope and bearing in mind the limitations of the results. 

The “before” scenario was compared against the “after” scenario, which was the primary goal of this study. 

However, as the IIoTp has not yet been fully installed in the mine, there are no real data which express the 

improvements on the assets, energy consumption and water consumption. Nevertheless, to be able to 

conduct the study, assumptions performed by SINTEF and Titania engineers considered realistic at this stage 

in the Dig_IT project, where used to model the expected scenario. Assumptions and study limitations were 

presented in the goal and scope section.  

The methodological aspects applied for all the use cases were also applied for the Titania mine. Therefore, 

environmental impacts was assessed for one year of fully mine operation for both scenarios.  Two ReCiPe 

LCIA methods (at midpoint and endpoint level) were chosen to translate the inventory results into 

environmental impacts. Human health, ecosystem quality and resource scarcity are the three areas of 

protection for the implementation of the ReCiPe2016 methodology. The endpoints are related to the three 
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areas of protection. DALYs (disability adjusted life years), relevant for human health, represent the years that 

are lost or that a person is disabled due to a disease or accident. The unit for ecosystem quality is the local 

species loss integrated over time (species year). The unit for resource scarcity is the US dollar ($), which 

represents the extra costs involved for future mineral and fossil resource extraction. All the Midpoint impact 

categories are reduced to three major damage macro-categories (endpoint impact categories). Annex 6 

includes more details on the method.   

 

After considering all the above, the inventory data are aggregated and converted to environmental 

impact/load for each impact category. 

The greatest contributor to damage to both Human Health and Ecosystems is the global warming caused by 

Titania's operations (both direct and indirect emissions). The most contributing processes to the global 

warming are diesel burned in mining machinery (36 %) and combustion of natural gas in the drying stage (20 

%). Thus, operating the mining machinery more efficiently is a good strategy to lower Titania's impact in all 

areas of protection, since less diesel consumption also contributes to less fossil resource depletion. It will 

also reduce Titania's contributions to ozone formation. The production and transport of explosives to Titania 

contribute to 13 % of Titania's GWP, so optimizing the use of explosives could be another strategy to reduce 

the overall environmental footprint which has not been assumed in the "after IIoTp" scenario. 

Reducing the water consumption in the comminution and mineral processing steps will not only reduce the 

damage to human health from water consumption. It is also the reason for assuming a reduction in the 

electricity consumption per ton ore processed, since less use of water will result in less pumping of water, 

and hopefully more energy efficient milling. Another assumed effect in the "after IIoTp" scenario related to 

a reduction in water consumption was the reduction in natural gas needed in the drying step. This also 

contributes to a lower impact in all three areas of damage. Thus, reducing the water use can be another good 

place to start to improve the overall footprint of the mine.  

At this stage in the Dig_IT project and with the assumptions made in this comparative LCA, the IIoTp 

installation at the Titania mine will contribute to 8 % less damage on human health, 6 % less damage to 

ecosystems and 2 % less damage to resources. 

Total amount of ore extracted, processed and concentrating during one year of operation as a functional unit 

is practical for many purposes, but cannot be easily compared. To compare with similar products, it is easier 

to relate to a mass unit. The three concentrate products from Titania; ilmenite, magnetite and sulphide, can 

be considered as one output, 'final product', with the environmental footprint per ton presented in the table 

below. 

Assessment Method: ReCiPe 2016 Midpoint (H) V1.03/ Characterization - Per ton final product (ilmenite, 

magnetite or sulphide concentrate), at Titania quay: 

Impact category Unit 
Before IIoTp (data 
from mine) 

After IIoTp  
(modeled scenario) 

Global warming kg CO2 eq 56 52 

Stratospheric ozone depletion kg CFC11 eq 0.000030 0.000027 

Ionizing radiation kBq Co-60 eq 2.1 1.8 

Ozone formation, Human health kg NOx eq 0.13 0.12 
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Fine particulate matter formation kg PM2.5 eq 0.060 0.057 

Ozone formation, Terrestrial 
ecosystems kg NOx eq 0.14 0.13 

Terrestrial acidification kg SO2 eq 0.15 0.14 

Freshwater eutrophication kg P eq 0.036 0.035 

Marine eutrophication kg N eq 0.00049 0.00047 

Terrestrial ecotoxicity kg 1,4-DCB 91 87 

Freshwater ecotoxicity kg 1,4-DCB 1.0 1.0 

Marine ecotoxicity kg 1,4-DCB 1.4 1.4 

Human carcinogenic toxicity kg 1,4-DCB 1.5 1.5 

Human non-carcinogenic toxicity 
kg 1,4-DCB 21 20 

Land use m2a crop eq 2.9 2.8 

Mineral resource scarcity kg Cu eq 214 214 

Fossil resource scarcity kg oil eq 20 19 

Water consumption m3 40 36 

 



Dig_IT – A Human-centred Internet of Thing Platform for the Sustainable Digital Mine of the Future 

  
  

This project has received funding from the European Union’s Horizon 2020  
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2.3. Use Case 3: Sotkamo Mine (Finland) 

Tapojarvi, is a mining contractor in most underground mines in Finland, offering the whole underground and 

open pit production chain (tunnelling, production drilling and blasting, loading and hauling, mine 

infrastructure building and auxiliary work stages) as well as owns an extended mobile equipment fleet and 

operating and carrying out maintenance on more than 300 assets. In Sotkamo Silver Mine, the mining is 

conducted by the mining contractor, Tapojärvi Oy, under the supervision of the Sotkamo Silver geology and 

mining personnel. Silver Mine, an underground mine, started production in March 2019 and it is located at 

Tipasoja village. After a successful ramp up of the production, the mine achieved planned production capacity 

during the Q3/2019. The Silver mine produces silver, gold, lead and zinc containing concentrates.  

 

2.3.1. Goal & Scope Definition 

Goal  

The definition of the objective of the study is crucial for its success because it determines the reason for 

conducting the LCA, as well as its general intention and target audience. One of the Dig_IT project aims, is to 

address the needs of the mining industry to move forward towards a sustainable use of resources in respect 

to the environment. For this reason, a smart Industrial Internet of Things platform (IIoTp) is under 

development. The IIoTp aims to improve the mining efficiency and sustainability of mining operations by 

connecting cyber and physical systems. Therefore, the LCA goal is to determine the potential environmental 

benefits that the IIoTp will bring to the examined mines compared to the currently used practices, as well as 

to assess the environmental impact of the IIoTp itself. For this reason, a model representing the current 

mine’s operations will be developed and named as “before” scenario. The “before” scenario will be compared 

against the “after” scenario, which has been built to represent the mine’s performance after the installation 

of the IIoTp in the mine. 

The goal definition based on the ISO standard requirements contains six aspects: 

Intended application of the Results: The LCA study developed during the Dig_IT project aims at providing a 

better understanding on the environmental impacts of all the life cycle stages associated to the project’s 

developed innovative technology and how it affects the mine's operation, as this is the focus of the project. 

Several separate applications are intended for this study. The intended application of the results is both to 

compare the current performance of the system against the mines performance after the interventions that 

will take place, and to identify hot spots in the life cycle of the compared performance systems with the aim 

of guiding future impact reduction efforts.  

Methods, assumptions, and impact limitations due to methodological choices: Both studies will take place 

under the same methodological aspects and assumptions meaning that the same pattern will be followed 

(same goal and scope definitions, system boundaries, functional unit, data with similar degree of accuracy 

and impact assessment indicators). As it is explained later in the section which analysis the study’s scope and 

within this comparative LCA, it was decided to analyse the extraction and the crushing life cycle stages from 

the whole mine life cycle. Those two stages are the ones affected directly by the Dig_IT project and the ones 

which are handled by Tapojärvi. The processing and Sotkamo Silvers operations in general are 



    Deliverable D5.2  

66 
 

not directly affected by the implementation of the solutions from the Dig_IT project, so it is a logical boundary 

for the LCA. 

A limitation for this study is the lack of real data for drawing the scenario “mine performance after IIoTp 

installation”, as the IIoTp is not fully installed and operating. However, to overcome this barrier, data of the 

“Performance Improvement Targets”, listed in the DoW, were used and will be updated at the very end of 

the project when there will be some use of the platform and real data will be generated. Additionally, a 

Performance Improvement Target is regarding the Unscheduled Downtime Assets (UDA) (a technology which 

predicts when equipment is supposed to fail covering a wide range of possibilities as anomaly detection, fault 

classification, time-to-failure prediction) which is anticipated to reduce UDA by 5-10% on the monitored 

assets. Although it would be very interesting to have the initial maintenance and compare it with the 

maintenance after the application of the UDA, this target will not be assessed as the maintenance data are 

confidential and such information cannot be shared from the Engineers working on the asset’s maintenance. 

Lastly, this study does not incudes the energy consumption from the water pumping and the water needed 

for flushing the drill holes during drilling, as this information is not available. However, these exclusions will 

not affect the comparison of the two scenarios, as pumping and water amounts is not a process that it will 

be affected by the Dig_IT project. 

Decision context and reasons for carrying out the study: The main purpose for the development of this work 

is to first determine the environmental load associated with the mine operation for Lead, Silver, Gold, Zinc, 

Pyrite production before installation of IIoTp and then to compare it with the performance of the mine after 

the installation of the platform. The two environmental profiles will be compared, and the weak points of 

the mine operation will be identified. Therefore, the potential positive environmental impact arising from 

the use of the platform will be determined and quantified.  

The Decision context20 is an important aspect that should be defined as it influences the appropriate 

elaboration of the LCI step. According to the recommendations of the ILCD Handbook, the decision to select 

among the three possible scenarios and perform the study, accordingly, is crucial. After following the 

methodology of the guideline, it was decided that this LCA applications falls under the scope of situation A: 

“Micro- level decision support. Situation A refers to decision support typically at the level of sites/companies, 

with no or exclusively small-scale consequences in the background system or on other systems. I.e., the 

consequences of the analysed decision alone are too small to overcome thresholds and trigger structural 

changes of installed capacity elsewhere via market mechanisms. Among others, Situation A covers the LCA 

applications of the identification of Key Environmental Performance Indicators (KEPI) of a product group for 

Ecodesign / simplified LCA, the weak point analysis, comparison of specific systems, and more aspects which 

are within the goal of this study4. (See Appendix 1 for the theory of the other 2 scenarios) 

Target audience: As the main objective of this work is to support the consortium on the evaluation of the 

environmental performance of the IIoTp, and to better understand its benefits and disadvantages, the target 

audience for this LCA is the Dig_IT consortium (including the mine owners), as well as the European 

                                                           
20 Decision-context is a key criterion for determining the most appropriate methods for the LCI model, i.e. the LCI 

modelling framework (i.e. “attributional” or “consequential”) and the related LCI method approaches (i.e. “allocation” 

or “substitution”) to be applied4.  
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Commission. As listed in the DoW, since the Dissemination Level is set to “Public”, the results of the LCA are 

expected to be released to the general public (this report does not contain confidential information). 

Comparisons intended to be disclosed to the public: The study is mostly comparative. The comparative parts 

of the study, which will be disclosed to the public, will be presented in respect to the sensitive data of this 

study. Comparisons should not be drawn between the different use cases, since the mines assessed in this 

study produce widely different products. 

Commissioner of the study and other influential actors: The LCA study is developed within the received 

funding from the European Union’s Horizon 2020 Research and Innovation Action programme, under grant 

agreement No 869529. The list of influential actors is composed of the organizations participating in the 

Dig_IT project, giving particular relevance to the partners involved in the technical developments.  

Scope 

The scope of the LCA study is analysed by the following five central aspects. However, due to the iterative 

nature of an LCA study, the considerations given here have been refined during the course of the project.  

 

Object of the assessment: In the LCA study, the object is defined in terms of function, functional unit and/or 

reference flow. From the perspective of user, the function of the underground Sotkamo mine, is mainly to 

produce Lead, Silver, Gold, Zinc and Pyrite (obligatory property21). The positioning properties22 of the mine 

are to supply of important resources costumers to produce various products which are important for human 

daily life as well as the technological progress and the economic benefit that brings to the region/country 

(positioning properties).  

 

Moreover, for the needs of this work, the functional unit was defined based on mass since mass-based 

functional units are easy to work with and the mining companies typically report their reserves and 

production information on the basis of mass. Furthermore, the practice in the mining industry is that material 

inputs and waste products are expressed on the basis of a unit mass of product (typically a ton or tonne). 

Applying a mass basis provides clarity, easy comparability of LCA results and also allows for scaling of results 

over any production scale or time period of interest. The functional unit for this study was defined as, “total 

tonnes of ore extracted and crushed at the Sotkamo mine in one year of fully ƳƛƴŜΩǎ operation άōŜŦƻǊŜέ ŀƴŘ 

άŀŦǘŜǊέ ǘƘŜ installation of IIoTpέ. This choice of functional unit ensures consistency with the functional units 

used in many other LCA studies on mines. 

 

LCI modelling framework and handling of multifunctional processes: The different LCI modelling 

frameworks exist as a product system often delivers other types of functions than the obligatory and 

positioning function (primary functions). In the case of the Sotkamo Mine, considering all the life cycle stages 

(even the ones which are out of the system boundaries), there is no secondary function with relevance to 

the user and the mine. From the 760 000 tonnes of ore extracted in 2020, the 539 600 tonnes were the ore 

which moved to the crushing stages, 129 200 tonnes were the waste rock, and 91 200 tonnes were the near 

                                                           
21 Obligatory properties are features that the product must possess for any user to perceive it as a product. Source: Michael 

Z. Hauschild, Ralph K. Rosenbaum,  Stig Irving Olsen, “Life Cycle Assessment, Theory and Practice”, ISBN 978-3-319-56474-6 
22 The positioning properties are optional features of a product, which can be used to position it as more attractive to 
the consumer in the competition with other similar products. Source: Michael Z. Hauschild, Ralph K. Rosenbaum, Stig Irving Olsen, 

“Life Cycle Assessment, Theory and Practice”, ISBN 978-3-319-56474-6 
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cut-off material. The waste rock is used as backfill and the near cut-off material was stored to wait for the 

improvement of prices or technical changes in the beneficiation process. So, the near cut-off material (by-

product) which is stored, currently has no use and nothing to credit on the user as a benefit. This stream is 

handled as an output with no further use.  

 

As for the LCI modelling framework, among the attributional and the consequential modelling23, the 

attributional modelling will be followed. Previously, the situation A (which concerns the micro-level decision 

support) was chosen, and this situation belongs to the attributional modelling. Of course, this was not the 

criteria for choosing this modelling. In the Sotkamo mine, the overall aim is to represent the mining process 

in isolation from the rest of the Technosphere or economy. Therefore, the main question that the 

attributional modelling answers is what environmental impact is attributed to the mining processes before 

and after the installation of the IIoTp. 

 

System boundaries and completeness requirements: The system boundaries of the Sotkamo mine that will 

be examined considers the cradle-to-gate life cycle perspective, which for that case covers the extraction and 

crushing stages of the mine. The system boundaries separate the boundaries between the studied product 

system and the surrounding economy (Technosphere) and the environment (Ecosphere). Within the system 

boundaries, and the Technosphere, there is a division (which is not shown in the figure) of the foreground 

(data directly from mine) and background system (energy consumption from the grid). Please, refer to 

Appendix 2 for more background theory on this topic.  

                                                           
23 Consequential modelling aims to describe the changes to the economy caused by the introduction of the studied 
product system. Source: Michael Z. Hauschild, Ralph K. Rosenbaum, Stig Irving Olsen, “Life Cycle Assessment, Theory and Practice”, ISBN 978-3-

319-56474-6 
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Figure 9. System Boundaries under study for the Sotkamo mine 

As it was stated, it was agreed with the mine’s Engineers to examine the Extraction and the Crushing steps 

of the mine.  The stages after the Crushing have been excluded from the system boundaries of this study, as 

in this way the study will focus on the parts of the mine (Tapojärvi machines, underground mine in general) 

that are impacted by Dig_IT project. The processing and Sotkamo Silvers operations in general are not directly 

affected by the implementation of the solutions at Dig_IT project, so it is a logical boundary for the LCA.24 As 

a result, the inputs would be energy (diesel, electricity and heat) and machines and the outputs would be the 

crushed ore from the primary crusher. The waste streams (basically waste rock) are recirculated back as 

backfill of the stopes at the underground mine and so the waste streams will stay “within the system”. The 

only waste stream that leaves the system is the water that is pumped out to keep the mine dry and functional. 

The energy consumption from the water pumping is not available and thus it is excluded from this study. 

However, this exclusion will not affect the comparison of the two scenarios, as pumping is not a process that 

will be affected by Dig_IT project, since all of the water must be pumped out of the mine, and the amounts 

                                                           
24 Primary crushing stage and basically all work stages before that, are done by Tapojärvi. Mine planning is done by 
Sotkamo Silver. All the stages after primary crushing are done by Sotkamo Silver. 
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are related to how much “open space” is created, geology, how high the ground water levels are and of 

course the amounts of water that has rained down. Additionally, the water needed for flushing the drill holes 

during drilling, is unknown information and thus it has been excluded from this study. Moreover, information 

about the efficiency of the machines is considered as confidential and it is excluded from this study. In the 

same sense, maintenance of the machines is also confidential information, and it is excluded from this study. 

These exclusions are the Cut-off25 criteria for the study.   

The figure describes all the steps (even the ones which will not be considered for this study) that are currently 

followed in the Sotkamo mine to produce the final outputs: AgPb, Zn, S. Starting with the extraction process, 

before the ore can be hauled from the tunnel into the pre-crushing, many steps of operation are needed. 

These work stages can be divided in to two work cycles: Tunnelling and stoping work cycles. Information for 

the tunnelling and stoping work cycles is gathered from core drilling about the location of the ore and the 

grades it has. After that, tunnel is mined to the location of the ore. The tunnelling work cycle has several 

work stages, which follow each other. The first stage is drilling of the cut or section of the tunnel. This is done 

by a machine that is especially done for this task. The drilled holes are at the next stage charged with 

explosives. Again, this is done by machine that is especially made for this task, the charging machine. The 

charged section of the tunnel is blasted during blasting hours. After a ventilation period the blasted rocks are 

watered to reduce dust in the air and then loaded with a loader (Cat 980). The loader loads the rocks into 

trucks (Volvo) which haul them to either to the surface (ore) or a stope that is being backfilled (waste rock). 

After the loading stage there are some loose rocks on the tunnel roof and walls. These are removed during 

the scaling work stage. Scaling is done with an excavator’s (Gradall) hydraulic hammer or claw. The scaled 

rock is temporarily stored at the tunnel next to the tunnel wall. The scaling machine carries with itself a 

bucket so it can move to rocks. If there is too much loose rock at the working area, it is loaded with a wheel 

loader and taken elsewhere, usually in to stopes as backfill. According to the local rock reinforcement plans, 

the roof and walls are reinforced with shotcrete, rock bolts and cable bolts. The plans may include all the 

aforementioned or some of them. The plans are done according to the quality of the rock, the size of the 

tunnel and the purpose of the tunnel. After reinforcing, the work cycle starts again from the drilling. With 

tunnelling an access to the ore is achieved. 

 

In the stoping work cycle the ore is blasted from the ore body. Information about the exact location of the 

ore body and grades are needed to achieve best possible ore grades and minimize ore losses. This information 

is gathered from core samples or from drilling mud samples. After the exact location of the orebody’s edges 

are known and the stope is planned, the stoping work cycle can truly begin. The first stage of the cycle is 

production drilling which is done with Sandvik DS431-7C Solo. After drilling, the holes are charged according 

to the plans with the charging vehicle. The first blasts from the stope are done in a way that the stope is 

opened. In practice an open space between production levels is opened by blasting. This creates open space 

for the next blasts, which can be larger and more efficient. After each blast, the ore is loaded from the stope 

with a loader (Sandvik LH517) into trucks. The trucks haul the ore to the surface into a storage pad next to 

the primary crusher. In larger stopes the loader is operated remotely from a safe distance to avoid the 

situation where the loader operator is under unsupported roof. The size of the stopes is usually between 15-

                                                           
25 “Cut-off" refers to the omission of not relevant life cycle stages, activity types, specific processes and products and 
elementary flows from the system model. Thus, it is expected that, for instance, the omission of a certain process will 
be insignificant for the overall results. Source: Michael Z. Hauschild, Ralph K. Rosenbaum, Stig Irving Olsen, “Life Cycle Assessment, Theory 

and Practice”, ISBN 978-3-319-56474-6 
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30 000 tonnes per stope. When the loading of the stage of the stope is ready, the next stage is to drill and 

blast the next stage of the stope. After the planned stope is completely empty, the stope is scanned. The 

scanning reveals if the planning and execution of the plan was done successfully. After the scanning the stope 

is backfilled with waste rock.  

 

Next step is crushing which comprises all the crushing stages. The wheel loader is taking the ore from the 

storage and loading it into the primary crusher. The crushing is done in two stages that have a stockpile in 

between the stages. After the crushing stages the ore is stockpiled at the mill feed storage facility. Metso 

NW120 jaw crusher is used as the primary crusher and Metso NW300GPS screen/cone crusher is used in 

secondary crusher. The movement of ore between the crushing stages in done with conveyors. 

 

Water circulation is not drawn at the scheme. Every process step after crushing needs water. Water is 

circulated between the process and the tailings ponds, etc. Raw water for the process is taken from the 

dewatering of the underground mine and the local lake. The need for raw water intake from the lake is quite 

small. According to Sotkamo Silvers sustainability report, the total water consumption in 2020 was 0,14 

million m3, of which 11,5% was taken as raw water from the nearby lake. The rest of the water is from the 

underground mine and rainwater (or snow) from the area. 

 

Although only the extraction and crushing steps have been considered in the system boundaries of this study, 

a briefly explanation of all the other steps has been reported. In the 3rd life cycle stage, the Secondary 

Processing, the crushed ore is grinded to the desired grain size with two staged wet milling. At the first stage 

the ore is fed to the rod mills. To separate the desired finer material for the next stage of milling, cyclones 

are used. The second stage of the milling is done with ball mill. After the grain size is reduced to a desired 

level, the ore is fed to flotation. Similar separation with cyclones is also used at the second stage. Main parts 

of this processing are grinding, floating and dewatering.  Therefore, inside the concentrating plant, the pre-

crushed ore is further milled to a maximum particle size of 20 millimetres. The fine crushed ore is fed into 

wet grinding mills. In the mills, steel rods and ball grind the crushed ore with water into a mineral slurry with 

a final particle size below 0.1 millimetres. The cyclone classifies the ore either back to the mills or into floating 

cells. 

 

The 4th life cycle stage: Ag/Pb Flotation (Silver-gold-lead (Ag-Au-Pb) concentrate output), is where the 

floatation begins. The desired minerals in the slurry are separated from other minerals by flotation. The 

flotation process is conducted in three stages. The first stage is the silver-gold-lead flotation which is followed 

by the zinc-silver flotation and pyrite flotation stages. Each flotation stage consists of several steps which are 

analyzed in the 4th, 5th, and 6th life cycle stages. Inside the flotation cells, air is blown to the mineral slurry 

through a mixer which breaks the air flow into small bubbles. By careful addition of selective chemical 

reagents to the cells, selected mineral surfaces are rendered hydrophobic. This will make selected mineral 

particles attach to air bubbles. As the slurry surface, the bubbles form a concentrated froth. This concentrate 

froth will then float over the cell edge to a launder. This froth is then fed to another stage to improve the 

grade of the froth. After several flotation stages the grade of the froth is high enough to achieve commercial 

specifications. This final stream is then fed to thickening and filtration. In filtration and thickening stages, the 

goal is to reduce the amount of water in the concentrate to a desired level. The flotations stages waste stream 

is fed to the next stage of flotation where the minerals containing zinc will be separated. 
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The 5th life cycle stage is the Zn- Flotation – Part of the Ag/Pb Flotation goes to this stage (Zinc-silver (Zn-Ag) 

concentrate output). After the first stage (the silver-gold-lead flotation), the zinc-silver flotation is followed. 

The final product of this processing step is the Zinc-silver (Zn-Ag) concentrate which is trucked to customer's 

facility. The process is similar to the 4th one and the difference is in the use of different chemicals.  

 

As for the last life cycle stage: S Flotation – Part of the Zn Flotation goes to this stage (Pyrite-silver (FeS2-Ag)- 

concentrate output), the pyrite flotation stage which is the last flotation stage after the ZN- flotation. The 

product of this stage is stored for possible utilization. The final product of this processing step is the Pyrite- 

(FeS2)- concentrate. The last part of this step is that the residue of the S-flotation is pumped as a slurry to 

the tailings management facility (TMF) where material is deposited, and water circulated back to the flotation 

process.  

 

In year 2020, from the extracted ore 539600 tonnes moved to the crushing stages and from this amount 3073 

tonnes of AgPb concentrate, 5965 tonnes of Zn concentrate, and 6820 tonnes of S concentrate were 

produced in 2020. In total, 760000 tonnes of ore were extracted however only the 539600 tonnes were the 

amount of useful ore which moved to the crushing stages. The rest 129200 tonnes were the waste rock (used 

as backfill), and 91200 tonnes were the near cut-off material (stored).  

 

As it has been already stated, this comparative LCA will assess the current mine performance against the 

mine performance after the installation of the Dig_IT technologies. However, the IIoTp has not been installed 

into the mine yet and thus, real data from the mine performance after the installation of the Dig_IT’s platform 

have not been obtained. In order to develop the “after IIoTp mine performance” scenario, the Performance 

Improvement Targets set in the DoW (during the proposal stage) were used. The system boundaries of the 

“after IIoTp” scenario is the same as the “before IIoTp” scenario, as well as the same assumption and 

methodological framework.  

 

Through Dig_IT, the Sotkamo mine aspires to address their needs in predictive operation, predictive 

maintenance, optimal scheduling, operations management optimization, energy consumption reduction 

through new technologies and on-stream data analytics. Focus is drawn to increase the mine’s fleets 

operational readiness and reduce the amount of unscheduled maintenance. Data will be gathered from the 

machines (trucks, wheel loaders, etc) to improve the predictive maintenance and for the air quality, etc. 

sensors will be installed at the underground. The data gathering from the machines has already started and 

the analysis of this data will begin shortly. Air quality etc. measurement stations are planned to be installed 

in 2022. All the relevant data are depicted to the LCI stage. 

 

Representativeness of LCI data: LCA aims to reflect as much as possible the physical reality, thus the model 

should represent what is actually happening or will happen and to be as representative as possible in terms 

of inventory data.  Representativeness of LCI data can be understood in the three interrelated dimensions, 

the geographical, the time-related and the technological. The geographical representativeness is very well 

satisfied, as the Sotkamo Mine is located in Finland, thus the comparative study considers the mining process 

in the same mine. All the foreground data are considered for Finland. The background data considers the 

same process for both LCIs. Therefore, the same weather conditions, specific region, regulations, market, etc 
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apply for both studies. As for the time-related representativeness, the inventory data represents the year 

2020 for the mine operation, while the data that will be used for the LCA “after the installation of the 

platform” scenario are expected to be data from 2023. Hence, the time frame is very short and there will not 

be any significant change since this time. Lastly, the technological representativeness, is not fully satisfied 

due to the nature of the study (Ecoinvent processes are used which many of these are not updated or are 

not 100% reflecting the technology in the specific mine). The same technology and equipment are compared 

on this work.  

 

Preparation of the basis for the impact assessment: To be proactive, the selection of impact coverage is 

taking place from this early step (prior to the LCI analysis) to ensure that the correct data have been collected 

in the LCI. Therefore, all environmental impacts where the product system has relevant contributions are 

included in the impact assessment. This LCIA examines all the impact categories26 and the most relevant are 

presented on this report. Therefore, all five elements of the impact assessment are utilized on this study and 

are the classification and characterization (mandatory steps according to ISO 14040), as well the 

normalisation and weighting (optional steps according to ISO 14040). Please refer to Appendix 3 for the 

background theory. By definition, the impact assessment means various emissions which are assigned to 

impact categories at mid-point and endpoint categories. At midpoint level, indicators such as Global 

Warming Potential (GWP), Acidification Potential (AP), Eutrophication Potential (EP), Photochemical Ozone 

Creation Potential (POCP), Human Toxicity (cancer and non-cancer related), Respiratory Inorganics, Ionising 

Radiation, Eco Toxicity, Land Use, Water Footprint, and Resource Depletion, will be examined. As for the 

categories at the endpoint level, the Area of Protection (AoP) i.e. on human health, on the natural 

environment and on natural resources will be analysed. See Appendix 4 for the background theory on this 

topic. LCA uses a number of category indicators based on specific characterization models which are 

combined into predefined sets or methods referred as LCIA methods. This study utilizes the ReCiPe midpoint 

and endpoint LCIA method which is appropriate for such LCAs.  

 

2.3.2. Life Cycle Inventory (LCI) 

The LCI step is guided by the goal and scope. The core activity of the task is the collection of representative 

data flows for all the life cycle processes of the mine. The below 4 steps, addresses the needs of this stage. 

Data categories: The input and output (inventory) data related to Sotkamo production were acquired though 

the distribution of a technical data collection survey excel file to the mine’s Engineers. The survey, which was 

prepared by STRATAGEM, was checked, validated, and verified by SINTEF, the co-leader of this work. The 

same technical data collection file was distributed to all the mines as it was very easy to be adjusted to each 

use case. Various virtual meetings and email exchanges took place with the mine to either guide the mine’s 

engineers throughout the file or to clarify any insufficient information. The LCI data of the current mine’s 

practices and the forecasted data from when the mine will start operating, were used consistently to 

characterize the environmental performance of the mine’s production in a representative manner.  

Therefore, materials, resources, support materials used in the processing, energy as well as other resources 

consumed and needed, were used as inputs. As outputs, this study includes the waste flows and the final 

                                                           
26 Impact category is defined as a “class representing environmental issues of concern to which life cycle inventory 
analysis results may be assigned”. (source: ISO 14044) 
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products. The inventory data of this study are normalized by considering the mass of the output per 

functional unit.  

Table 3. Type of data collected ƛƴ {ƻǘƪŀƳƻΩǎ ƳƛƴŜ 

Electricity 

consumption 

Electricity, supplied from the national grid, is consumed by the equipment in various 

life cycle stages. 

Diesel consumption  Diesel is used to fuel the machinery necessary for various activities such as scaling, 

and loading/hauling the extracted ore. 

Water balance Includes the water consumed in the beneficiation stage which is continuously 

circulated. There is no use of raw water from the grid: According to Sotkamo Silvers 

sustainability report, the mine’s water consumption in 2020 was 0,14 million m3, of 

which 11,5% was taken as raw water from the nearby lake. The rest of the water is 

from the underground mine and rainwater (or snow) from the area.  

Mass balance Includes the mass that leaves each stage and moves to the other stage, as well as 

the output solid. 

 

Data Collection, quality and Data sources: For the needs of this study, specific inventory data/primary data 

of the foreground were used and extracted from the mine’s partners of the project’s consortium. Average 

data for the background system/secondary were also used and extracted from the Ecoinvent database.  

Particular relevance was given to primary data, in order to have as real data as possible for the inventory 

input and therefore more reliable results. Only when primary data were not available, secondary sources 

were used. As already mentioned, data collected for the study are being either obtained from personal 

exchanges, site visits, virtual interviews, or electronic mail correspondences using a standardized data 

collection form developed by STRATAGEM.  

As for the mine performance after the IIoTp installations, the platform has not been fully installed yet, and 

therefore the performance of the mine after those interventions, is still unknown. However, for carrying out 

the LCA “mine performance after the IIoTp installation” scenario, the expected targets from the DoW have 

been considered.  

Data management and Software: All information gathered for the study needs was adjusted to reflect the 

functional unit. Then the data were imported into the Software SimaPro27 version 9.2, which is a widely used 

commercial LCA software. SimaPro is used for the LCI and LCIA procedures together with the LCI database 

Ecoinvent28 version 3 (the Ecoinvent database is used for the background data). The Hierarchist (H) cultural 

perspective was used as the more relevant (Please refer to Appendix 5 for more background theory). This 

software enables the storage and organization of LCI data and the calculation of their environmental impacts.  

Inventory Data: In this section, the respective LCI data for this study are presented for both scenarios. For 

the “after IIoTp scenario” an estimated decrease of some of the initial processes wherever possible is 

considered. 

                                                           
27 PRé:. Company History. https://www.pre-sustainability.com/company-history. Accessed 31/01/2022 
28 Ecoinvent: https://ecoinvent.org/the-ecoinvent-database/ . Accessed 31/01/2022 

https://ecoinvent.org/the-ecoinvent-database/
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Before the IIoTp installation After the IIoTp installation 

Flow info 

explanations 
Flow Unit Value Notes Values & Notes 

1st Life Cycle Stage: Extraction Ąinput 760.000 tonnes 

Inputs from Technosphere & Nature 

Total rock extracted Rock t/a 760 000 

This amount of rock was extracted in 2020. This amount 

includes the ore (539 600 tonnes), the waste rock (129 200 

tonnes) and the near cut-off material (91 200 tonnes) 

 

Drilling machines 

(face drill, production 

drills, bolters, cable 

bolters, shotcrete, 

charging machine) 

Energy 

Consumption 
MWh/a 1 891.53 

Electricity use is not directly measured so this is based on 

the working hours of the machines and the information 

about the absorbed power. It also includes the energy 

consumption for water flushing the hole during drilling. 

Maintenance is done according to manufacturer’s 

maintenance schedule. Also unscheduled smaller 

maintenance is done almost every day. Data are not 

available. Information about water inputs used for flushing 

the drill holes is unknown. 

- 20% less 

- As for the maintenance, Tapojärvi 
is expecting and willing to improve 

the availability of the machines 

and decrease unscheduled 

downtime in this project. 

Blast 

Average 

amount of 

explosives 

t/a 648 Amount of explosives that were used for the blasting. 

 

Excavators for scaling Diesel MWh/a 406.8 

Diesel usage is based on long time average per hour 

(liters/hour) and working hours. The mine’s engineers are 

hoping to get more precise data during Dig_IT project. 

Maintenance is done according to manufacturer’s 

maintenance schedule. Also unscheduled smaller and 

bigger maintenance is done almost every shift. 

- 20% less 

- It is expected, availability 

improvements, better data 

availability, lowered maintenance 

costs, better predictability on the 

condition of the machines. Data 

about the working conditions of 

the operator. 
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Loading machines Diesel MWh/a 2 503.2 

Includes all the loading machines. (Loaders, wheel loaders). 

Based on long time average diesel usage per hour and 

working hours. The mine is hoping that to get more precise 

data during Dig_IT project. Since some of the machines are 

in dual use (they participate to loading of the ore and the 

waste rock) the loading equipment separation for tunnelling 

and stope loading cannot be done at this point. 

Maintenance is done according to manufacturer’s 

maintenance schedule. Also unscheduled smaller 

maintenance is done almost every day. 

 

- 20% less 

- Availability improvements, better 

data availability, lowered 

maintenance costs, better 

predictability on the condition of 

the machines. Data about the 

working conditions of the 

operator. 

Trucks (8 Volvo trucks 

included in the fleet) 
Diesel MWh/a 3 589.21 

Unfortunately, the trucks diesel usage for the tunnelling and 

stoping work cycles cannot be separated since they 

participate to both. Diesel usage is based on long time 

average diesel usage and working hours.  

Maintenance is done according to manufacturer’s 

maintenance schedule. Also unscheduled smaller 

maintenance is done almost every day. 

- 20% less 

- Availability improvements, better 

data availability, lowered 

maintenance costs, better 

predictability on the condition of 

the machines. Data about the 

working conditions of the 

operator. 

Heat 
Propane 

demand  
Tonnes/a 620 

The propane demand for the heating of the underground 

mines fresh air. The fresh air that is fed into the 

underground mine is heated during wintertime to prevent 

icing of the fresh air shaft. Approximately 620 tonnes of 

propane were used for heating in 2020. 

 

Ventilation  
Energy 

Consumption 
MWh/a 1 932 

The main fan was connected to automation only few 

months ago, so no real statistics exist now. Energy usage 

was therefore calculated with absorbed power (315kW), 

utilization rate (70% of the time running) and yearly hours. 

Absorbed power demand 315kW, utilization rate 70% 

(ventilation pauses during blasting, maintenance etc.) Exact 

power usage not available since the fan was connected to 

automation only few months ago. More data available in the 

future.  
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Outputs to Nature  

Solid waste 
Waste rock 

that is mined  
t 129 200 

The waste rock (129 200 tonnes) is used as backfill and the 

near cut-off material was stored to wait for the 

improvement of prices or technical changes in the 

beneficiation process. So the only “true waste stream” in 

the extraction is used at the underground mine.   

 

Water 
Underground 

water  
m3/a 325 000 

According to Sotkamo Silver’s sustainability report 0,39 

million m3 were discharged to the nearby lake from all the 

steps. 325 000 m3 are pumped out of the underground 

mine. 

 

2nd Life Cycle Stage: Crushing  Ąinput from 1st: 539.600 tonnes  

Inputs from Technosphere & Nature  

Wheel loader 
Energy 

Consumption 
MWh/a - 

The same machine (CAT980 wheel loaders) is used also 

underground. The energy usage is included in the loading 

machines energy amount. 

 

Crushing (includes 

both of the crushing 

stages, screening and 

belt conveyors) 

Energy 

Consumption 
MWh/a 296.78 

According to manufacturer’s modelling of the crushing 

circuit the energy usage is 0,55 kWh/tonne. So the total 

energy usage is 296,78 MWh per year. Data for the 

maintenance are not available.  

- 20% less 

- As for the maintenance, the mine 

is expecting and willing to improve 

the availability of the machines 

and decrease unscheduled 

downtime in this project. 

Outputs to Nature  

No data available  
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2.3.3. Life Cycle Impact Assessment (LCIA) 

In the Life Cycle Impact Assessment, the inventory data are aggregated and converted to environmental 

impact/load for each impact category. SimaPro contains a number of impact assessment methods, which are 

used to calculate impact assessment results. All the different methods are assessing the same environmental 

impact of the same product/service/procedure, but they differ on the factors that they are considering for 

converting the inventory data into impact. Each method has its own perspective and thus observing results 

from different methodologies allows to draw more complete conclusions. 

According to the study’s goal and scope, the impact categories, category indicators and characterization 

methods have been selected to provide a comprehensive profile of environmental impacts due to emissions 

and resource depletion from the Sotkamo mine's operation. The results are listed per analysed methodology. 

The presented graphs are screenshots from the SimaPro software and graphs processed in Microsoft Excel. 

 

The LCIA analysis starts with the results of the current practises and then, it follows the comparison between 

the current practises and the expected mine performance after the IIoTp.
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CurrŜƴǘ aƛƴŜΩǎ tŜǊŦƻǊƳŀƴŎŜ 

Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Characterization  

 

As the figure depicts, the analysis of the current mine practises of the extraction and crushing steps for the year 2020, reveals that most of the impact 

on the mineral resource scarcity indicator is caused due to the extraction of the ore. The minimization of the ore reservoirs underground, which has 

been considered in this study, seems to be responsible for this accumulated impact on the mineral resource scarcity indicator.  This impact is represented 

on the legend as the “Sotkamo before” process. The next most impacted indicator is the fossil resource scarcity, and it is visible that almost all the 
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processing steps contribute to this impact. Diesel usage and resources for the energy consumption, are fossil resources and therefore, it makes sense 

that this indicator is high impacted compared to the rest of the indicators.  

Removing the fossil and mineral resource scarcity indicator to be able to observe the rest of the results (results on the human health and ecosystems), 

the figure below reveals the new conclusions. 

 

The impact on the Fine particulate matter formation indicator is high due to the usage of blasting (648 t/a). The blasting emits various gases/emissions 

to the air which have been considered in the modelling procedure. Blasting also causes impact on the global warming indicator.  
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Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Normalization 

 

 

 

 

 

 

 

 

The normalized values of the same 

methodology revealed that the most 

impacted endpoint indicator is the 

effect on human health. As expected, 

blasting is the main cause for this 

accumulated impact. The second 

cause of this high impact is the diesel 

used in trucks and loading machines 

(including the wheel loader).  
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Normalization 

 

 

 
 
Normalized values on the midpoint 

level revealed that blasting adds 

impact to the ozone formation on 

terrestrial ecosystems, ozone 

formation on human health, 

terrestrial acidification and fine 

particulate matter formation. As it 

was stated, emissions to air during 

the blasting, seems to add an 

important impact to the extraction 

phase of the mine. 
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Comparison of the Current Mine Performance VS Expected Mine Performance after the IIoTp installation. 

Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Characterization  

After understanding the environmental impact of the current mine’s processes, the comparison against the expected scenario is depicted. As a recap, 

the expected scenario has a decrease of 20% on the use of energy and diesel consumed on the drilling machines, excavators, loading machines, wheel 

loader, trucks and crushing equipment.  

 

 
As expected, a decrease in all the impact indicators will be seen if the estimated targets (set in the DoW) will be reached by the installation of the IIoTp. 

The only unaffected indicator will remain the mineral resource scarcity indicator, as the amount of the extracted ore (and thus the limitation of the ore 

reservoirs underground) is expected to remain the same.  
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Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Normalization 

 

 
 

The endpoint normalized values indicated a slight decrease on the “after” scenario, specifically for the endpoint categories damage on ecosystems and 

resources scarcity, while a bigger difference will be marked on the damage on human health endpoint indicator due to the Dig_IT interventions on the 

assets.   As it was revealed in the analysis performed for the current mine operations in isolation, the cause for the damage on human health is due to 

the emissions generated from blasting. The amount of blasting is expected to remain the same in the “after” scenario.  The second cause of this high 

impact is the diesel used in trucks and loading machines (including the wheel loader), which is expected to be lowered in the after scenario. Thus, the 

limitation of the diesel could decrease the impact of the damage on human health.   

 

Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Characterization 

Characterized values of the midpoint methodology, revealed the same results as the characterized values of the endpoint methodology. 
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Normalization 

 

 

 

The normalized values verify the results generated from the rest of the methodologies. All the impact accumulated on the indicators will be slightly 

decreased, except the mineral resource scarcity indicator. 
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2.3.4. Interpretation 

At this phase of the LCA, the results are evaluated, significant issues are identified, conclusions are drawn, 

and recommendations are made (ISO 14043: 2000). Conclusions and recommendations are made in the 

context of the defined goal and scope and bearing in mind the limitations of this study. 

The aim of this study is to assess the environmental impact that the Sotkamo mine generates currently from 

the extraction and crushing stages. It was agreed to focus only on those stages, as those are the ones affected 

directly by the Dig_IT project and the ones which are handled by Tapojärvi. Therefore, this “before” scenario, 

will be compared against the “after” scenario. As the IIoTp has not yet fully installed in the mine, there are 

no real data which expresses the improvements on the assets and air quality. However, to be able to conduct 

the study, the “Performance Improvement Targets”, set in the DoW, where used to model the expected 

scenario. Assumptions and study limitations have been presented in the goal and scope section.  

The methodological aspects applied for all the use cases were also applied for the Sotkamo mine. The same 

pattern will be followed, meaning the same goal and scope definitions, system boundaries, functional unit, 

data with similar degree of accuracy and impact assessment indicators. Therefore, environmental impact was 

assessed for one year of fully mine operation for both scenarios.  Different LCIA methods (incorporated in 

the SimaPro software used for the LCI and LCIA study) were used, representing a different situation due to 

several reasons. For instance, each one has different impact categories that express the same environmental 

impact; or in some cases, the methods have equivalent categories with different impact and characterization 

factors. Therefore, the two ReCiPe LCIA methods (at midpoint and endpoint level) were chosen to translate 

the inventory results into environmental impact as the most relevant. Human health, ecosystem quality and 

resource scarcity are the three areas of protection for the implementation of the ReCiPe2016 methodology. 

The endpoints are related to the three areas of protection. DALYs (disability adjusted life years), relevant for 

human health, represent the years that are lost or that a person is disabled due to a disease or accident. The 

unit for ecosystem quality is the local species loss integrated over time (species year). The unit for resource 

scarcity is the US dollar ($), which represents the extra costs involved for future mineral and fossil resource 

extraction. All the Midpoint impact categories are reduced to three major damage macro-categories 

(endpoint impact categories). Annex 6 includes more details on the method.   

 

After considering all the above, the inventory data are aggregated and converted to environmental 

impact/load for each impact category. Results were extracted and observed. As a general remark, it could be 

concluded that the mineral and the fossil resource scarcity indicators are the most contaminant indicators 

among all the others. The mineral resource scarcity indicator is affected due to the extraction of the ore in 

the ground which limits the global availability of the resources. This indicator marks the same impact in both 

scenarios (before vs after). As for the fossil resource scarcity indicator, which marks a high impact (compared 

to other indicators), is affected by the resources used to cover the needs for diesel and energy to the mine. 

In the after scenario, it is expected that the use of those resources will be limited. Therefore, the impact of 

the “after” scenario is lower compared to the “before” due to the use less diesel and energy consumption. 

Additionally, an important impact is accumulated to the fine particulate matter formation indicator due to 

the emissions generated to the air from the blasting process. The amount of explosives used for the 

extraction is important, and thus this might be the hotspot of the study which the mine needs to address 

further in order to lower the overall environmental impact of the extraction phase. During a 
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discussion with the mine, this information was communicated to the engineers. The engineers informed 

STRATAGEM that they are aware that the mine is using a big amount of explosives and are already working 

on identifying alternatives. 

 

The “after IIoTp installation” scenario is expected to lower the overall impact that the mine generates to the 

world. At the end of the project, the real values from the assets will replace the estimated values of the 

“after” scenario, and thus the comparison will be more representative. Additionally to that, STRATAGEM is 

open to model alternatives for the blasting process (if that is the case from the mine’s engineers) in order to 

conclude on the less contaminant solution.  
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2.4. Use Case 4: Hannukainen Mine (Finland) 

Hannukainen Mining Oy (Tapojärvi’s daughter company) owns a brownfield project at an old mine site in 

Hannukainen, Kolari, Finland. Hannukainen Mining is fully owned by Tapojarvi Oy (TAPO). Hannukainen is 

currently in the permitting process, and the opening decision is expected to be taken in early 2024. When 

the mine passes the permitting phase, the construction process will start (in 2024). The production of 

concentrates is expected to begin in 2026. 

The mill site is planned to be situated 8km from the mine site next to the existing railroad and the operations 

the mill will utilize the old tailings areas. Hannukainen mining is planning to employ 300 people during 

production and 500 during construction. At the planning phase of the mine site both legal and social licenses 

are of high importance as the mine is located 10 km from Ylläs tourist destination and 65 km away from 

Pallas-Ylläs national park. Local community involvement and information on sustainability and minimal 

environmental impact is a priority for TAPO.  

The Hannukainen project is planned to be on two different sites that are connected with an overland 

conveyor (approximately 9 km). One site is the Hannukainen mine site (on the north part), where there will 

be 2 open pits, waste rock and overburden dumping areas, underground crushing facilities, repair shop and 

3 water ponds. The other site is the Rautuvaara Mill (south part) site which includes the mill area, the 

overland conveyor, concentrate storage and railroad, 2 tailings pond areas, water treatment facilities, 

discharge water pond, and discharge pipeline. 

The Hannukainen mine area open pit is expected to produce 6-6,5 Mt/year of ore and total material 

movement will be 30-35 Mt/year (total material movement includes ore, waste rocks, etc. material that is 

moved at the mine site). In full production the mine will have 2 excavators (Cat 6050 or similar), 1 wheel 

loader (Cat 994 or similar) as the main loading equipment and 13-15 trucks (Cat 789 or 793). The Rautuvaara 

Mill is expected to have a yearly mill feed about 6,5 Mt/yearly. The yearly production of iron concentrate is 

estimated to be 2 Mt/a and the amount Cu-Au concentrate is estimated to be 35-40 kt/a. 

2.4.1. Goal & Scope Definition 

Goal  

The LCA goal of this study is to determine the potential environmental impact that the Hannukainen mine 

will bring to the society. Contradictory to the rest of the studies carried out in Chapter 2, in the Hannukainen 

case the mine will enter the production phase in 2026 and it will start operating with the gained Project’s 

benefits from day 1 onward. In practice, this means that there is no before (current production practices) 

and after (production practices after Dig_IT’s technology installation) scenarios to compare and see the 

improvement in the mine’s operation. Thus, the environmental footprint of the mine will be studied.  

In the Hannukainen mine, water monitoring stations have already installed to neighbouring streams and 

rivers and will be used in the permitting (2022-2024, monitoring of the streams) and construction phases 

(2024-2026). Although the stations were installed and made by EHP environment, both the stations and the 

data they provide will be used in the Dig_IT project. Additionally, in the construction phase large amounts of 

overburden and waste rock has to be moved, so the system developed in the context of the Dig_IT Project 

for predictive maintenance will be in use as the Hannukainen mine will benefit from the Tapojärvi’s part of 
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the project. Therefore, when the mine will start operating, a tool to process and communicate the online 

water monitoring data will be installed in the mine.  

The goal definition based on the ISO standard requirements contains six aspects: 

Intended application of the Results: The intended application of the results is to identify hot spots in the life 

cycle of the performance system with the aim of guiding future impact reduction efforts. The final application 

intended for this study, is to draw an evaluating improvement potential from changes in the product system 

(“what-if” scenarios). 

Methods, assumptions and impact limitations due to methodological choices: As there are no real operation 

data from the mine, rough estimations (wherever possible) were given from the specialized engineers of the 

Hannukainen’s site to enable the completion of this study.  Since the mine is still in the permitting phase and 

there is no active production going on, there are only estimates available for Hannukainen and thus the data 

values might be a bit too conservative. Furthermore, this study will take place under the same methodological 

aspect as the rest LCA studies of this chapter (same pattern of the goal and scope definitions, system 

boundaries, functional unit, and impact assessment indicators). 

Decision context and reasons for carrying out the study: The potential weak points and the potential 

environmental load of the newly developed mine will be determined and quantified. Thus, this LCA 

applications falls under the scope of situation A: “Micro- level decision support. Situation A refers to decision 

support typically at the level of sites/companies, with no or exclusively small-scale consequences in the 

background system or on other systems. (See Appendix 1 for the theory on the other 2 scenarios) 

Target audience: As the main objective of this work is to support the consortium on the evaluation of the 

potential environmental performance of the Hannukainen mine, and to better understand its benefits and 

disadvantages, the target audience for this LCA is the Dig_IT consortium (including the Hannukainen mine), 

as well as the European Commission. As listed in the DoW, since the Dissemination Level is set to “Public”, 

the results of the LCA are expected to be released to the general public. 

Comparisons intended to be disclosed to the public: The study is not comparative. However, the study will 

be disclosed to the public in respect to the sensitive data of this study.  

Commissioner of the study and other influential actors: The LCA study is developed within the received 

funding from the European Union’s Horizon 2020 Research and Innovation Action programme, under grant 

agreement No 869529. The list of influential actors is composed of the organizations participating in the 

Dig_IT project, giving particular relevance to the partners involved in the technical developments.  

 

Scope 

The scope of the LCA study is analysed by the following five central aspects. However, due to the iterative 

nature of an LCA study, the considerations given in this section have been refined during the course of the 

project and will be revised if necessary.  

 

Object of the assessment: In the LCA study, the object is defined in terms of function, functional unit and/or 

reference flow. From the perspective of user, the function of the open pit Hannukainen mine, is mainly to 
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produce Iron, Copper, Gold, and Pyrite (obligatory property29). The positioning properties30 of the mine are 

to supply important resources so as to produce various products which are important for human daily life as 

well as the technological progress and the economic benefit that brings to the region/country.  

 

Moreover, for the needs of this work, the functional unit was defined based on mass since mass-based 

functional units are easy to work with and the mining companies typically report their reserves and 

production information on the basis of mass. Furthermore, the practice in the mining industry is that material 

inputs, waste products and economic information are expressed on the basis of a unit mass of product 

(typically a ton or tonne). Applying a mass basis provides clarity, easy comparability of LCA results and also 

allows for scaling of results over any production scale or time period of interest. The functional unit for this 

study was defined as, ‘total tonne of ore produced, concentrated at the HannukainenΩǎ ƳƛƴŜ ƎŀǘŜ, in one year 

of fully mine operationΩ. This choice of functional unit ensures consistency with the functional units used in 

many other LCA studies on mines. 

 

LCI modelling framework and handling of multifunctional processes: The different LCI modelling 

frameworks exist as a product system often delivers other types of functions than the obligatory and 

positioning functions (primary functions). In addition to the primary functions, secondary functions are also 

existing in the case of the Hannukainen mine, which plays an important role in the life cycle of the product 

system under study.  The secondary functions of the mine are the production of the high and low S tailings 

which are considered side products. However, these products have low relevance to the user and the mine. 

The high S tailing and low S tailing are considered as side products with no commercial value. When the mine 

will enter the production phase, it is planned that the tailings will be stored in the tailings ponds mine area 

as the use of the tailings in the mining area is still under research. Therefore, the production of tailings could 

be considered as the multifunctional process in case that will be further utilized/used. But, as there are no 

plans for use of these two side products, there is no multifunctional process in the system and thus, this 

stream has been considered as final waste flow untreated with no value to be credit it on the system under 

study. According to the ISO that this study follows, allocation problems occur when you model a process with 

more than one economic output or when you model a waste treatment with a useful by product (for instance, 

material recovery from a recycling process or heat recovery from an incineration process), which in this mine 

is not the case. 

 

Additionally, for the LCI modelling framework, among the attributional and the consequential modelling31, 

the attributional modelling will be followed. Previously, the situation A (which concerns the micro-level 

decision support) was chosen, and this situation belongs to the attributional modelling. Of course, this was 

not the criteria for choosing this modelling. In the Hannukainen mine, the overall aim is to represent the 

mining process in isolation from the rest of the Technosphere or economy. Therefore, the main question that 

the attributional modelling answers is what environmental impact is attributed to the mining process?  

                                                           
29 Obligatory properties are features that the product must possess for any user to perceive it as a product. Source: Michael Z. 
Hauschild, Ralph K. Rosenbaum,  Stig Irving Olsen, “Life Cycle Assessment, Theory and Practice”, ISBN 978-3-319-56474-6 
30 The positioning properties are optional features of a product, which can be used to position it as more attractive to the consumer 
in the competition with other similar products. Source: Michael Z. Hauschild, Ralph K. Rosenbaum, Stig Irving Olsen, “Life Cycle 
Assessment, Theory and Practice”, ISBN 978-3-319-56474-6 
31 Consequential modelling aims to describe the changes to the economy caused by the introduction of the studied product system. 
Source: Michael Z. Hauschild, Ralph K. Rosenbaum, Stig Irving Olsen, “Life Cycle Assessment, Theory and Practice”, ISBN 978-3-319-
56474-6 
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System boundaries and completeness requirements: The system boundaries of the mine that will be 

examined considers the cradle-to-gate life cycle perspective, meaning from ore mining to the final delivery 

of concentrated ore, and are depicted in detail on the figure below.  

 



Dig_IT – A Human-centred Internet of Thing Platform for the Sustainable Digital Mine of the Future 

  
  

This project has received funding from the European Union’s Horizon 2020  
research and innovation program under grant agreement N°869529 

 

 
Figure 10. System Boundaries under study for the Hannukainen mine
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According to the above figure, various processes and steps will take place in the mine for 

obtaining the final desired outputs. However, as the mine is still under the permission phase and all the 

information are based on estimations, various data cannot be estimated yet and thus a more simplified 

version of this chart has been made.  

  

Figure 11. Visualization of more simplified System Boundaries under study for the Hannukainen mine 

The two figure describes the steps that are currently followed in the Hannukainen mine to produce the: iron 

concentrate, copper concentrate that contains economically significant amounts of gold, and the pyrite 

concentrate.  The three products are sold to client companies in Europe. High S tailing and Low S tailing are 

side products which have no commercial value. Tailings are stored in the tailings ponds mine area. The use 

of tailings in the mining area is under research. Regarding the water, it is mainly circulated and cleaned within 

the system and the needed freshwater intake into the process is taken from the water that is coming from 

the mine site. As the figure depicts, the tanks are buffer tanks for waters in different pHs’. Alkaline water and 

acidic water are collected separately and used in different water circuits. This decreases the need for pH 

adjustment in flotation processes and reduces the use of chemicals. Energy demand for the smaller pumps 

is not calculated at this point of process design. 

 

The 1st life cycle stage is the extraction of the ore in Hannukainen’s case with open pit mining. There are two 

existing open pits in the area from the previous mining operations, which was halted in the 1990’s. To gain 

access and ensure safety of the open pit, certain amounts of waste rock has to mined also. In Hannukainen 

mine the ratio between ore and waste rock is 1 to 3,9, so to gain access to 1 tonne of ore, on average 3,9 

tonnes of waste rock must be mined also. The Hannukainen mine will have two open pits: Hannukainen and 

Kuervitikko. The first one is divided in to three mining areas: North, central, and south. The Hannukainen pit 

will be operational through the life cycle of the mine. The second open pit, Kuervitikko pit, will be in 

production after 10-12 years of production. This delay in the opening of the Kuervitikko pit was done to 

minimize the footprint of the mine at the first half of life of mine.  

 

The open pits will be mined in several cutbacks. The open pits and each cut back is designed according to 

economical and technical restrictions to ensure the best available NPV from the operation. 
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The heating in Hannukainen (and also in Rautuvaara) is only for offices, the maintenance shop, process 

building, etc. and not for the mine itself or the ore (doesn’t need any heating), and therefore it is excluded it 

from this study (out of system boundaries). 

 

The work cycle of the open pit operation can be divided into four separate but connected work stages: 

Drilling, blasting, loading and hauling. Drilling will be done according to rock specifications (waste/ore, rock 

strength, etc) to ensure good fragmentation and safety. Charging of the drilled holes will be planned and 

done according to the knowledge gained from the drilling machines. After charging the charged holes are 

blasted according to the safety standards and mining permit. The blasted rock is then loaded with loading 

equipment according to the rock type. Hannukainen has three different rock types: Ore, potentially acid 

forming waste rock (PAF) and non-acid forming waste rock (NAF). The two waste rock types are stored in 

separated areas. The PAF waste rock dump will have watertight bottom and closing structures to ensure that 

no acid containing waters are emitted to nature during and after production.  The ore from the pits is hauled 

to an underground crushing facility that is located west of the Hannukainen open pit. The hauling is done 

with trucks that have a payload of 180-220 tonnes. According to the estimated mine plan, for the 

Hannukainen and Kuervitikko open pits, the following rock types will be comprised: Ore: 114,8 Mt/life of 

mine, PAF: 190,3 Mt/life of mine and NAF: 181,6 Mt/life of mine.  

 

The exact size, capacity and model of the machines has not been decided yet. The decisions will be made 

after permitting is done and the feasibility study is updated. Currently, all of the machines are planned to be 

diesel powered, but the mine’s engineers are following the technical advancements done in the area. The 

mining machine fleet is estimated to comprise of loading equipment (2 excavators, 1 wheel loader), 13-15 

trucks (payload 180-220t), production drills (4-6 drills) and auxiliary machines (road graders, smaller wheel 

loaders, etc).  

 

The ore from the open pits is loaded in to crushing stage of the operation. The crushed amount on an average 

year will be 6,5 Mt/a. The crushing stage comprises of several stages: Primary crushing, secondary crushing, 

and tertiary crushing. All the stages are located underground, even though the ore is fed to primary crushing 

from above ground. The feeding point is located inside a structure to ensure minimal dust and noise 

emissions. The structure will contain dust suppression systems. The crushing stages are done to get the 

particle size of the ore from max 1000mm to 25mm. The 25mm (P80) is estimated to sufficient for the later 

stages of the production process. The primary crushing stage is planned to be done with two electrically 

powered jaw crushers. The secondary and tertiary stages are planned to be done with cone crushers (four in 

total). To ensure best possible crushing results the streams between crushing stages are screened to remove 

oversized particles and return them back to the previous crushing stage. After the ore particle size is reduced 

to the desired 25mm (P80), the ore is fed to the overland conveyor which is located underground (in the first 

700-900 meters). After that, the conveyor is located above ground. The total length of the overland conveyor 

is planned to be about 9 kilometres. The overland conveyor will be planned for 1250 tonnes per hour 

capacity. The end point of the conveyor is located in Rautuvaara, where the mill will be located. The conveyor 

feeds the ore into a stockpiling facility. The crushing stages of the ore have no significant waste streams, so 

the input to crushing is the same as the input to next process stage. The ore is kept dry during crushing, so 

no water is present at the crushing stage. The exact size, capacity and model of the crushers has not been 

decided yet. The decisions will be made after permitting is done and the feasibility study is updated. 
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In the 3rd life cycle stage: New ore stockpile grinding, the ore is moved by the conveyor. Black shapes are 

screening bigger particles to the rod mill and small particles to the ball mill. Green shapes are pump wells; 

material is pumped from the well to the mill etc. Blue arrows are water addition and red arrow is chemical 

addition, in this case Ca(OH)2. The EU regulations and Finnish law and safety regulations are followed by the 

mine. 

 

In the 4th life cycle stage: CuAu rougher flotation, the light green cell of the scheme represents an open tank 

with mixer, the dark green cells are flotation cells open tanks with mixers and air flows. The grey arrows from 

the bottom are CuAu concentrate, while the grey arrows that goes from tank to tank and to the stage 8 are 

the rest of the slurry, in which CuAu concentrate is removed in each stage. This one contains mainly Fe and 

S in different compounds. Part of the output is moving to the 5th stage (CuAu rougher concentrate grinding 

stage) and part of the CuR3 is moving to the magnetic separation (8th stage).  

 

Feed from the ball mill from the 4th & 13th stage (from CuS1 tank) is coming to the 5th Life Cycle Stage (CuAu 

rougher concentrate grinding). The output is moving to the 6th stage. The black shape of the figure is a 

cyclone, and it separates bigger particles and smaller particles. The bigger particles are grinded before the 

next flotation stage.  

 

In the 6th life cycle stage: CuAu cleaning/scavenger flotation, input is coming from the 5th stage (part of it 

comes from the ball mill and some of it from the black tank). CuC1 tanks output is moving to the CuS1 tank 

(of the 13th stage) which goes again to the ball mill of the 5th stage. Output from CuC3 tank is moving to the 

7th stage. As for the figure, the light green cell, is open tank with mixer and the dark green cells are flotation 

cells, open tanks with mixers and air flows. The grey arrows from the bottom of the flotation cells are CuAu 

concentrate. Concentrate goes from tank to tank and is cleaner after every cell. The grey arrows above the 

tanks represents the rest of the slurry. It is also circulated back to previous tank to make sure as much CuAu 

is recovered as possible. From CuC1 the concentrate goes back to the stage 5 and rest of the slurry goes to 

stage 13th  

 

In the 7th life cycle stage is taking place the thickening and filtering of the CuAu. According to the graph, this 

phase includes the device with a green triangular shaped bottom which is a thickener. The CuAu concentrate 

sinks to the bottom of the thickener and moves to the filtration process. In filtration (black equipment) the 

rest of the water is separated from the concentrate. Separated water is returned to the thickener. In the 

thickener the clarified water overflows into the alkaline water circuit. The remaining concentrate is the final 

output: CuAu concentrate (three outputs in total).  

 

The magnetic separation step is fed by Part of the CuR3 tank of the 4th stage. In magnetic separation, 

magnetite (the product mineral in iron concentrate) can be enriched/separated from non-valuable material. 

The separation is carried out in three process steps (LIMS1,2,3) to make the separation effective. Ball mill 

grinds ore finer which also improves efficiency of separation. Cyclone (black figure) is used for classification 

of particle sizes. The non-magnetic ore is going to 10th stage and the magnetic iron ore ends up in 9th stage. 
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The 9th life cycle stage is the Pyrrhotite Flotation and is fed by the 8th stage. According to the figure, the light 

green cell, which is an open tank with mixer, is used to homogenize the composition and equalize pressure 

and flow variations of feed. Dark green cells are flotation cells, open tanks with mixers and air flows. The grey 

arrows from the above of the flotation cells are Fe concentrate. Concentrate goes from tank to tank and is 

cleaner after every cell. Magnetic separation (LIMS4) is used after flotation to ensure the purity of the Fe 

concentrate. The grey arrows on the bottom of the tanks represents the rest of the slurry. It goes to 

thickening of tailings (10th stage). Outflow from PoR3 tank is feeding the 11th stage, outflow from PoR3 tank 

is feeding the 10th stage and outflow from LIMS4 is feeding the 12th stage. 

 

In the 10th life cycle stage, all the thickening is taking place. Input is coming from the 9th stage and 8th stage 

as well as PyC1 (13th stage) and the final output is the High S tailings pond. At this stage, excess water is 

removed from the high S tailings with thickeners. There are two thickeners because alkaline and acidic waters 

are treated in separate processes. Magnet separation (LIMS1,2,3) slurry is classified in cyclone (black figure). 

Coarser particles move to stage 13th and finer moves to LIMS tailings thickening process. High S tailing and 

Low S tailing are side products which have no commercial value. Tailings are stored in the tailing’s ponds 

mine’s area. The use of tailings in the mining area is under research. 

 

According to the figure, in the 11th life cycle stage, the device with a green triangular shaped bottom is a 

thickener. Fe concentrates first is moved in the Fe filter feed tank. In filtration (black equipment), water is 

separated from the Fe concentrate. Separated water is returned to the thickener. In the thickener the 

clarified water overflows into the acidic water circuit. Input from the 9th stage is feeding the 10th stage. Part 

of the input is processed to the final product, Fe concentrate, and part of the input is going from the LIMS4 

tank to the Low S tailings thickening and low S tailings pond (12th stage).   

 

The 11th &13th stages feed the green tank of the 12th stage. The output is the final Low S product. At this 

stage, excess water is removed from the low S tailings with thickener. Water removal from tailings reduces 

the need for fresh water and allows tailings to be stored in a smaller area. 

 

In the process step Pyrite rougher and cleaner flotation, pyrite is separated from the slurry of magnetic 

separation and slurry of CuAu enrichment. Separation process is taking place in the flotation cells. Input is 

coming from the 6th stage and 10th stages and output is going to the 10th, 14th, 5th and 12th stages. 

 

The 14th stage, where the Pyrite thickening and filtering is taking place receives input from the 13th stage and 

the output is the final Pyrite concentrate. The device with a green triangular shaped bottom is a thickener. 

The pyrite concentrates sink to the bottom of the thickener and goes to filtration process. In filtration (black 

equipment) the rest of the water is separated from the concentrate. Separated water is returned to the 

thickener. In the thickener the clarified water overflows into the alkaline water circuit. 

 

Representativeness of LCI data: LCA aims to reflect as much as possible the physical reality, thus the model 

should represent what is actually happening or will happen and to be as much representative as possible in 

terms of inventory data.  Representativeness of LCI data can be understood in the three interrelated 

dimensions, the geographical, the time-related and the technological. The geographical representativeness 

is very well satisfied, as the Hannukainen Mine is located in Finland and the foreground and background data 
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for the specific geographical area have been considered (wherever possible). As for the time-related 

representativeness, the inventory data of this study are based on forecasts because the mine is still in the 

permitting phase. Therefore, the data used represent the real data that are expected to be generated in the 

year 2026. Hence, the data are not accurate regarding the time, and changes might take place when the mine 

will begin the production. The technological representativeness is not fully satisfied, as the Ecoinvent library 

is the source for the background data (Ecoinvent processes are not updated or are not 100% reflecting the 

technology in the specific mine) and foreground data have been shared from the mine’s engineers.  

 

Preparation of the basis for the impact assessment: To be proactive, the selection of impact coverage is 

taking place from this early step (prior to the LCI analysis) to ensure that the correct data have been collected 

in the LCI. Therefore, all environmental impacts where the product system has relevant contributions are 

included in the impact assessment. This LCIA examines all the impact categories32 and the most relevant are 

presented on this report. Therefore, all five elements of the impact assessment are utilized on this study and 

are the classification and characterization (mandatory steps according to ISO 14040), as well the 

normalisation and weighting (optional steps according to ISO 14040). Please refer to Appendix 3 for the 

background theory. By definition, the impact assessment means various emissions which are assigned to 

impact categories at mid-point and endpoint categories. At midpoint level, indicators such as Global 

Warming Potential (GWP), Acidification Potential (AP), Eutrophication Potential (EP), Photochemical Ozone 

Creation Potential (POCP), Human Toxicity (cancer and non-cancer related), Respiratory Inorganics, Ionising 

Radiation, Eco Toxicity, Land Use, Water Footprint, and Resource Depletion, will be examined. As for the 

categories at the endpoint level, the Area of Protection (AoP) i.e. on human health, on the natural 

environment and on natural resources will be analysed. See Appendix 4 for the background theory on this 

topic. LCA uses a number of category indicators based on specific characterization models which are 

combined into predefined sets or methods referred as LCIA methods. This study utilizes the ReCiPe midpoint 

and endpoint LCIA method which is appropriate for such LCAs.  

 

2.4.2. Life Cycle Inventory (LCI) 

The LCI step is guided by the goal and scope. The core activity of the task is the collection of representative 

data flows for all the life cycle processes of the mine. The below 4 steps, addresses the needs of this stage. 

Data categories: The input and output (inventory) data related to Hannukainen production were acquired 

though the distribution of a technical data collection survey excel file to the mine. The survey, which was 

prepared by STRATAGEM, was checked, validated, and verified by SINTEF, the co-leader of this work. The 

same technical data collection file was distributed to all the mines as it was very easy to be adjusted to each 

use case. Various virtual meetings and email exchanges took place with the mine to either guide the mine’s 

engineers throughout the file or to clarify any insufficient information. The LCI data (forecasted data from 

when the mine will start operating) were used consistently to characterize the environmental performance 

of the mine’s production in a representative manner.  

Therefore, materials, resources, support materials used in the processing, energy as well as other resources 

consumed and needed, were used as inputs. As outputs, this study includes the waste flows and the final 

                                                           
32 Impact category is defined as a “class representing environmental issues of concern to which life cycle inventory 
analysis results may be assigned”. (source: ISO 14044) 
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products. The inventory data of this study are normalized by considering the mass of the output per 

functional unit.  

Table 4. Type of data collected in IŀƴƴǳƪŀƛƴŜƴΩǎ ƳƛƴŜ 

Electricity 

consumption 

Electricity, supplied from the national grid, is consumed by the equipment in various 

life cycle stages. 

Diesel consumption  Diesel is used to fuel the machinery necessary for various activities such as drilling, 

and loading/hauling the extracted ore. 

Ancillary materials Explosives used for blasting.  

Water balance Includes the water consumed in the beneficiation stage which is continuously 

circulated. There is no use of raw water from the grid. 

Chemicals Used in various processes.  

Mass balance Includes the mass that leaves each stage and moves to the other stage, as well as 

the output solid. 

 

Data Collection, quality and Data sources: For the needs of this study, specific inventory data/primary data 

of the foreground were used and extracted from the mine’s partners of the project’s consortium. Average 

data for the background system/secondary were also used and extracted from the Ecoinvent database.  

Particular relevance was given to primary data, in order to have as real data as possible for the inventory 

input and therefore more reliable results. Only when primary data were not available, secondary sources 

were used. As already mentioned, data collected for the study are being either obtained from personal 

exchanges, site visits, virtual interviews, or electronic mail correspondences using a standardized data 

collection form developed by STRATAGEM. Moreover, as the collected data were based on estimations (mine 

is not in the operation phase yet), some data- as the water pumping energy and the equipment’s 

maintenance for example –were not possible to be forecasted and therefore this study might lack some 

information. However, the most energy demanding steps – as the chemicals, diesel’s and energy’s demands- 

have been considered. The chemicals’ types and quantities used in the life cycle stages have been considered 

in the LCI and their associated environmental impact (LCIA) has been also calculated, however due to the 

confidentiality of such data, the LCI table does not details these information.   

Data management and Software: All information gathered for the study needs was adjusted to reflect the 

functional unit. Then the data were imported into the Software SimaPro33 version 9.2, which is a widely used 

commercial LCA software. SimaPro is used for the LCI and LCIA procedures together with the LCI database 

Ecoinvent34 version 3 (the Ecoinvent database is used for the background data). The Hierarchist (H) cultural 

perspective was used as the more relevant (Please refer to Appendix 5 for more background theory). This 

software enables the storage and organization of LCI data and the calculation of their environmental impacts.  

Inventory Data: In this section, the respective LCI data for this study are presented. 

                                                           
33 PRé:. Company History. https://www.pre-sustainability.com/company-history. Accessed 31/01/2022 
34 Ecoinvent: https://ecoinvent.org/the-ecoinvent-database/ . Accessed 31/01/2022 

https://ecoinvent.org/the-ecoinvent-database/
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Flow info explanations Flow Unit Value Notes 

1st Life Cycle Stage: Extraction & 2nd Life Cycle Stage: Crushing 

Inputs from Technosphere & Nature 

Total rock extracted Rock Mt 31.85 
6,5Mt of ore will be mined and on average 25,35 Mt of waste rock. This 6,5 Mt/a of ore is fed 

to the crushing. 

Loading stage Diesel MWh/a 26 276.5 At this stage of the mining project, these are calculations that are done based on machine 

manufacturer specifications. Also, exact knowledge of the maintenance is not available at this 

stage. 

Hauling stage Diesel MWh/a 93 048.7 

Drilling stage Diesel MWh/a 18 542.2 

Blast 

Average 

amount of 

explosives 

t/a 7 000 Amount of explosives that will be used for the blasting. 

Auxiliary equipment Diesel  MWh/a 32 335 

At this stage of the mining project, these are calculations that are done based on machine 

manufacturer specifications. Contains the auxiliary equipment needed at this stage of the 

production (graders, smaller wheel loaders, pickups, etc). Exact knowledge of the maintenance 

is not available at this stage. 

Crushing and conveyor 

Energy 

Consumption 
MWh/a 25 122.8 Energy needed on an average production year (6,5Mt of ore crushed and moved to Rautuvaara). 

Diesel MWh/a 113.2 Diesel for auxiliary equipment used at the crushing stage. 

Outputs to Nature 

Solid waste 

Waste rock, 

that is mined in 

two types (PAF 

and NAF) 

Mt 25.35 
From this waste rock around 50% is PAF and 50% NAF. So 12,675 Mt/a of PAF and 12,675 Mt/a 

of NAF. 

Water 

Surface water 

from rain and 

snow 

Mm3 
(Million 

cubic 
meters

) 
 

7 
 

The pits are dewatered, and the surface waters are removed from the area (open pit, waste 

rock dumping areas, parking areas, etc). The pit dewatering is from the rain and snow, but also 

from ground water that seeps into the pits. The surface waters come from physical forms from 

rain, snow and all between. The amounts are a total water amount that is pumped from 

Hannukainen to Rautuvaara on an average year, according to hydrological models done in the 

area. The amounts increase after Kuervitikko pit is opened, which was not included in this 
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average. Energy usage for pumping the water from Hannukainen to Rautuvaara is included in 

the crushing and conveying energy usage. The amount of water is estimated to be from 6,5-7,5 

million cubic meters. 

3rd Life Cycle Stage: New ore stockpile and grinding  

Inputs from Technosphere & Nature 

Primary grinding 
Energy 

Consumption 
MWh/a 37 100 

Primary grinding as a process phase takes 37 100 MWh/a, and it includes two rod mills which 

consume 26 806 MWh/a. In that particular process phase there are also auxiliary equipment 

(pumps, etc), which consume the rest of the electricity. Although the needed maintenance 

cannot be assessed at this stage, the aim is to maintain annually outages and equipment 

according to the manufacturer's instructions. 

Secondary grinding 
Energy 

Consumption 
MWh/a 105 234 

There are two ball mills with 99 336 MWh/a electricity consumption and the total secondary 

grinding process phase (including pumps, screens, two ball mills, etc.) takes 105 234 MWh/a of 

electricity. Although the needed maintenance cannot be assessed at this stage, the aim is to 

maintain annually outages and equipment according to the manufacturer's instructions. 

Water Water m3/a 7 772 835.6 Water addition is 985,9 m3/h (from pH above 7 tank) 

Outputs to Nature 

No data available 

4th Life Cycle Stage: CuAu rougher flotation  

Inputs from Technosphere & Nature 

Water Water m3/a 10 615 017 Water addition 1346,4 m3/h (from reverse osmosis = clean water from water treatment) 

Chemicals 
Confidential 

information 
t/a 

Confidential 

information 

Although the type and quantity of chemicals have been considered for the inventory stage and 

in the SimaPro software, this information is confidential and cannot be published. 

CuAu rougher flotation 
Energy 

Consumption 
MWh/a 12 557.79 

Although the needed maintenance cannot be assessed at this stage, the aim is to maintain 

annually outages and equipment according to the manufacturer's instructions. 

Outputs to Nature 

No data available 

5th Life Cycle Stage: CuAu rougher concentrate grinding  

Inputs from Technosphere & Nature 

CuAu Rougher grinding 
Energy 

Consumption 
MWh/a 2 927 

Although the needed maintenance cannot be assessed at this stage, the aim is to maintain 

annually outages and equipment according to the manufacturer's instructions. 

Outputs to Nature 
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No data available 

6th Life Cycle Stage: CuAu cleaning/scavenger flotation 

Inputs from Technosphere & Nature 

Chemicals 
Confidential 

information 
t/a 

Confidential 

information 

Although the type and quantity of chemicals have been considered for the inventory stage and 

in the SimaPro software, this information is confidential and cannot be published. 

Water Water m3/a 2 727 075.6 Water addition 345,9 m3/h (from pH above 7 tank) 

CuAu cleaner flotation 
Energy 

Consumption 
MWh/a 13 778.66 

Although the needed maintenance cannot be assessed at this stage, the aim is to maintain 

annually outages and equipment according to the manufacturer's instructions. 

Outputs to Nature 

No data available 

7th Life Cycle Stage: CuAu thickening and filtering 

Inputs from Technosphere & Nature 

CuAu filtration 
Energy 

Consumption 
MWh/a 1 736.09 

Although the needed maintenance cannot be assessed at this stage, the aim is to maintain 

annually outages and equipment according to the manufacturer's instructions. 

 

Final output:  

CuAu 

concentrate 
t/a 

48 092.4 

 

This is one of ethe three final products. Unfortunately, no data were available from the 

thickening and filtering processes.  

Outputs to Nature 

No data available 

8th Life Cycle Stage: Magnetic separation 1-3 

Inputs from Technosphere & Nature 

Magnetic separation  
Energy 

Consumption 
MWh/a 22 092 

Although the needed maintenance cannot be assessed at this stage, the aim is to maintain 

annually outages and equipment according to the manufacturer's instructions. 

Outputs to Nature 

No data available 

9th Life Cycle Stage:  Pyrotite Flotation 

Inputs from Technosphere & Nature 

Chemicals 
Confidential 

information 
t/a 

Confidential 

information 

Although the type and quantity of chemicals have been considered for the inventory stage and 

in the SimaPro software, this information is confidential and cannot be published. 

Pyrotite flotation 
Energy 

Consumption 
MWh/a 4 734.58 

Although the needed maintenance cannot be assessed at this stage, the aim is to maintain 

annually outages and equipment according to the manufacturer's instructions. 

Outputs to Nature 
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No data available 

10th Life Cycle Stage: High -S tailings thickening 

Inputs from Technosphere & Nature 

LIMS tailings 

thickening and pond 

Energy 

Consumption 
MWh/a 1 932.98 

Although the needed maintenance cannot be assessed at this stage, the aim is to maintain 

annually outages and equipment according to the manufacturer's instructions. 

Outputs to Nature 

Outflow to alkaline 

water 
Water m3/a 17 102 761.2 

Water is circulated to the tanks to be reused. No use of tap water.  

Outflow to acidic water Water m3/a 1 188 118.8 

Outflow to high S 

tailings pond 

Solids t/a 401 295.6 

The final solid waste is unspecified tailings which are side products and have no commercial 

value. Tailings are stored in the tailings ponds mine area. The use of tailings in the mining area 

is under research. 

Water m3/a 197 888.4 Water is circulated to the tanks to be reused. No use of tap water. 

11th Life Cycle Stage: Magnetic separation 4, Fe concentrated thickening and filtering 

Inputs from Technosphere & Nature 

Magn. Sep. 4 and 

concentrate thickening 

Energy 

Consumption 
MWh/a 12 641.46 

Although the needed maintenance cannot be assessed at this stage, the aim is to maintain 

annually outages and equipment according to the manufacturer's instructions. 

Outputs to Nature 

Outflow from 

thickener 
Water m3/a 

1 639 083 

600 
Outflow from thickener to acidic water circulation. No use of tap water. 

Final output:  Fe concentrate t/a 
2 382 544.8 

 
This is one of the three final products.  

12th Life Cycle Stage: Low S tailings thickening and low S tailings pond 

Inputs from Technosphere & Nature 

Chemicals 
Confidential 

information 
t/a 

Confidential 

information 

Although the type and quantity of chemicals have been considered for the inventory stage and 

in the SimaPro software, this information is confidential and cannot be published. 

LIMS-tailings 

thickening and tailings 

pond 

Energy 

Consumption 
MWh/a 18 448.74 

Although the needed maintenance cannot be assessed at this stage, the aim is to maintain 

annually outages and equipment according to the manufacturer's instructions. 

Outputs to Nature 
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Water 

Water m3/a 
4 874 677 

200 
To pH below 7 tank.  

Water m3/a 
1 773 900 

000 
To low s tailings pond 

Outflow to low S 

tailings pond 
Solids t/a 3 600 622.8 

The final solid waste is unspecified tailings which are side products and have no commercial 

value. Tailings are stored in the tailings ponds mine area. The use of tailings in the mining area 

is under research. 

13th Life Cycle Stage: Pyrite rougher and cleaner flotation 

Inputs from Technosphere & Nature 

Chemicals 
Confidential 

information 
t/a 

Confidential 

information 

Although the type and quantity of chemicals have been considered for the inventory stage and 

in the SimaPro software, this information is confidential and cannot be published. 

Pyrite flotation 
Energy 

Consumption 
MWh/a 17 023.20 

Although the needed maintenance cannot be assessed at this stage, the aim is to maintain 

annually outages and equipment according to the manufacturer's instructions. 

Outputs to Nature 

Water Water m3/a 2 005 689.6  

14th Life Cycle Stage: Pyrite thickening and filtering 

Inputs from Technosphere & Nature 

Pyrite thickening and 

filtration 

Energy 

Consumption 
MWh/a 2 582.57 

Although the needed maintenance cannot be assessed at this stage, the aim is to maintain 

annually outages and equipment according to the manufacturer's instructions. 

Outputs to Nature 

Final output:  
Pyrite 

concentrate 
t/a 67 014 This is one of the three final products.  
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2.4.3. Life Cycle Impact Assessment (LCIA) 

In the Life Cycle Impact Assessment, the inventory data are aggregated and converted to environmental 

impact/load for each impact category. SimaPro contains a number of impact assessment methods, which are 

used to calculate impact assessment results. All the different methods are assessing the same environmental 

impact of the same product/service/procedure, but they differ on the factors that they are considering for 

converting the inventory data into impact. Each method has its own perspective and thus observing results 

from different methodologies allows to draw more complete conclusions. 

According to the study’s goal and scope, the impact categories, category indicators and characterization 

methods have been selected to provide a comprehensive profile of environmental impacts from emissions 

and mineral extraction from nature from the Hannukainen mine operation. The presented graphs are 

screenshots from the SimaPro software and graphs processed in Microsoft Excel. 
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Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Characterization  

 

 
 

Observing the results of the endpoint characterized values, it is visible that the mineral resource scarcity indicator is the most affected among the other 

indicators. The accumulated impact from the whole life cycle of the mine is concentrated to this indicator. This high accumulated impact is caused due 

to the 1st and 2nd life cycle stages according to the figure below. 
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According to this figure, it is presented the environmental load that each individual process has on the total impact of the mine’s operation. As it is 

mentioned, the mineral resource scarcity indicator seems to be the most affected among other indicators. The 1st and 2nd life cycle stages, which 

describes the extraction and crushing stages, considers in the life cycle inventory modelling phase the extraction of the ore (therefore the minimization 

of the ore reservoirs underground has been considered), as well as the blasting (resources and emissions to air after the blasting), energy consumption, 
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and diesel consumption. It should also be mentioned that this stage is the only life cycle stage which has diesel consumed in the equipment and thus 

resources (among others for the diesel) has been also considered. For the detailed inputs and outputs please refer to the inventory table.  

 

To better observe the results, the mineral resource indicator was excluded from the figure. 

 

 
 

However, the fossil resource scarcity indicator marks the second higher cumulative impact with a big difference from the rest of the impact marked on 

the other impact indicators. This impact is caused due to the 1st and 2nd life cycle stages, and secondly due to the 9th life cycle stage and finally the 3rd 

and 13th life cycle stages.  

 

The next figure presents the same results excluding both mineral and fossil resource scarcity indicators, so as to observe the next most impacted 

indicators.  
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According to this figure, the 1st and 2nd life cycle stages concentrates the most impact on the fine particulate matter formation and the global warming 

of the human health indicators. It can also be observed that the 3rd life cycle stage has some impact visible on the figure, while the rest of the life cycle 

stages have lower impact. 

 

As the 1st and 2nd life cycle stages seems to be the most contaminant stages, it is really interesting to analyse the system in isolation under the same 

methodology (characterization values of the endpoint methodology) and observe form where does this impact comes. From the first glance, it seems 

that the mineral resource scarcity indicator is affected mostly due to the minimization of the amount of the ore stocks underground. The second most 

affected indicator is the fossil resource scarcity indicator due to the diesel consumption in the hauling stage, the blasting and the diesel in the auxiliary 

equipment. The below table depicts the analysis described for the environmental impact of the 1st and 2nd life cycle stages for one year. The mineral 

resource scarcity has been excluded for making able to observe the impact on the rest of the indicators.  
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Continuing the analysis on the 1st and 2nd stages, in the same graph and after excluding the fossil resource scarcity indicator, the third most contaminate 

indicators seems to be the fine particulate matter formation (caused mostly from the blasting) and then the global warming potential affecting the 

human health (caused mostly from the blasting and the diesel burned in the hauling stage), as the below figure depicts.  
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    Deliverable D5.2  

111 
 

Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Normalization 

 
As for the normalized values of the ReCiPe endpoint methodology, the Resources is the most impactful damage category concerning the total impact, 

covering almost 90% of the total impact. It seems that the extraction of the ore from the ground and the fact that this high extracted amount might lead 

to high resource scarcity, affects the endpoint method. However, during the modelling of the inventory it was expected that the insertion of the ore 

input from the nature will give a very high impact on the mineral resource scarcity because the mineral resource indicator counts this extraction as 

resource extraction from the nature in general and not from a mine which serves this scope.  

 

Weighting and damage assessment impact methods verified the results of the normalized values and thus are not included in the analysis.  
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Characterization 

 

In the Midpoint assessment methodology and as it was anticipated, most of the total impact is accumulated to the mineral resource indicator.  The 
reason is the same as explained in the endpoint indicators’ analysis, which is the copper, gold, pyrite and iron minerals extracted from the nature. 
According to the ReCiPe report, for the impact category of mineral resource scarcity, the damage modelling considers the primary extraction of a mineral 
resource which will lead to an overall decrease in ore grade, meaning the concentration of that resource in ores worldwide, which in turn will increase 
the ore produced per kilogram of mineral resource extracted. This explanation is what this indicator represents.  Please check the ReCiPe report for the 
detailed characterization calculations of this indicator. 
 
 

 
For better observing the results, the higher contaminant indicator was excluded, and the results are presented on the figure below with the contribution 

for each of the 14th life cycle stages.  
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Contradictory to the endpoint indicators, the fossil resource scarcity indicator was expected to be the second higher indicator as happened to the 

endpoint methodology. However, the global warming indicator seems to be more affected due to the 1st and the 2nd life cycle stages. Additionally, the 

3rd life cycle stage marks high impact on the ionizing radiation and global warming impact indicators. 

 

The impact of the 1st and the 2nd life cycle stages is caused due to the blasting and the amount of ore extracted from nature, as the below analysis of the 

1st and 2nd stages in isolation depicts.  
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The 3rd life cycle stage marks also some impact due to the energy consumption from the secondary grinding which is more energy demanding than the 

primary grinding. 
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Normalization 

 

As for the normalized values of the midpoint indicator, the mineral resource scarcity indicator seems to be the most contaminant. The red colour, which 

represents the 1st and 2nd life cycle stages is the impact pioneer, followed by the 3rd life cycle stage. Specifically, in the ionizing radiation indicator the 

impact of the 3rd stage seems to be higher than in the other stages. The 3rd life cycle stage consumes most of the energy among other stages and 

therefore it makes sense to be the second most contaminant stage.  
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2.4.4. Interpretation 

At this phase of the LCA, the results are evaluated, significant issues are identified, conclusions are drawn, 

and recommendations are made (ISO 14043: 2000). Conclusions and recommendations are made in the 

context of the defined goal and scope and bearing in mind the limitations of the results. 

The aim of this study is to assess the environmental impact that the Hannukainen mine, which will enter the 

operation phase in 2026, will bring to the environment. The inventory data are based on estimations and 

thus, the whole study is an estimation of the potential environmental impact that the mine will bring to the 

society. This mine will start to operate from day 1 with the benefits gained from the Dig_IT project.    

Various aspects have not been determined yet as the mine is still in the permitting phase and therefore the 

inventory data includes only the data that were possible to be estimated from the Hannukainen’s engineers 

at this stage.  

The methodological aspects applied for all the use cases were also applied for the Hannukainen mine 

although that this study does not consider any comparison. The same pattern will be followed, meaning the 

same goal and scope definitions, system boundaries, functional unit, data with similar degree of accuracy 

and impact assessment indicators. Therefore, environmental impact was assessed for the total tonne of ore 

produced, concentrated at the Hannukainen’s mine gate, in one year of fully mine operation.  

 

Different LCIA methods (incorporated in the SimaPro software used for the LCI and LCIA study) represent a 

different situation due to several reasons. For instance, each one has different impact categories that express 

the same environmental impact; or in some cases, the methods have equivalent categories with different 

impact and characterization factors. Therefore, the two ReCiPe LCIA methods (at midpoint and endpoint 

level) were chosen to translate the inventory results into environmental impact as the most relevant. Human 

health, ecosystem quality and resource scarcity are the three areas of protection for the implementation of 

the ReCiPe2016 methodology. The endpoints are related to the three areas of protection. DALYs (disability 

adjusted life years), relevant for human health, represent the years that are lost or that a person is disabled 

due to a disease or accident. The unit for ecosystem quality is the local species loss integrated over time 

(species year). The unit for resource scarcity is the dollar ($), which represents the extra costs involved for 

future mineral and fossil resource extraction. All the Midpoint impact categories are reduced to three major 

damage macro-categories (endpoint impact categories). Annex 6 includes more details on the method.   

 

The inventory data are aggregated and converted to environmental impact/load for each impact category. 

Results were extracted and observed. As a general remark, it could be concluded that the mineral and the 

fossil resource scarcity indicators are the most contaminant indicators among all the others. However, at this 

point it should be stated that each indicator examines different aspects and is based on different 

calculations/models, therefore the focus should not be only on comparing the grade of impact that each 

indicator marks – but the attention should be paid also on understanding which and why each life cycle stage 

adds impact.  

 

In the modelling procedure the ore extraction was considered, and this indicator was highly affected first the 

mineral resource scarcity indicator and then the fossil resource scarcity indicator. Examining 
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more those two similar indicators, the unit for endpoint resource scarcity is dollars ($), which represents the 

extra costs involved for future mineral and fossil resource extraction. Endpoint characterisation factors are 

derived from midpoint characterisation factors with a constant mid-to-endpoint factor per impact category. 

The mid-to-endpoint factor for mineral resource scarcity refers to the conversion from surplus ore to surplus 

costs. As for the midpoint factor, the Surplus Ore Potential (SOP) expresses the average extra amount of ore 

to be produced in the future due to the extraction of 1 kg of a mineral resource x, considering all future 

production (R) of that mineral resource relative to the average extra amount of ore produced in the future 

due to the extraction of 1 kg of copper (Cu), considering all future production of copper. More details can be 

found on ReCiPe’s report 35. Apparently, the amount that has been considered to be extracted is high enough 

and that increased the impact on these two indicators making it almost impossible to observe the impact on 

the rest of the life cycle stages.  

 

Based on the aforementioned conclusions, a what-if scenario (sensitivity analysis) was developed assuming 

that the ore extracted is excluded from the inventory model. The below analysis presents the results that this 

scenario could have: 

                                                           
35 Mark A. J. Huijbregts et al, ReCiPe2016: a harmonised life cycle impact assessment method at midpoint and 
endpoint level, November 2016 
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Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Characterization  

 

 

 

This figure leads to the conclusion that the absence of ore in the inventory model was affecting only the mineral resource scarcity indicator. Now that 

the ore extraction is not in the model, the results indicate the fossil resource scarcity indicator as the most impacted one. This result makes total sense 

when considering that the collected data included mostly the energy consumption of the equipment for one year which affects in a great extent the 

fossil resource scarcity indicator.  The electricity consumption has been modelled from the Ecoinvent data for Finland’s practices. This outcome is verified 

from the below analysis. 
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The above figure depicts the environmental impact of consuming 1 MJ of electricity in Finland. As it was stated and before and with this analysis is 

verified, the energy consumption accumulates the impact on the fossil resource scarcity indicator. 
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It is interesting to observe also the shares for each life cycle stage of the characterized results. 

 
 

As also observed in the LCIA, most of the impact is created due to the 1st and 2nd life cycle stages and then due to the 3rd life cycle stage. It can be 

understood from the inventory analysis, that the energy and diesel consumption, as well as the amount of blasting used in those two stages are the 

reason of making this stage the most contaminant one. Meanwhile, the 3rd life cycle stage includes the higher energy consumption among all the other 

stages due to the primary and secondary grinding, resulting to a high impacted life cycle stage. Moreover, the 13th and 9th life cycle stages marks also 

some impact mostly due to the chemicals used.  
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Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Normalization 

 

The normalized endpoint methodology revealed that the human health endpoint indicator seems to be affected more than the ecosystems. The resource 

scarcity indicator seems to be the less affected one. This result is contradictory to the LCIA’s results made on subchapter 5.3 due to the use of the energy 

(as explained already).  
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Normalization 
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As for the normalized values of the midpoint methodology, 

the results revealed that among all the examined indicators, 

the ozone formation indicator seems to be the most affected 

indicator accumulating a lot of impact.  

 

The use of the diesel (equipment in the 1st and 2nd stages are 

the only ones powered by diesel) causes this impact as the 

analysis of consuming only 1MJ of diesel burned in a building 

machine depicts.  
 

 

 

 

 

 Env. Impact of 1MJ of diesel burned in a building 
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When observing the inventory table, it is visible that more data were able to be estimated from 

the mine’s Engineers at the 1st and 2nd stage (together), and the 3rd stage. For almost all the rest of the stages, 

mostly the energy consumption was able to be estimated and that’s why the impact is much lower to the 

rest of the life cycle stages. Moreover, the 1st and 2nd stages are the only stages including diesel consumption 

and blasting which increases the impact of the ozone formation, fossil resource scarcity and global warming 

indicators. Also, the 1st and 2nd stages consume the secondly most energy amounts after the 3rd stage (is the 

most energy demanding stage). According to the aforementioned, the 1st and 2nd stages are the most 

contaminant among the rest of the life cycle stages.   

 

According to the ReCiPe 2016 report, the Characterization factors at the midpoint level are located 

somewhere along the impact pathway, typically at the point after which the environmental mechanism is 

identical for all environmental flows assigned to that impact category. Characterization factors at the 

endpoint level correspond to three areas of protection, i.e., human health, ecosystem quality and resource 

scarcity. The two approaches are complementary in that the midpoint characterization has a stronger 

relation to the environmental flows and a relatively low uncertainty, while the endpoint characterization 

provides better information on the environmental relevance of the environmental flows but is also more 

uncertain than the midpoint characterization factors36. This can lead to the conclusion that the most trusted 

results, as we are looking at the environmental flows, are the midpoint characterization assessment results. 

  

Although this study is based on forecasted data, the main idea of how the impact will be formed when the 

mine will enter the operation phase in 2026, was drawn. In case that the Hannukainen Engineer’s could 

provide more detailed data close to the end of the project, then this study will be revised. The iterative 

character of the LCA study serves such type of updates. 

                                                           
36 ReCiPe 2016 v1.1 A harmonized life cycle impact assessment method at midpoint and endpoint level Report I: 
Characterization. 

https://pre-sustainability.com/legacy/download/Report_ReCiPe_2017.pdf
https://pre-sustainability.com/legacy/download/Report_ReCiPe_2017.pdf
https://pre-sustainability.com/legacy/download/Report_ReCiPe_2017.pdf
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3. LCA on the IIoTp  

The rapid development of IoT technology pave the road for unlimited connection from anywhere and 

anytime, expecting to considerable affect the way we live, work, and learn. This promising technology is able 

to make product management more flexible and efficient. The increased efficiency of communication 

technology has also increased the available bandwidth as well as the scalability properties. Dig_IT took 

advantage of the needs of digitalization and developed the IIoTp which aims at improving the overall 

performance of the mines Life Cycle. The smart Industrial Internet of Things platform (IIoTp) is employed to 

achieve real-time and historical data from heterogeneous sources which are fed on Real-time Digital twins 

and simulate multiple dynamic statuses of the mine operation and the surroundings.  

 

Although the aim of the LCA performed and presented in Chapter 2 was to enhance the knowledge of the 

environmental benefits of IIoTp installation in mines, the LCA developed under this chapter aims to assess 

the impact that the platform (itself) and its installation and operation brings to the society. LCA’s on Internet 

of Things is quite new and very limited literature is available. According to the available literature, the 

application of IoT has not caught the researchers’ attention enough in the field of LCA and only few studies 

about LCA based on IoT have been developed37. Also, the identified literature thematic areas were irrelevant 

to the Project’s concept. 

 

Considering and understanding the overall idea of the literature findings, the environmental impact of the 

IIoT platform is estimated taking into account the main parameters affecting the platform's actual operation: 

impact from the use of gateways/aggregators/edge servers, sensor development, the use of the Internet and 

the energy consumption.  

 

The methodological framework used for the current LCA is the same among all the mines and therefore, it 

will not be repeated. However, LCI data and LCIA results are different among mines and are presented in 

different chapters. 

 

It should also be mentioned that the platform’s architecture is not fully set up and in operation phase and 

therefore this study needs to be revised when the IIoT platform will be fully active. For the needs of this 

study, some assumptions were considered. According to the technical partners’ feedback, the platform’s 

architecture will be finalized close to the end of the project. 

 

3.1. Goal & Scope Definition 

 

Goal  

IIoTp aims to address the Dig_IT’s project goal which basically is the needs of the mining industry to move 

towards a sustainable use of resources in respect to the environment. The IIoTp aims to improve the mining 

                                                           
37 Jinjing An et all, “An IoT-Based Life Cycle Assessment Platform of Wind Turbines” February 2021 
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efficiency and sustainability of mining operations by connecting cyber and physical systems. Therefore, the 

LCA goal is to determine the potential environmental impact that the IIoTp itself brings to the society. 

Although the IIoTp architecture is under development and not all the installations are in place and in actual 

work, the main idea has been established and therefore the full system operation could be drawn.  

The goal definition based on the ISO standard requirements contains six aspects: 

Intended application of the Results: The intended application of the results is to assess the environmental 

impact of the IIoTp architecture and to understand if this digitalization is adding an important environmental 

load to the society.  

Methods, assumptions and impact limitations due to methodological choices: The same methodological 

aspects and assumptions are applied for all the use cases. The same pattern will be followed, meaning the 

same goal and scope definitions, system boundaries, functional unit, data with similar degree of accuracy 

and impact assessment indicators.  

The platform’s architecture is still under development and various aspects have not been determined yet. 

However, the first assumption that it was necessary to be made for carrying out the study is that the 

architecture is defined, and all the technologies have been set up and operate simultaneously. The second 

assumption is in regards with the operational time of each of the Dig_IT technologies, the frequency of data 

retrieving from the sensors and the edge servers, as this information have not been clarified from the mines 

and the technology developers yet. It makes sense to take such decisions when the platform is fully setup 

and after some time of operation, but for the needs of the study it was assumed that the technologies are 

fully working every day in a computer with 68% actual work per day (the rest of the day the computer is in 

sleep or off mode) and internet access. For the modelling procedure, average European values for the energy 

consumption of the internet access, of the internet equipment and of the computer operation were 

considered. Another assumption that it was made for carrying on the study is the composition of the sensors 

which were purchased. For this reason, average data from the Ecoinvent library were used.  

Therefore, considering those important assumptions, the LCA study for the IIoTp itself should be revised at 

the end of the project when most of the assumptions could be eliminated. The iterative character of the LCA 

assessment serves such type of updates.  

Decision context and reasons for carrying out the study: The main purpose for the development of this work 

is to determine the environmental load associated with the IIoTp. Therefore, the potential environmental 

impact arising from the use of the platform will be determined and quantified.  

After following the methodology of the guideline, it was decided that this LCA applications falls under the 

scope of situation A: “Micro- level decision support. Situation A, refers to decision support typically at the 

level of sites/companies, with no or exclusively small-scale consequences in the background system or on 

other systems. I.e. the consequences of the analysed decision alone are too small to overcome thresholds 

and trigger structural changes of installed capacity elsewhere via market mechanisms. Among others, 

Situation A covers the LCA applications of the identification of Key Environmental Performance Indicators 
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(KEPI) of a product group for Ecodesign / simplified LCA, the weak point analysis, and more aspects which are 

within the goal of this study4. (See Appendix 1 for the theory of the other 2 scenarios) 

Target audience: As the main objective of this work is to support the consortium on the evaluation of the 

environmental performance of the IIoTp itself, and to better understand its benefits and disadvantages, the 

target audience for this LCA is the Dig_IT consortium (including the mine owners), as well as the European 

Commission. As listed in the DoW, since the Dissemination Level is set to “Public”, the results of the LCA are 

expected to be released to the general public, in respect to the confidential data. 

Comparisons intended to be disclosed to the public: This study does not include any comparison.  

Commissioner of the study and other influential actors: The LCA study is developed within the received 

funding from the European Union’s Horizon 2020 Research and Innovation Action programme, under grant 

agreement No 869529. The list of influential actors is composed of the organizations participating in the 

Dig_IT project, giving particular relevance to the partners involved in the technical developments.  

Scope 

The scope of the LCA study is analysed by the following five central aspects. However, due to the iterative 

nature of an LCA study, the considerations given here have been refined during the course of the project.  

 

Object of the assessment: In the LCA study, the object is defined in terms of function, functional unit and/or 

reference flow. From the perspective of user, the function of the IIoTp is to collect real and historical data, 

process them in the different developed technologies through advanced algorithms and at the end to have 

an optimising mining production rate, minimising operational costs, and maximising productivity (obligatory 

property38). The positioning property39 of the IIoTp is to supply the public with some of the information so as 

to aware them about the safety and sustainable practices followed in the mining procedures as well as the 

technological progress and the economic benefit that this breakthrough technology brings to the 

region/country (positioning properties).  

 

Moreover, for the needs of this work, the functional unit was defined based on time since this unit could be 

easy to work with. Therefore, the functional unit for this study was defined as, ‘one year of IIoTp fully 

ƻǇŜǊŀǘƛƻƴ ƛƴ ŜŀŎƘ ŎŀǎŜ ǎǘǳŘȅΩ.  

 

LCI modelling framework and handling of multifunctional processes: There are no secondary functions in 

this study which needs further handling. Furthermore, the attributional modelling will be followed where the 

situation A (which concerns the micro-level decision support) previously chosen belongs to this modelling. 

As the overall aim is to represent the IIoTp in isolation from the rest of the Technosphere or economy, the 

main question that the attributional modelling answers is what environmental impact is attributed to the 

installation and operation of the IIoTp.  

 

                                                           
38 Obligatory properties are features that the product must possess for any user to perceive it as a product. Source: Michael 

Z. Hauschild, Ralph K. Rosenbaum,  Stig Irving Olsen, “Life Cycle Assessment, Theory and Practice”, ISBN 978-3-319-56474-6 
39 The positioning properties are optional features of a product, which can be used to position it as more attractive to 
the consumer in the competition with other similar products. Source: Michael Z. Hauschild, Ralph K. Rosenbaum, Stig Irving Olsen, 

“Life Cycle Assessment, Theory and Practice”, ISBN 978-3-319-56474-6 
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System boundaries and completeness requirements: The system boundaries of the installation and 

operation of the IIoTp that will be examined considers the cradle-to-cradle life cycle perspective for 1 year of 

mine operation, meaning from the installation of the sensors and the final platform operation without waste 

production. According to the experts, the Dig_IT technologies does not require any maintenance after one 

year of operation and thus no maintenance is considered. The table below depicts all the technologies and a 

short description of each.  
 

Table 5. Description of Dig_IT technologies 

Dig_IT Technologies Description  

IIoT Platform 

(ICCS) 

Open-source platform with hardware and software agnostic, performing an 

initial aggregation from end-devices and sensors.  

Cyber Security Layer 

(ROTECH) 

Platform to provide secure embedded primitives to access devices for critical 

and sensitive applications.  

RT DT- Geotechnical 

(SUBTERRA) 

Technology in the field: Infrared and RGB imagery from UAV programmed 

flights by drone (with laser scanner, piezometers and total pressure cells). 

Collected Information (geometric, geotechnical, geological, structural) will be 

implemented in models.  

RT DT FD Risk Maps 

(ITAINNOVA)  

Simulation models to analyze critical fluid dynamics processes in a mining 

context (Digital twins of fluid dynamic phenomena). Generated information 

will be visualized as a risk map (it is a real-time Digital Twin for a specific 

health and/or environmental indicator geographically distributed within the 

mine.) 

RT DT Assets 

(TAU) 

Technology in the field: Sensors placed on the assets: tools, machines and 

vehicles. Data send to the aggregator to be used by other technologies. 

Real-time (digital twin) simulation models used for building the DTs, when 

running on the edge, will allow the generation of advanced virtual sensors. 

Virtual sensors will use data collected from real sensors from the assets in 

the mine, new valuable information will be generated and added to the 

platform for mine management.  

Big Data 

optimisation 

(BRUNEL) 

Method, algorithms, model for detecting, classifying and predicting the 

events/failures. Data received by sensors and historical data.   

Smart Scheduling 

(BRUNEL) 

Method, algorithms for optimal planning in mining operation (examines 

mine stability, truck routes, etc.) - Phase-Based Evolutionary Algorithm.  

Sustainability 

Compliance 

(IOTA) 

Consensually synchronized databases shared across multiple sites, 

institutions or geographies. Focus will be in four different axes: water, 

material, waste, emissions including a societal awareness parameter that 

guarantees safeguarding sustainability and establishing trustful relationships 

with local communities. Platforms with combined on-line data from the four 

axis will carry the information to the public. 

Smart Garment OSH 

(ICCS) 

Technology in the field: embedded miniaturized sensing devices vest/jacket 

to achieve the highest possible acceptance rates among workers. An AI-
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enabled speech recognition-based earplug developed for voice 

processing/recognition when the personnel needs to interact with the 

decision support centre in a commode, non-interruptive fashion. 

Online OHS 

measurements & 

Online 

measurements 

ambient 

environment 

(SINTEF) 

Technology in the field: online Environmental Health Safety (EHS) and 

Sustainability Monitoring. Sensors will be placed to deliver online 

measurements on the environmental and workspace aspects (sensors for 

dust, particulate matter, electrochemical, air velocity).  

Predictive 
Operation (POS) 
 (CORE) 

Algorithms which will have inputs the sensor values and the system settings 

to estimate the energy consumption, downtime prediction and maintenance 

cost per asset.  

Predictive 

Maintenance (PMA) 

(CORE) 

Algorithms and data from sensors to perform health assessment on tools, 

machines and vehicles. The resulting Anomaly Detection models will be able 

to assess the machine states and indicate possible failures, relying on error 

metrics and their deviation from the norm. 

Intelligent toolbox 

for OHSE  

(LIBRA & CORE) 

Models that provide insights regarding safety issues in three components: 1. 

Biosignal analytics & anomaly detection (processing data from smart 

garment). 2. Air-quality smart monitoring and forecasting (air quality-data 

from sensors). 3. Spatiotemporal person & asset tracking and early warning 

system (processing data from smart garment & sensors on assets).) The 

trajectories of persons and critical assets will be tracked, analysed and 

forecasted in real time using cutting edge recurrent Neural networks as well 

as Bayesian inference-based position tracking. 

Business 

Intelligence (BI)  

(LIBRA) 

System comprising an extensive dashboard suite that support exploration 

and visually enabled data slicing, dicing and drilling down allowing laser-

sharp focus into vital operational, safety and environmental impact aspects. 

Historical and real-time/streaming data generated by the full range of the 

mining industry processes and Dig_IT IIoTp. The developed BI/DSS will 

support a versatile, real-time, both rule-based and event-triggered alerting 

system. 

 

Each mine is developing a combination of some of the various technologies depending on their needs, except 

Titania mine which is interested in all the technologies (this information is valid in M24).  

 

Table 6. Technologies for each use case 

Dig_IT technologies  MARINI LA PARRILLA  TITANIA  SOTKAMO  HANNUKAINEN  

IIoT Platform  x x x x x 

Cyber Security Layer  x x x x x 
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RT DT- Geotechnical  x x x 
  

RT DT FD Risk Maps  x 
 

x x 
 

RT DT Assets  
  

x x 
 

Big Data optimisation  x 
 

x x (2) 
 

Smart Scheduling  x 
 

x 
  

Sustainability Compliance  
  

x 
 

x 

Smart Garment OSH  x 
 

x x 
 

Online OHS measurements  x 
 

x x 
 

Online measurements 
ambient environment  

X (1) 
 

x x (1) 
 

Predictive Operation  
(POS) 

x 
 

x x 
 

Predictive Maintenance 
(PMA) 

x 
 

x x 
 

Ιntelligent toolbox for OHSE  x 
 

x x 
 

Business Intelligence (BI) x x x x x 

(1) Only measurements required to support RT DT FD, (2) Only data analysis to support RT DT Assets  

 

The system boundaries are depicted on the flow chart below describing all the Dig_IT technologies and 

particularly Titania’s platform architecture:  
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Figure 12. System Boundaries under study for the High-level ǇƭŀǘŦƻǊƳΩǎ architecture 

The figure describes the steps that the IIoT platform will follow when all the technologies are combined. 

Depending on the mines interest, a combination of different technologies is applied to each mine. For the 

moment, a high-level architecture has been designed.  

 

Briefly, data will be collected through the smart garment, the legacy sensors (data will still be collected 

through the sensors that the mines had already installed before Dig_IT and SCHNEIDER examines this 

possibility), geotechnical sensors, environmental and workplace sensors, as well as assets sensors. 

Geotechnical and asset sensors primary data will be saved to edge servers located in the mines. All the raw 

data will be hosted to the aggregator located in Schneider’s facilities except the data from the smart garment 

which will be saved to the ICCS platform directly. From Schneider’s aggregator (cyber security layer is 

applied), the data will be moved to the ICCS aggregator, in which the distributed ledger technology and the 

cyber security layer are incorporated to the platform. SCHNEIDER’s work as the gateway to data produces 

(i.e., sensors) and ICCS works as gateway to provide access to data users for visualization, processing, alert 

generation, decision support system, DTs, etc. Data from the ICCS aggregator are then running to the data 

warehouse and to the Kafka broker (located in the same server). The intelligent layer is retrieving data from 

this layer only.   
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The Digital Twins layer and the intelligent layer are fed with data from ICCS data warehouse. Most of the 

technologies belonging in those two layers are incorporated in the main ICCS platform as stand-alone 

programs (e.g., software package of big data optimization and smart scheduling tool, RT DT- Geotechnical 

which is fed from the geotechnical sensors). Some other technologies receive data from the platform, process 

them in their facilities and then send to the platform the main results (e.g., CORE). Some other technologies, 

as for example the risk maps (fed by SINTEF’s sensor) and DT Assets (fed by TAU gateway), are embedded as 

standalone programs in LIBRA’s dashboard. Results from the predictive operation, predictive maintenance 

and bio signal analytics & anomaly detection and air-quality forecast (feeding the intelligent toolbox), are 

processed in CORE’s facilities and results are feeding the LIBRA’s business intelligent layer and ICCS’s 

warehouse.  

 

Representativeness of LCI data: LCA aims to reflect as much as possible the physical reality, thus the model 

should represent what is actually happened or will be happened and to be as much representative as possible 

in terms of inventory data.  Representativeness of LCI data can be understood in the three interrelated 

dimensions, the geographical, the time-related and the technological. The geographical representativeness 

is very well satisfied, as the mines location is a known information. However, it is not defined yet for all the 

technologies the geographical area where the technologies will process the data. For this version of the study 

(1st iteration) and according to the assumptions referred in the studies goal, the geographical area considered 

is Europe and thus average European practices have been chosen for the modelling procedure. As for the 

time-related representativeness, the inventory data represent a forecast of how the IIoTp will operate when 

it will be fully installed (and as this study describes). Lastly, the same technology and equipment is used for 

all the mines as representative sensors, gateways and server operation have been used for the inventory 

modelling.  The equipment is purchased and therefore the composition of its sensor is unknown (and will 

remain as that), however the environmental impact of the sensors’ development has been considered by 

assessing the impact of average electronic control units including housing, printed wiring boards and cables 

according to the Ecoinvent library.  

 

Preparation of the basis for the impact assessment: To be proactive, the selection of impact coverage is 

taking place from this early step (prior to the LCI analysis) to ensure that the correct data have been collected 

in the LCI. Therefore, all environmental impacts where the product system has relevant contributions are 

included in the impact assessment. This LCIA examines all the impact categories40 and the most relevant are 

presented on this report. Therefore, all five elements of the impact assessment are utilized on this study and 

are the classification and characterization (mandatory steps according to ISO 14040), as well the 

normalisation and weighting (optional steps according to ISO 14040). Please refer to Appendix 3 for the 

background theory. By definition, the impact assessment means various emissions which are assigned to 

impact categories at mid-point and endpoint categories. At midpoint level, indicators such as Global Warming 

Potential (GWP), Acidification Potential (AP), Eutrophication Potential (EP), Photochemical Ozone Creation 

Potential (POCP), Human Toxicity (cancer and non-cancer related), Respiratory Inorganics, Ionising Radiation, 

Land Use, Water Footprint, and Resource Depletion, will be examined. As for the categories at the endpoint 

level, the Area of Protection (AoP) i.e. on human health, on the natural environment and on natural resources 

                                                           
40 Impact category is defined as a “class representing environmental issues of concern to which life cycle inventory 
analysis results may be assigned”. (source: ISO 14044) 
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will be analysed. See Appendix 4 for the background theory on this topic. LCA uses a number of category 

indicators based on specific characterization models which are combined into predefined sets or methods 

referred as LCIA methods. This study utilizes the ReCiPe midpoint and endpoint LCIA method which is 

appropriate for this nature of LCAs.  

3.2. Life Cycle Inventory (LCI) 

The LCI step is guided by the goal and scope. The core activity of the task is the collection of as many 

representative data flows for the IIoTp life cycle. The below 4 steps addressed the needs of this step. 

Data categories: The input and output data related to IIoTp were acquired though the online meetings with 

the technology developers.  During the meetings, the same questions were made to the partners and the 

conversation was guided according to their answers. Therefore, the number of the 

gateways/aggregators/edge servers and sensors, equipment composition, the use of the Internet access and 

equipment, and the computers/server energy consumption as well as the operation time of the whole system 

and the frequency of the data acquisition were estimated and used for this study. This study does not include 

waste, because in the one year of fully platform operation (functional unit), it is assessed that there will not 

be any damage and consequently no maintenance of the physical devices.   

 
Table 7. LCI data and information collected  

Life Cycle Stages Type of Data collection 

Materials needed  Physical devices: gateways, aggregators, edge servers and 

sensors 

Labour and energy utilization Energy needed for the physical devices’ development.  

Installation and operation logistics Energy needed for the platform’s setting up and the data 

storage.  

Operation energy consumption  Energy needed for 1 year of fully platform operation. 

Data Collection, quality and Data sources: For the needs of this study, inventory data/primary information 

were used from the technology developer partners of the project’s consortium. Secondary data were also 

used and extracted from the Ecoinvent database (physical devices compositions and energy needed for 

building them, energy from the grid).  As already mentioned, data collected for the study have been mainly 

obtained from one-to-one meetings, videos of site visits and electronic mail. 

Data management and Software: All information gathered for the study needs reflects the studies functional 

unit. Then the data were imported into the Software SimaPro41 version 9.2, which is a widely used commercial 

LCA software. SimaPro is used for the LCI and LCIA procedures together with the LCI database Ecoinvent42 

version 3 (the Ecoinvent database is used for the background data). The Hierarchist (H) cultural perspective 

was used as the more relevant (Please refer to Appendix 5 for more background theory). This software 

enables the storage and organization of LCI data and the calculation of their environmental impacts.  

Inventory Data: In this section, the respective LCI data for this study are presented. 

                                                           
41 PRé:. Company History. https://www.pre-sustainability.com/company-history. Accessed 31/01/2022 
42 Ecoinvent: https://ecoinvent.org/the-ecoinvent-database/ . Accessed 31/01/2022 

https://ecoinvent.org/the-ecoinvent-database/
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Table 8.Description for the LCI data for each technology 

Dig_IT 
technologies 
application 

MA
RINI 

LA 
PAR
RILL
A  

TIT
ANI
A  

SOT
KA
MO  

HANN
UKAIN
EN  

Estimations/Assumptions 

IIoT Platform 

x x x x x 

Aggregator working in the office of the mine hosting 
SCHNEIDER’s and ICCS’s aggregators working 24 h/7 
days a week. (24volt – very low- like charging the 
laptop) 

Cyber Security 
Layer  

x x x x x 
Embedded in IIoTp 

RT DT- 
Geotechnical  

x x x   

1 Drone with sensors for the whole project (1 flight 
a day), 1 edge server in SUBTERRA’s facilities 
receiving data for all the mines and running 1day per 
week. Results feed IIoTp.  

RT DT FD Risk 
Maps  

x  x x  Input from SINTEF’s sensors, feed BI (LIBRA’s layer) 

RT DT Assets  

  x x  

Install gateway’s on 7 vehicles - taking power from 
the assets itselfĄretrieved data are transferred to 
the TAU’s edge server (24h/7days a week)Ądata are 
feeding SCNHEIDER’s aggregatorĄ data are input 
for the RT DT AssetsĄ results (how the vehicle 
operates and how it should operate) feed BI (LIBRA’s 
layer) 

Big Data 
optimisation  

x  x 
x 

(2) 
 Software package Embedded in IIoTp 

Smart Scheduling  x  x   Software package Embedded in IIoTp 

Sustainability 
Compliance  

  x  x 
Embedded in IIoTp 

Smart Garment 
OSH  

x  x x  

A vest/jacket comprising of several subsystems 
(vest/smart garment hub (chip), headset (noise 
sensor), wristband (4 sensor/modules). Input feeds 
directly the IIoTp and then the Intelligent toolbox for 
OHSE. Recharge it every 12 h. 

Online OHS 
measurements  

x  x x  3 Sensors installed in each closed mine collecting 
data (regarding dust, particulate matter in different 
sizes, electrochemical sensors for measuring gases, 
etc.) several times per minute feeding SCHNEIDER’s 
aggregator. A package/casing developed through 3D 
printing for holding the combination of sensors. In 
Titania, there is a sensor for measuring turbidity and 
water. All sensors are charged by USB twice a week. 

Online 
measurements 
ambient 
environment  

X 
(1) 

 x 
x 

(1) 
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Predictive 
Operation  
(POS) 

x  x x  

Marini Mine will provide CORE with time-series data 
from the mine (no extra device needed).  For the rest 
of the mines, data from the asset sensor and 
specification/maintenance/operational data are 
used. All the data are processed in CORE’s facilities 
in a server running 24 hours per day. Only results are 
feeding the Dig_IT platform and then the BI layer. 
CORE’s server does not save the data feeding its 
algorithms. 

Predictive 
Maintenance 
(PMA) 

x  x x  

CORE installed its solution on Marini’s asset in order 
to retrieve the appropriate data for conducting 
predictive maintenance. For the rest of the mines, 
data are retrieved from TAU’s sensors. All the data 
are processed in CORE’s facilities in a server running 
24 hours per day. Only results are feeding the Dig_IT 
platform and then the BI layer. CORE’s server does 
not save the data feeding its algorithms. 

Ιntelligent 
toolbox for OHSE  

x  x x  

1. Biosignal analytics & anomaly detection:  
retrieve data from the smart garment. Results 
for the prediction of the health state of 
individual are processed in CORE’s facilities and 
are feeding the Business Intelligent. The server 
runs 24 hours per day. 

2. Air-quality smart monitoring and forecasting: 
retrieve data from environmental sensors. 
Results for forecasting future concentrations of 
gases (CO, NO2) and dust measurements (pm2.5 
& 10 μm/m3) are processed in CORE’s facilities 
and are feeding the Business Intelligent. The 
server runs 24 hours per day. 

3. Spatiotemporal person & asset tracking and 
early warning system: retrieve data from smart 
garment & sensors on assets. It is placed in 
Sotkamo and in Titania running 24 hours per day 
in LIBRA’s facilities.   

Business 
Intelligence (BI) 

x x x x x 

Input from data warehouse & Kafka broker from the 
ICCS server is feeding this layer. The LIBRA’s server is 
located to the ICCS facility, and it is working 24 hours 
per day. 

(1) Only measurements required to support RT DT FD, (2) Only data analysis to support RT DT Assets  

 

3.3. Life Cycle Impact Assessment (LCIA) 

In the Life Cycle Impact Assessment, the inventory data are aggregated and converted to environmental 

impact/load for each impact category. SimaPro contains a number of impact assessment methods, which are 

used to calculate impact assessment results. All the different methods are assessing the same environmental 
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impact of the same product/service/procedure, but they differ on the factors that they are considering for 

converting the inventory data into impact. Each method has its own perspective and thus observing results 

from different methodologies allows to draw more complete conclusions. 

According to the study’s goal and scope, the impact categories, category indicators and characterization 

methods have been selected to provide a comprehensive profile of environmental impacts for emission from 

the IIoTp production and operation. The results are listed per mine and the main conclusions are drawn. The 

presented graphs are screenshots from the SimaPro software and graphs processed in the excel. 
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TITANIA IIoTp case  

Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Characterization 

 

The first graph indicates that the IIoTp developed to cover Titania digitilization needs, affects mostly the mineral and fossil resource scarcity impact 

indicators.  

 

After a closer look, and after assigning the impact to each specific technology contribution, it can be observed that the fossil resource scarcity indicator 

marks the higher impact among other indicators, as the below graph depicts, followed by the mineral resource scarcity indicator. This result was expected 
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as the IIoTp technologies (aggregators and servers) are using energy from the grid and fossil are the resources mainly consumed to produce energy in 

the average European practices.  

 

*Background theory: For the impact category fossil resource scarcity, the damage modelling is subdivided into several steps. It is assumed in the endpoint modelling that 

fossil fuels with the lowest costs are extracted first. Consequently, the increase in fossil fuel extraction causes an increase in costs due either to a change in production 

technique or to sourcing from a costlier location. For example, when all conventional oil is depleted, alternative techniques, such as enhanced oil recovery, will be applied 

or oil will be produced in alternative geographical locations with higher costs, such as Arctic regions. This, when combined with the expected future extraction of a fossil 

resource, leads to a surplus cost potential (SCP) which is the endpoint indicator for this impact category. Here, we estimated the damage to natural resource scarcity. 

The fossil fuel potential (higher heating value) was used as midpoint indicator. Endpoint characterization factors (CFe) for the extraction of fossil resource x, expressed 

as Surplus Cost Potential (SCP).  
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The impact on the rest of the impact indicators is not visible as the difference between the impact magnitudes is big. Therefore, the results for each 

technology development separately and by excluding the mineral and fossil resource scarcity indicators, are depicted on the graph below.  
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From this analysis and as the horizontal axis depicts, it can be stated that the rest of the impact indicators are less contributed and there are other impact 

indicators which their impact is not even visible (Global warming in the freshwater ecosystems, marine eutrophication, and water consumption of aquatic 

ecosystems. However, after the fossil resource scarcity, the most impacted indicators are the global warming affecting the human health and the fine 
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particulate matter formation, as well as the human carcinogenic and non-toxicity. The use of the internet and the computer equipment is the reason for 

this impact.  

Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Normalization 

 
As for the normalized values, the human health endpoint indicator seems to be affected more than the ecosystems and resource scarcity indicator due 

to the use of the energy (as explained already). Weighting and damage assessment impact methods verified the results of the normalized values and 

thus are not presented in the report.  
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Normalization 

 

 

Moving to the normalized Midpoint assessment methodology, the total impact (blue column) of the Titania’s platform seems to affect more the 

freshwater eutrophication and then, the fossil resource scarcity and ionizing radiation indicators. The result is caused again mainly due to the energy 

consumption. 
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Characterization 

 

At the same time, the characterized values of the same methodology presents the higher impact to be accumulated on the global warming indicator 

followed by the fossil resource scarcity impact indicator. Similarly to the Endpoint impact categories, the midpoint indicators seem to be also sensitive 

to the fossil resource scarcity and global warming. The rest of the midpoint indicators seems to mark relatively low impact.  
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Marini IIoTp case 

Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Characterization 

 

Marini mine will incorporate almost all the technologies of the IIoTp platform with minor differences from Titania, which means that almost the same 

results are expected as in Titania. The first assessment methodology indicated that the IIoTp technologies running in Marini, affects mostly the fossil 

resource scarcity impact indicator due to the continuously use of the servers and the aggregators. Excluding this highly contaminated impact indicator 

and after running again the simulation, the results reveals that the secondly most affected indicator is the mineral resource scarcity. Those two indicators 

are expressed in the same unit (USD2013). The highly marked impact of the two indicators does not allow to take a closer look and observe the 

environmental performance of the rest of the indicators. For this reason, both indicators were excluded and the environmental performance of the 

Marini’s mine is depicted on the graph below.  
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The results indicated that the fine particulate matter formation, secondly the global warming indicators and in a lower contamination degree the human 

carcinogenic and non-toxicity are the secondly most affected group of indicators (after the mineral and fossil resource scarcity). The use of the internet 

and the computer equipment is the reason for this impact. The rest of the impact indicators marked a much lower impact compared to the 

aforementioned ones.  
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Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Normalization 

 
 

As for the normalized values of the Endpoint assessment method, the human health endpoint indicator seems to be affected more than the ecosystems 

and resource scarcity indicator due to the use of the energy (as explained already and as it was visible in Titania’s case). Weighting and damage 

assessment impact methods verified the results of the normalized values 
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Normalization 

 

In the Midpoint assessment methodology, most of the impact is accumulated to the freshwater eutrophication indicator followed by the fossil resource 

scarcity and ionizing radiation indicators. This impact is caused due to the use of the energy from the grid which according to the normalized factors 

assigned to this specific methodology, are more sensitive than the rest of the impact indicators. 
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Characterization 

 

 
 

The characterized values of the same methodology reveals that the higher impact is accumulated to the global warming indicator and secondly the fossil 

resource scarcity indicator. The rest of the midpoint indicators seems to mark relatively low impact compared to the two indicators.  
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La Parrilla IIoTp case 

Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Characterization 

 

 

 

Coming to La Parrilla digital platform, the IIoTp installed in this mine incorporates less technologies than the rest of the mines, thus the environmental 

magnitude is smaller than Titania and Marini. As it was expected, mostly the fossil resource scarcity impact indicator due to the continuously use of the 

servers and the aggregators, and then the mineral resource scarcity indicators for the same reason are affected. Excluding both indicators, the 

environmental performance of the La Parrilla’s mine is depicted on the graph below.  
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As it was expected, the results presented the most contaminant indicators which were the fine particulate matter formation and the global warming 

indicators. At a lower contamination degree, the human carcinogenic and non-toxicity indicators are the secondly most affected group of indicators 

(after the mineral and fossil resource scarcity). The rest of the impact indicators marked a much lower impact compared to the aforementioned ones.  
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Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Normalization 

 
 

After normalization, it is clear that Recipe endpoint indicates that Human Health is the most impactful damage category concerning the total impact, 

covering about 90% of the total. Weighting and damage assessment impact methods verified the results of the normalized values and thus are not 

included in the analysis. 
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Normalization 

 

 

In the Midpoint assessment methodology, most of the impact is accumulated to the freshwater eutrophication indicator followed by the fossil resource 

scarcity and ionizing radiation indicators. This impact is caused due to the use of the energy from the grid which according to the normalized factors 

assigned to this specific methodology, are more sensitive than the rest of the impact indicators. 
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Characterization 

 
The characterized values of the same methodology reveals that the higher impact is accumulated to the global warming indicator, followed by the fossil 

resource scarcity indicator and the ionizing radiation. The rest of the midpoint indicators have almost nearly negligible contamination.  
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Sotkamo IIoTp case  

Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Characterization 

 
 

Contamination analysis for Sotkamo’s installed digital platform revealed (as it was expected from the rest of the mines’ analysis) that the higher 

contamination is concentrated to the fossil resource scarcity impact indicator followed by the mineral resource scarcity indicator. For this reason, the 

above graph excludes both indicators. The fine particulate matter formation and the global warming indicators seem to be the most contaminant stages, 

while the human carcinogenic and non-toxicity indicators marks a lower impact and the rest have almost a neglected impact.  
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Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Normalization 

 
Human Health is the most impactful damage category concerning the total impact, covering almost 90% of the total impact. Weighting and damage 

assessment impact methods verified the results of the normalized values and thus are not included in the analysis. 
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Normalization 

 

The freshwater eutrophication indicator followed by the fossil resource scarcity and ionizing radiation indicators have concentrate most of the negative 

impact. This impact is caused due to the use of the energy from the grid which according to the normalized factors assigned to this specific methodology, 

are more sensitive than the rest of the impact indicators. 
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Characterization 

 

 
As it was anticipated, the characterized values of the same methodology revealed that the higher impact is accumulated to the global warming indicator, 

followed by the fossil resource scarcity indicator and the ionizing radiation. The rest of the midpoint indicators have almost nearly negligible 

contamination.  
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Hannukainen IIoTp case 

Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Characterization 

 

 
 

The Hannukainen mine is still under the permitting process and therefore the IIoTp platform is not installed yet. However, the Hannukainen mine is 

interested in only a few technologies developed in the frame of the project.  

 

The contamination analysis of the digital platform revealed that the higher impact is concentrated to the fossil resource scarcity impact indicator followed 

by the mineral resource scarcity indicator. Therefore, those two indicators were removed to better observe the magnitude of contamination to the other 

impact indicators as well, and the results show a concentration on the fine particulate matter formation and the global warming indicators. The human 

carcinogenic and non-toxicity indicators marks a lower impact, while the rest impact indicators have almost a neglected impact.  
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Assessment Method: ReCiPe 2016 Endpoint (H) V1.04/ Normalization 

 
Human Health seems to be the most impactful damage category concerning the total impact, covering almost 90% of the total impact, followed by the 

damage in the ecosystems and damage on the resources. Weighting and damage assessment impact methods verified the results of the normalized 

values and thus are not included in the analysis. 
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Normalization 

 

 

As it was anticipated, higher concentrations are marked on the freshwater eutrophication indicator followed by the fossil resource scarcity and ionizing 

radiation indicators. This impact is caused due to the use of the energy from the grid.  
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Assessment Method: ReCiPe 2016 Midpoint (H) V1.04/ Characterization 

 

 
The characterized values of the same methodology revealed that the higher impact is accumulated to the global warming, the fossil resource scarcity 

and the ionizing radiation indicator. The rest of the midpoint indicators have almost nearly negligible contamination. 
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3.4. Interpretation 

At this phase of the LCA, the results are evaluated, significant issues are identified, conclusions are drawn, 

and recommendations are made (ISO 14043: 2000). Conclusions and recommendations are made in the 

context of the defined goal and scope and bearing in mind the limitations of the results. 

The aim of this study is to assess the environmental impact that the IIoTp platform (Dig_IT’s developed 

technologies) adds to the society. Till currently, the platform architecture has not been defined yet, various 

aspects have not been determined and therefore the platform has not entered the operation phase. 

However, for the needs of this study, some estimations and assumptions took place regarding the undefined 

and unknown aspects. It is expected that close to the end of the project the platforms architecture will be 

defined and this study will be revised to include the actual performance (eliminate assumptions). For 

example, an assumption that will be eliminated, is the consideration of the specific location (according to the 

geographical area) of the energy consumption. This simply means, that when the 

servers/aggregators/sensors will be moved/installed to the mines and all the technologies will operate for 

some time simultaneously, then the energy consumption of the server/aggregator/ sensor will be measured 

directly, and these values (the real values) will be assessed for the LCIA analysis. Although this very important 

parameter will be reassessed at the end of the project, there are some other parameters which cannot be 

fully reassessed, as for example the exact composition of the sensors (there are purchased and not developed 

from the consortium and therefore data for the sensors inventory were retrieved from the Ecoinvent library 

for carrying out the present assessment).  

The same methodological aspects and assumptions are applied for all the use cases. The same pattern will 

be followed, meaning the same goal and scope definitions, system boundaries, functional unit, data with 

similar degree of accuracy and impact assessment indicators. Therefore, environmental impact was assessed 

for one year of the platform’s fully operation.  

Different LCIA methods (incorporated in the SimaPro software used for the LCI and LCIA study) represent a 

different situation due to several reasons. For instance, each one has different impact categories that express 

the same environmental impact; or in some cases, the methods have equivalent categories with different 

impact and characterization factors. Therefore, the two ReCiPe LCIA methods (at midpoint and endpoint 

level) were chosen to translate the inventory results into environmental impact as the most relevant. Human 

health, ecosystem quality and resource scarcity are the three areas of protection for the implementation of 

the ReCiPe2016 methodology. The endpoints are related to the three areas of protection. DALYs (disability 

adjusted life years), relevant for human health, represent the years that are lost or that a person is disabled 

due to a disease or accident. The unit for ecosystem quality is the local species loss integrated over time 

(species year). The unit for resource scarcity is the dollar ($), which represents the extra costs involved for 

future mineral and fossil resource extraction. All the Midpoint impact categories are reduced to three major 

damage macro-categories (endpoint impact categories). More details on this method can be found in Annex 

6.   

Depending on the technologies that will be installed in each of the mines, the LCI was built for each mine 

separately. After observing the results of all the mines, it can be stated that the normalized values of the 

endpoint indicator revealed the Human Health as the most impactful damage category covering almost 90% 

of the total impact (between damage in ecosystems and resource scarcity). The characterized 
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values of the endpoint indicator revealed the fossil and mineral resource scarcity as the most contaminant 

indicator with a big difference from the third most affected impact indicator (third is the fine particulate 

formation and fourth the global warming).  

The normalized values of the midpoint methodology revealed a high impact on the freshwater eutrophication 

(which damages the freshwater species and thus causes damage to ecosystems), the fossil resource scarcity 

(increases the oil/gas/coal/energy cost and therefore damages the resource availability) and ionizing 

radiation (increases various types of cancers/other diseases/causes and therefore causes damage to human 

health) indicators.  The characterized values of the midpoint methodology indicated that a fully 1 year of 

platform operation will affect the global warming indicator and secondly the fossil resource scarcity indicator 

(most accumulated impact was on those two indicators). The rest of the midpoint indicators seems to mark 

relatively low impact compared to the two indicators.  

According to the ReCiPe 2016 report, the Characterization factors at the midpoint level are located 

somewhere along the impact pathway, typically at the point after which the environmental mechanism is 

identical for all environmental flows assigned to that impact category. Characterization factors at the 

endpoint level correspond to three areas of protection, i.e., human health, ecosystem quality and resource 

scarcity. The two approaches are complementary in that the midpoint characterization has a stronger 

relation to the environmental flows and a relatively low uncertainty, while the endpoint characterization 

provides better information on the environmental relevance of the environmental flows but is also more 

uncertain than the midpoint characterization factors43. This can lead to the conclusion that the most trusted 

results, as we are looking at the environmental flows, are the midpoint characterization assessment results. 

  

Although some assumptions were taken in this study, the main idea of how the impact will be formed at the 

end (when the platform will be in fully operation) was drawn. The actual platform’s impact will be assessed 

(if possible and if the mines’ are interested to observe at that point the updated results) at the end of the 

project and thus, the goal is to revise the present study at the end or after the end of the project. The iterative 

character of the LCA study serves such type of updates.  

 

  

                                                           
43 ReCiPe 2016 v1.1 A harmonized life cycle impact assessment method at midpoint and endpoint level Report I: 
Characterization. 

https://pre-sustainability.com/legacy/download/Report_ReCiPe_2017.pdf
https://pre-sustainability.com/legacy/download/Report_ReCiPe_2017.pdf
https://pre-sustainability.com/legacy/download/Report_ReCiPe_2017.pdf
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4. Conclusion 

This work has been elaborated within the framework of the Dig_IT project which is funded by the European 

Union’s Horizon 2020 Research and Innovation programme under Grant Agreement No 869529. In this 

context, the Deliverable 5.2 “LCA for the IIoTp technologies and LCA for the mining projects before and after 

the application of IIoTp technologies” is developed within task 5.2 “Sustainability assessments related to 

IIoTp”.  

The dual purpose of this task was studied in different chapters. Chapter 2 focuses on the analysis of each of 

the use cases, simulating the mining processes before and after the installation of the IIoTp. It should be 

mentioned, that although it was STRATAGEM’s intention to consider the La Parrilla case study in this report, 

it was decided that this mine will be included in the updated version of this deliverable, due to difficulties in 

approaching the mine which is currently at a standstill due to diesel prices. Additionally, a limitation for this 

study is the lack of real data for drawing the scenario “mine performance after IIoTp installation”, as the IIoTp 

is not fully installed and operating. However, to overcome this barrier, data of the “Performance 

Improvement Targets”, listed in the DoW, were used and will be updated at the very end of the project when 

there will be some use of the platform and real data will be generated. Speaking of the “after IIoTp 

installations” scenario, the Hannukainen mine is expected to enter the operating phase in 2026, meaning 

that the mine will start operating taking advantage of the Dig_IT’s developed technologies, and thus there is 

no “after” scenario to consider.  

 

As for the second purpose of this report, which is the LCA on the IIoTp system itself in all the 5 use cases, it 

should be mentioned that the platform’s architecture is not fully set up and in operation phase (since M24), 

and therefore this study needs to be revised when the IIoTp platform will be fully active. However, for the 

needs of this study, some assumptions were considered, which will be eliminated close to the project’s end 

– if possible. According to the technical partners’ feedback, the platform’s architecture will be finalized close 

to the end of the project.  
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5. Appendix  

Appendix 1  

Briefly background theory/explanation of the other two Decision-context scenarios4 

Situation A The study results are intended used to support a decision, but the small scale of the studied product 

system means that regardless the decision made, it will not cause structural changes in the systems 

that the studied product system interacts with. The decision support of the LCA study may lead to 

limited changes in other systems, e.g. a reduced demand for electricity, but the changes are not of 

a structural nature, e.g. no electricity production equipment will be prematurely taken out of use. 

Situation A covers among others the LCA applications of:  

- Comparison of specific goods or services  

- Benchmarking of specific products against the product group's average 

- Weak point analysis of a specific product, etc. 

Situation B "Meso/macro-level decision support": The study results are intended used to support a decision, 

and the scale of the studied product system is such that the decisions that are made are expected 

to cause structural changes in one or more processes of the systems that the studied product 

system interacts with. An example of a study that would be classified as belonging to this type of 

decision context is a study intended as decision support for policy development on potential 

nationwide substitution of diesel derived from oil with biodiesel for private cars. Such a decision 

will lead to structural changes in the biodiesel industry in the form of new equipment being installed 

to respond to the substantially increased demand for biofuels. 

Situation B covers among others the LCA applications of:  

- Policy development: Forecasting & analysis of the environmental impact of pervasive 

technologies, raw material strategies, and related policy development  

- Policy information: Identifying product groups with the largest environmental improvement 

potential 

- Development of specific, average or generic unit process or LCI results data sets for use in 

Situation B 

Situation C “Accounting”: Purely descriptive accounting / documentation of the analysed system (e.g. a 

product, need fulfilment, sector, country, etc.) of the past, present or forecasted future, and 

without implying a decision-context that would account for potential additional consequences on 

other systems.  

Situation C covers among others the LCA applications of:  

- Monitoring environmental impacts of a nation, industry sector, product group, or product  

- Policy information: Basket-of-products (or -product groups) type studies 

- Certified supply type studies or parts of the analysed system with fixed guarantees along the 

supply-chain 

- Accounting studies that according to their goal definition do not include any interaction with 

other systems 

*A structural change occurs when a change in one product system has such a large influence on the demand for a 

good or a service that it leads to new equipment being installed (increase in production capacity) or existing 

equipment being prematurely taken out of use (decrease in production capacity). 
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Appendix 2 

Terminology and key concepts44 

Unit process The smallest element considered in the LCI model for which input (materials, energy, resources) 
and output (products, waste, emissions) data are quantified.  

Ecosphere  “The environment” or “Nature” in layman’s terms and can be understood as everything which is 
not intentionally “man-made”. In the ecosphere reside those qualities that LCA has been designed 
to protect, i.e. ecosystems, human health and resource availability.  

Technosphere Everything that is intentionally “manmade” and also includes processes that are natural in origin, 
but manipulated by humans, such as photosynthesis when part of an agricultural system. All unit 
processes of an LCI model belong to the Technosphere. 

Elementary 
flows 

The lines between the Ecosphere and Technosphere are the elementary flows which are the only 
flows that go across the boundary between the Technosphere, and the Ecosphere and it is 
because of these flows that the Areas of Protections are potentially impacted by the product 
systems assessed in LCA. Simpler, resources and emission flows (which are not exchanged 
between unit processes) are the elementary flows. 

Background 
system 

Commonly defined as those processes of a system that are not specific to it. The background 
system is typically modelled using LCI databases, which contain average industry data 
representing the process in specific nations or regions and cannot be changed by the decision-
maker as the decision maker is just a minor customer.  

Foreground 
System  

Commonly defined as comprising those processes of a product system that are specific to it. 
Processes in the foreground system can be changed by the decision-maker.  

 

Appendix 3 

Steps for the LCIA4444 

Mandatory steps 

Selection of impact categories, category indicators and characterisation models (in practice typically done by 
choosing an already existing LCIA method) Which impacts do I need to assess? 
Selection of impact categories representative of the assessment parameters that were chosen as part of the scope 
definition. For each impact category, a representative indicator is chosen together with an environmental model that 
can be used to quantify the impact of elementary flows on the indicator. 

Classification (assigning LCI results to impact categories according to their known potential effects, i.e. in practice 
typically done automatically by LCI databases and LCA software) Which impact(s) does each LCI result contribute to? 
Classification of elementary flows from the inventory by assigning them to impact categories according to their ability 
to contribute by impacting the chosen indicator. 

Characterisation (calculating category indicator results quantifying contributions from the inventory flows to the 
different impact categories, i.e. typically done automatically by LCA software) How much does each LCI result 
contribute? 
Characterisation using environmental models for the impact category to quantify the ability of each of the assigned 
elementary flows to impact the indicator of the category. The resulting characterised impact scores are expressed in 
a common metric for the impact category. This allows aggregation of all contributions into one score, representing 
the total impact that the product system has for that category. The collection of aggregated indicator scores for the 
different impact categories (each expressed in its own metric) constitutes the characterised impact profile of the 
product system. 

Optional steps 

Normalisation (expressing LCIA results relative to those of a reference system) Is that much? 
Is used to inform about the relative magnitude of each of the characterised scores for the different impact categories 
by expressing them relative to a common set of reference impacts—one reference impact per impact 

                                                           
44 Michael Z. Hauschild, Ralph K. Rosenbaum, Stig Irving Olsen, “Life Cycle Assessment, Theory and Practice”, ISBN 978-
3-319-56474-6 
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category. Often the background impact from society is used as a reference. The result of the normalisation is the 
normalised impact profile of the product system in which all category indicator scores are expressed in the same 
metric. 

Weighting (prioritising or assigning weights to the each impact category) Is it important? 
Grouping (aggregating several impact indicator results into a group) 
Grouping or weighting supports comparison across the impact categories by grouping and possibly ranking them 
according to their perceived severity, or by weighting them using weighting factors that for each impact category 
gives a quantitative expression of how severe it is relative to the other impact categories. Quantitative weighting 
allows aggregation of all the weighted impact scores into one overall environmental impact score for the product 
system, which may be useful when the results of the LCA are used in decision support together with other condensed 
information like the economic costs of the alternatives. 

 
 

Appendix 4 

Schematic step from LCI to impact categories4 

 
Midpoint: Impact category indicator located somewhere along the impact pathway between emission and category 
endpoint44 

When the impact assessment is based on midpoint impact indicators, the classification gathers the inventory results 
into groups of substance flows that have the ability to contribute to the same environmental effect in preparation 
for a more detailed assessment of potential impacts of the environmental interventions, applying the 
characterisation factors that have been developed for the concerned impact category. For example, all elementary 
flows of substances that may have a carcinogenic effect on humans will be classified in the same midpoint category 
called “toxic carcinogen” and the characterisation will calculate their contribution to this impact. 44 

Endpoint: Attribute or aspect of natural environment, human health or resources, identifying an environmental issue 
giving cause for concern2 

Additional modelling elements are used to expand or link midpoint indicators to one or more endpoint indicator. 
These endpoint indicators are representative of different topics or “Areas of Protection” (AoP) that “defend” our 
interests as a society with regards to human health, ecosystems or planetary life support functions including 
ecosystem services and resources, for example. The numerous different midpoint indicators therefore all contribute 
to a relatively small set of endpoint indicators 44. 
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Overview of the link between the environmental mechanisms: Overview of the impact categories that are covered 
in the ReCiPe2016 methodology and their relation to the areas of protection. 

   
 

Appendix 5 

Individualist (I), Hierarchist (H), and egalitarian (E) perpsectives1 

Midpoint-oriented and endpoint-oriented methods have been created for three different perspectives (individualist 
(I), Hierarchist (H), and egalitarian (E)). These perspectives do not claim to represent archetypes of human behaviour, 
but they are merely used to group similar types of assumptions and choices. For instance: 

1. Individualist perspective (I) is based on the short-term interest, impact types that are undisputed, 
technological optimism as regards human adaptation. 

2. Hierarchist perspective (H) is based on the most common policy principles with regards to time-frame and 
other issues. 

3. Egalitarian perspective (E) is the most precautionary perspective, taking into account the longest time-
frame, impact types that are not yet fully established but for which some indication is available. 

 

Appendix 6 

45Overview of the endpoint categories, indicators, and characterization factors 

Area of 

protection  

Endpoint Unit Name Unit  Explanation 

human health damage to human 

health 

DALYs: disability 

adjusted loss of life 

years 

year relevant for human health, 

represent the years that are lost 

                                                           
45 ReCiPe 2016 v1.1 A harmonized life cycle impact assessment method at midpoint and endpoint level Report I: 
Characterization. 

https://pre-sustainability.com/legacy/download/Report_ReCiPe_2017.pdf
https://pre-sustainability.com/legacy/download/Report_ReCiPe_2017.pdf
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or that a person is disabled due to 

a disease or accident. 

natural 

environment 

damage to 

ecosystem quality 

species year: time 

integrated species 

loss 

species ³yr The unit for ecosystem quality is 

the local species loss integrated 

over time 

resource 

scarcity 

damage to resource 

availability 

resource scarcity: 

surplus cost 

Dollar dollar represents the extra costs 

involved for future mineral and 

fossil resource extraction. 

Overview of the midpoint categories and related impact indicators 

Impact category Indicator Unit CFm Abbr. Unit 

climate change Infrared 

radiative forcing 

increase 

W³yr/m2 global warming 

potential 

GWP  kg CO2 to air 

ozone depletion  stratospheric 

ozone decrease 

ppt³yr ozone depletion 

potential 

ODP kg CFC-11 to air 

ionizing 

radiation 

absorbed dose 

increase  

man³Sv ionizing 

radiation 

potential 

IRP kBq Co-60 to air 

fine particulate 

matter 

formation 

PM2.5 

population 

intake increase 

kg particulate 

matter 

formation 

potential 

PMFP kg PM2.5 to air 

Photochemical 

oxidant 

formation: 

ecosystem 

quality 

tropospheric 

ozone increase 

(AOT40) 

ppb.yr Photochemical 

oxidant 

formation 

potential: 

ecosystems 

EOFP kg NOx to air 

Photochemical 

oxidant 

formation: 

human health 

tropospheric 

ozone 

population 

intake increase 

(M6M) 

kg Photochemical 

oxidant 

formation 

potential: 

humans 

HOFP kg NOx to air 

terrestrial 

acidification 

proton increase 

in natural soils 

yr³m2 ³mo l/l terrestrial 

acidification 

potential 

TAP kg SO2 to air 

freshwater 

eutrophication 

phosphorus 

increase in fresh 

water 

yr³m3 freshwater 

eutrophication 

potential 

FEP kg P to fresh 

water 

Marine 

eutrophicati on 

dissolved 

inorganic 

nitrogen 

increase in 

marine water 

yr.kgO2/k gN marine 

eutrophicati on 

potential 

MEP Kg N to marine 

water 

human toxicity: 

cancer 

risk increase of 

cancer disease 

incidence 

- human toxicity 

potential 

HTPc kg 1,4- DCB to 

urban air 
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human toxicity: 

non-cancer 

risk increase of 

noncancer 

disease 

incidence 

- human toxicity 

potential 

HTPc kg 1,4- DCB to 

urban air 

terrestrial 

ecotoxicity 

hazardweighted 

increase in 

natural soils 

yr³m2 terrestrial 

ecotoxicity 

potential 

TETP kg 1,4- DCB to 

industrial soil 

freshwater 

ecotoxicity 

hazardweighted 

increase in fresh 

waters 

yr³m3 freshwater 

ecotoxicity 

potential 

FETP kg 1,4- DCB to 

fresh water 

marine 

ecotoxicity 

hazardweighted 

increase in 

marine water 

yr³m3 marine 

ecotoxicity 

potential 

METP kg 1,4- DCB to 

marine water 

land use occupation and 

timeintegrated 

transformation 

yr³m2 agricultural land 

occupation 

potential 

LOP m2 ³yr annual 

crop land 

water use increase of 

water consumed 

m3 water 

consumption 

potential 

WCP m3 water 

consumed 

mineral 

resource 

scarcity 

ore grade 

decrease 

kg surplus ore 

potential 

SOP kg Cu 

fossil resource 

scarcity 

upper heating 

value 

MJ fossil fuel 

potential 

FFP kg oil 

 

 


