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ABSTRACT 

This thesis presents a comprehensive study of the Naturally Occurring 

Radioactive Materials (NORM), namely 238U, 234Th and 40K in the bauxite residue 

(BR) valorization chain, incorporating a NORM impact category within the inter-

national Life Cycle Assessment (LCA) methodology. The research addressed the 

potential environmental and health concerns associated with radiological impacts 

arising from metallurgic residue valorization. Two primary goals were achieved 

during this work: (1) development and implementation of NORM impact category 

within LCA methodology and (2) characterization of BR valorization streams 

from a radiological perspective. 

A new integral model was developed to cover the gaps considering NORM 

within LCA based on the set of state-of-the-art modeling tools and internationally 

recognized radiological conversion factors. Radiological assessment of the BR 

valorization streams was performed using gamma-ray spectroscopy. 

It was demonstrated that the newly developed NORM-LCA impact category 

covered considerable risks to human health that have been historically overlooked 

in the methodology. Particularly, it was demonstrated that radiological impact 

from natural radionuclides present in the living premises resulted in the highest 

damage to people compared to existing LCA impact categories. It was also 

demonstrated that impact from incorporating BR into construction materials 

would be minor compared to existing impacts. 

During radiological characterization of the Bayer process dissolution of 40K 

and minor portion of 238U was observed. It was confirmed that minor content of 

natural isotope 238U ended up in the alumina reaching concentration of 5 Bq/kg, 

while the rest radionuclides were not detected in alumina and ended up in the BR. 

It was demonstrated that multi-stage valorization processes of BR can be 

achieved without significant radionuclide accumulation in the secondary residues. 

It was confirmed that radioactivity concentrations in the materials resulting from 

BR valorization would be too low to pose a health threat from the radiological 

standpoint. It was observed that equilibrium decay chains of natural uranium and 

thorium can be broken during chemical and metallurgical treatment of BR, with 

isotopes from a single chain ending up in different streams. A future study is 

suggested to analyze radionuclides recovered with valuable metals, and connect 

the solubility and co-recovery of radionuclides with mineral phases they exist in. 
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ABSTRACT IN ESTONIAN 

Süstemaatiline uuring looduslike radioaktiivsete ainete (NORM) 

aspektidest boksiidijääkide väärtusahelas ja NORM-olelusringi analüüsi 

metoodika arendamine 

 
See dissertatsioon esitab põhjaliku uuringu looduslikult esinevate radioaktiivsete 
materjalide (NORM), nimelt 238U, 234Th ja 40K kohta boksiidijääkide (BR) ümber-
töötlemise ahelas, lisades NORM-mõjukategooria rahvusvahelise olelusringi 
analüüsi (LCA)  metoodikasse. Uuring käsitleb jääkide ümbertöötlemist tule-
nevate radioloogiliste mõjudega seotud võimalikke keskkonna- ja tervise-
mõjusid. Selle töö käigus saavutati kaks peamist eesmärki: (1) NORM-mõju-
kategooria lisamine LCA metoodikasse ja (2) BR-ümbertöötlemise protsesside 
iseloomustamine radioloogilisest vaatenurgast. 

Loodud uus integraalmudel NORM-i arvestamiseks LCA-s kasutades tipp-
tasemel olemasolevaid modelleerimisvahendeid ja rahvusvaheliselt aktsepteeritud 
iseloomustustegureid. BR-ümbertöötlemise protsesside radioloogiline hindamine 
viidi läbi gammakiirguse spektroskoopia abil. 

Näidati, et äsja väljatöötatud NORM-LCA mõjukategooria hõlmas märkimis-
väärseid mõjusid inimeste tervisele, mida metoodikas on ajalooliselt tähelepanuta 
jäetud. Eelkõige näidati, et ehitatud keskkonnas esinevate looduslike radio-
nukliidide radioloogiline mõju põhjustas inimestele suurimat kahju võrreldes 
olemasolevate LCA mõjukategooriatega. Samuti näidati, et BR-i lisamise mõju 
ehitusmaterjalidesse oleks olemasolevate materjalidega võrreldes väike. 

Bayeri protsessi radioloogilise iseloomustamise käigus täheldati 40K ja 
väikese osa 238U lahustumist töötlemislahustites. Kinnitati, et väike osa loodus-
likust isotoopist 238U jõudis alumiiniumoksiidi, saavutades kontsentratsiooni 
5 Bq/kg, samas kui ülejäänud radionukliide alumiiniumoksiidis ei tuvastatud. 

Näidati, et BR-i mitmeastmelisi ümbertöötlemise ahelaid saab saavutada ilma 
olulise radionukliidide akumuleerumiseta sekundaarsetes jääkides. Kinnitati, et 
BR-i ümbertöötlemise protsessidest tulenevad radioaktiivsuse kontsentratsioonid 
materjalides on radioloogilisest seisukohast liiga madalad, et kujutada endast 
terviseohtu inimestele. Täheldati, et loodusliku uraani ja tooriumi tasakaalu 
lagunemisahelad võivad BR-i keemilise ja metallurgilike töötlemise käigus 
katkeda, kusjuures ühe ahela isotoobid jõuavad erinevatesse toodetesse. Soovi-
tatakse tulevikus läbi viia uuring, milles analüüsitakse väärtuslike metallidega 
eraldatud radionukliide ning seostatakse radionukliidide lahustuvust ja kaas-
eraldamist mineraalfaasidega, milles nad esinevad.  
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1. INTRODUCTION 

Over 95% of the worldwide primary aluminum production is accounted to the 
Bayer process [1]. Bauxites, aluminum bearing ores are dissolved in a strong 
sodium hydroxide caustic solution to form aluminum hydroxide, which later is 
converted to alumina (aluminum oxide, Al2O3). All the remaining elements of the 
bauxite, mostly insoluble, are filtered and accumulated in the residue. This 
byproduct is called bauxite residue (BR) or red mud and nowadays it is mostly 
stored in landfill sites. On average, 1.35 tons of BR is produced per 1 ton of 
alumina, and after conversion to the metal form, this corresponds to roughly 
3 tons of BR per one ton of primary aluminum [2]. 

Considerable efforts have been made to find industrial application for this 
material [1], for instance in the form of construction applications, landfilling or 
residue mining. However, these efforts so far had limited success as up today, 
less than 3% of the annually produced bauxite residue is valorized [3]. Con-
sidering that the demand for aluminum is constantly growing, and therefore 
quantities of produced residue (mass of worldwide bauxite residue (BR) production 
has increased roughly by 50% during 2010–2019, [4]), a more comprehensive 
solution is needed to tackle this issue. 

The European Union’s Horizon 2020 research and innovation programme 
(Grant Agreement no. 636876) MSCA-ETN REDMUD project aimed to provide 
such a solution by developing zero-waste bauxite residue method that would 
allow to extract the valuable metals and incorporate remaining secondary residues 
in the construction materials. This was planned to be achieved by developing 
multi-step valorization chains of the bauxite residue. For instance, by recovering 
major component of the BR – iron, remaining elements would further be enriched 
and could be extracted more efficiently. Valorization of the industrial waste 
streams would have direct benefits in the form of reduced landfill sites, new 
workplaces, conservation of natural resources, increased economic security 
through production of critical raw metals, etc. However, some of the potential 
benefits would not be that evident, or even arguable. For instance, reduced 
environmental damage due to utilization of the waste streams or potential 
reduction of emissions. One might argue that the separation of metals from 
bauxite residue would be a more energy consuming process than conventional 
extraction process and therefore would result in bigger environmental damage. 

Another potential negative effect of residue valorization is the accumulation 
of minor hazardous elements (toxic or radioactive) or release of these elements 
to the environment. One might need to answer the question: “Would it be safer 
for the environment and society to keep bauxite residue in the landfill sites or to 
utilize it?” Concerning bauxites, these contain trace amounts of toxic elements, 
such as chromium, arsenic, lead, and natural radionuclides present in most of the 
ores in quantities that are not harmful. Extraction of aluminum from bauxites 
results in the accumulation of these trace elements in the residue. Further extraction 
of valuable metals from the bauxite residue might lead to potential release of these 
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elements to the environment or to further increase of these minor elements in the 

secondary residues to the point that they would pose a hazard. It is important to 

determine how these elements behave during processing and what would be their 

impact on humans and the environment. 

In order to characterize benefits and drawbacks arising from a novel process 

and to compare it with traditional technologies or alternative processes, a 

comprehensive method is required that would assess all the impacts of the 

process from the cradle to the grave. This method would also need to compare 

different types of impacts, e.g. reduction of landfill areas versus increased energy 

consumption. Life Cycle Assessment (LCA) is an internationally recognized 

methodology which would allow us to compare processes’ impact on the 

environment and humanity in a variety of impact categories. LCA is a systematic 

methodology to assess environmental impacts of products, processes or services 

from cradle to the grave. For a specific product this would include raw material 

extraction and transportation, manufacturing, product utilization and disposal or 

recycling at the end of life. However, LCA lacks a methodological basis to assess 

the influence of natural radionuclides and thus should be improved. This can be 

done by developing a new impact category within LCA that would cover all 

potential impacts coming from natural radionuclides. 

In order to facilitate valorization of the bauxite residue, this research thesis 

focuses on the natural radionuclides presented in the bauxite residue and sets two 

goals: (a) to incorporate Naturally Occurring Radioactive Materials (NORM) 

impact category within life cycle assessment methodology and (b) to characterize 

bauxite residue valorization streams from a radiological perspective. 
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2. THEORETICAL BACKGROUND 

2.1. Bayer process description 

Current study is performed in the association with Mytilineos S.A. aluminum 

plant, which utilizes Bayer process to produce aluminum. Plant’s feed inventory 

is comprised of roughly 80% karst bauxite [5] coming from Greece and Turkey 

and 20% lateritic (also known as tropical) bauxite [6] from Ghana or Brazil. 

The Greek bauxite initially goes through the decalcitation stage to remove 

excess of limestone. Limestone contains organic matter that would have negative 

effects during bauxite dissolution stage. This processing stage is specific for the 

current plant due the nature of the bauxites mined in Greece. Then bauxites from 

Greece and Turkey are mixed and go through the grinding and crushing stage. 

Lateritic bauxite is also grinded and crushed, however it goes on a separate 

conveyor and is mixed with spent sodium hydroxide solution coming from the 

alumina precipitator, whereas karst bauxite is mixed with a concentrated sodium 

hydroxide solution. Calcium oxide is added to the karst bauxite slurry to improve 

efficiency of the alumina digestion [7]. Digestion of karst bauxite takes place 

first, and the lateritic bauxite slurry is added at a later stage to improve process 

productivity. Prior to mixing, lateritic bauxite slurry remains in a desilication 

container, where silica reacts with aluminum to form sodium aluminum silicate, 

which precipitates and would eventually end up in the bauxite residue. See 

Figure 1 for more details. 

 

Figure 1: Bayer process at Mytilineos S.A. aluminum plant. 
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Next, separation of insoluble impurities happens during settling stage. Separated 

material is a slurry with high water content and can be named red mud. Mytilineos 

S.A. plant utilizes filter press to dewater residue. Water is reused at the plant, and 

the resulting bauxite residue is landfilled. Precipitation and calcination of alumina 

are performed conventionally [8], [9]. 

 

 

2.2. Bauxite residue 

Historically, residue from the Bayer process was produced in the form of slurry 

with high moisture content and was considered a waste material and was called 

red mud. It was often discharged into sea or stored into specific residue 

disposal areas [10]. Advances in environmental protection awareness have led to 

abandoning of the sea discharge methods. A pooling method gained popularity 

next, which resulted in construction of large ponds or areas surrounded by dams, 

where red mud was dumped. The growing volume of the produced bauxite 

residue requires production of new disposal areas and puts an economic burden 

on the alumina plants. Subsequently, multiple failures of the residue disposal 

areas (Ajka accident in Hungary in 2010 [11], Mariana dam disaster in Brazil in 

2015 [12] or Dahegou accident in China in 2016 [13]) have demonstrated that 

this stockpiling method is potentially dangerous to nearby population and can be 

highly hazardous for the environment. As a result, adding filter press stage to the 

aluminum plants is becoming popular. Residue slurry is dewatered and turned 

into low moisture solid material. Such material can be classified as bauxite 

residue, to distinguish it from high moisture slurry, often referred to as red mud. 

Bauxite residue can be easily stored in landfill sites.  

 

 

2.3. NORM in bauxite residue. Accumulation, issues 

Most of the ores and rock in the Earth crust contain trace quantities of natural 

radionuclides, the most common of these are 238U, 232Th and 40K, as well as decay 

products of the first two. These isotopes are often called primordial, as they have 

been presented in the Earth crust since its creation and have half-lives comparable 

with the lifetime of the universe. These are present in the soil, construction 

materials, our bodies or even food products. Nevertheless, these radionuclides can 

pose similar radiological hazard if accumulated to high ratios as the artificial ones 

produced during nuclear fuel cycle. The accumulation is the process of the 

concentration of radionuclides during chemical or mechanical processing of 

materials. Examples of natural radionuclide accumulation can cover wide ranges 

of essential industrial processes: water purification, cement production, burning 

of coil, mineral ore separation, etc.  

European Basic Safety Standard (EU BSS) sets 1 mSv effective dose as the 

limit for public exposure from all man-made practices for all EU member states 

[14]. For comparison, the dose that an average member of the public is getting 
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from the environment equals 2.4 mSv according to the UNSCEAR [15], but this 

value strongly varies worldwide. These doses remain far below doses that can 

cause any harm to a person. For instance, the lowest known does attributed to 

increased risk of having cancer is 100 mSv [16]. 

In order to avoid complex assessment of every industry dealing with raw 

materials, a screening limit is recommended by EU BSS [14] to disregard materials 

that are unlikely to cause elevated radiological exposure. For natural radionuclides 

these are summarized in Table 1. Once these limits are exceeded by a material 

used in an industry, this does not necessarily imply that it would be dangerous to 

workers or the public, but that a further assessment might be needed to guarantee 

public and worker safety. In general, the processing of natural resources is often 

associated with dangerous chemicals (ex. acids, alkalis), high temperatures, 

hazardous particulate matter etc. Considerable worker safety measures are 

required, and these are usually superficial regarding natural radionuclides. 
 

Table 1: Radionuclide concentration ranges for bauxite residues worldwide and specific 

concentrations for Mytilineos S.A. plant. Measurement uncertainties are reported at the 

confidence level of 2σ. 

Radionuclide Worldwide 

concentration 

[Bq/kg][17] 

Mytilineos S.A. plant 

mean concentration 

[Bq/kg] 

EU BSS  

screening limit  

[Bq/kg] [17] 
238U 10–9000  170  ± 2 1000 
228Ra (232Th) 35–1400  431  ± 7 1000 
228Th (232Th) 35–1400  404  ± 15 1000 
40K 10–600  26  ± 8 10 000 

 

BRs from around the world (see Table 1) have high variability of radionuclide 

concentrations and some can be challenging to process and handle from a radio-

logical perspective. For the BR coming from Greece the EURATOM screening 

limits are not exceeded and therefore this material does not pose any health hazard 

from radiological perspective. However, iron oxide comprises roughly 50% of 

the Greek BR and complete recovery of this compound alone could potentially 

double radionuclide content in the potential secondary residue, thus elevating 

potential hazards. Therefore, current study gives a closer look from radionuclide 

accumulation perspective at the processes developed to valorize BR. 
 

 

2.4. Bauxite residue processing 

Bauxite residue represents a wide range of chemically different materials with 

their properties summarized in the Table 2. High variability in chemical 

composition is explained by the properties and origin of aluminum bearing ore, 

as well as differences in the technological processes. In the current study the focus 

was on the specific bauxite residue coming from the Mytilineos S.A. plant in 

Agios Nikolaos, Greece. 
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Table 2: Chemical composition of currently studied bauxite residue and typical com-

position ranges. 

Component Mytilineos S.A. 

[wt.%] [18] 

Typical composition 

[wt.%] [2] 

Fe2O3 46.7 5–60 

Al2O3 18.1 5–30 

SiO2 7.3 3–50 

TiO2 5.8 0.3–15 

CaO 8.5 2–14 

Na2O 2.8 1–10 

 

It can be noticed that BR is rich in valuable minerals and therefore can be further 

processed. Additionally, some specific BRs can be rich in rare-earth elements 

(REE), which content in BR is often enriched compared to the bauxite ore and 

can be further increased by recovery of primary metals (Fe, Al, Ti). For the 

specific BR, total REE content has been reported around 1000 ppm [19], with 

main contributors: La, Ce, Nd. The scandium content was 128 ppm [20], which 

is of high interest due to its highest economic value. 

Review of different BR valorization options is discussed elsewhere [21], 

however, the general conclusion is that single stage processing (i.e. recovery of a 

specific component) is often inferior economically when compared to conventional 

resource production methods. For instance, efficient recovery of iron, the most 

abundant component of BR, has been successfully demonstrated on a pilot scale 

[22] for the Greek BR. Pig iron has been efficiently recovered using reduction 

smelting and the resulting slag was turned into mineral wool fiber without any 

wastes, however, upscaling to a full commercial operation never happened due to 

economic reasons. 

Therefore, the aim of the REDMUD project is to develop a multistage 

valorization process, where every subsequent processing stage would be enhanced 

by the prior stage. For instance, recovery of iron can produce secondary residue 

that would have enriched ratios of aluminum, titanium and REE compared to the 

initial BR and thus be more of an interesting candidate for further processing. 

Example of such idealized process is presented in Figure 2, where after multiple 

stages of valorization the final residue would be utilized as construction material 

establishing zero waste process chain. The figure provides idealized process, as 

the residue volume would not necessarily decrease at every stage, as every 

processing stage is associated with addition of excess chemicals, be it fluxing 

materials, catalysts, or solutions/acids. 
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Figure 2: Idealized zero waste BR processing chain. 

 

The idealized process flowsheet demonstrates multistage valorization path. How-

ever, in reality each stage of the processing may have additional input materials 

(like limestone in the reduction roasting process) and sometimes radionuclides 

can be diluted in the newly produced residue or even recovered altogether with 

the valorized metals. Better understanding of the radionuclides’ behavior during 

processing would help optimize processes considering radiological impacts. 

Overall, the radionuclide change in the secondary residues (accumulation ratio, 

AR) is presented in the form of the activity concentration in the secondary residue 

over the activity concentration in the BR as in equation 1. In case of a multistage 

process the ratio over initial BR is presented. 

 

 𝐴𝑅 =
𝐶𝑛𝑒𝑤 𝑟𝑒𝑠𝑖𝑑𝑢𝑒

𝐶𝐵𝑅
 (1) 

 

 

2.5. Discussion of the bauxite residue  

processing methods 

The reduction-based smelting of iron 

An electric arc furnace was employed for the reclamation of pig iron from the 

BR, where carbon (coal) was utilized to transform iron oxides into metallic iron 

at elevated temperatures, ranging from about 1500 to 1700 °C [23]. Consequently, 

the iron was reclaimed in the form of pig iron (crude iron with high carbon 

content, produced by smelting industries), while the remaining materials were 

separated as slag. This is a widely used method for iron production from iron ore. 

To enhance the separation between pig iron and slag, additional fluxing 

materials such as lime and SiO2 could be introduced into the process. A minor 

amount of flue dust was generated as an extra secondary waste product, which 

holds the potential for recycling by other industries [24], [25]. 

Bauxite residue Fe2O3

Residue 1 Al2O3+ Na2O

Residue 2 TiO2

Residue 3 Rare earth elements

Residue 4 Construction material
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Reduction roasting of iron  

Iron roasting served as an alternative technique for reclaiming iron from BR by 

converting the iron within BR into a magnetic state [26]. In this process, BR was 

blended with metallurgical coke, and sodium carbonate (Na2CO3) was incorporated 

as a fluxing agent. The resulting mixture underwent roasting at a temperature of 

1000 °C, resulting in the formation of cinders (sodium aluminates). These cinders 

were subsequently subjected to milling and leaching with water. The resulting 

particles were then subjected to multiple rounds of magnetic separation. Different 

levels of electrical currents were applied to the magnet. Consequently, a signifi-

cant portion of the iron was recovered in the form of magnetic fractions, while 

the remaining constituents were identified in the non-magnetic fraction (secondary 

residue), which was then analyzed for radionuclides. It has been reported that 

> 99% of iron can be converted to magnetic phases by such approach [26]. 

 

Alkali leaching of alumina  

In a manner akin to iron roasting, alkali leaching was the process used to combine 

BR with sodium carbonate at temperatures between 800–1100 °C to produce 

cinders [21]. Subsequently, cinders were dissolved in sodium hydroxide (NaOH). 

Next, they were recovered, leaving the remaining substances as a residue. Sodium 

aluminate cinders are subsequently processed to recover alumina. 

 

Acidic metal recovery  

First, BR was neutralized with CO2 to lower its pH, consequently minimizing 

acid consumption, as outlined elsewhere [18]. Next, mineral acids (H2SO4, HNO3, 

HCl) were applied to dissolve both primary and trace metals present in the BR. 

Radionuclide concentration of the resulting solid residue was then measured. 

 

Ionic liquid leaching 

Ionic liquids are characterized by their ability to melt at low temperatures 

(<1000 °C), they melt without decomposing and exist in a molten state composed 

solely of ions. Thus, ionic liquids exhibit potent solvent properties and are an 

alternative to mineral acids for dissolving BR and extracting various metals, 

including REE. In the current project, a specific ionic liquid, namely 1-Ethyl-3-

Methylimidazolium Hydrogen Sulphate (abbreviated as [Emim] [HSO4]), was 

employed to leach valuable metals from BR. The selection of this specific ionic 

liquid was based on its proven high recovery rate for scandium [27], element 

providing significant economic incentive for BR valorization. Throughout this 

process, valuable metals were dissolved, entering the leachate, while the 

insoluble fractions were filtered and designated as a secondary residue, which 

were then analyzed for the radionuclides. 
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2.6. Bauxite residue in construction materials 

Bauxite residue is an interesting choice as a construction material constituent. It 

has both environmental and economic implications. From an environmental per-

spective utilizing BR in cement industry has two primary benefits: (1) reduction 

of residue streams and (2) production of low carbon cement to help reach EU net 

greenhouse gas emissions [28]. 

Economical motivation for BR valorization in cement industry comes from 

high aluminum and iron content which are required additives in the cement 

production [2], [29]. Currently BR utilized in cement industry comprises only up 

to 3–5% of conventional Portland cement raw mix [1]. Portland cement is 

currently the most used cement type worldwide. The problem here is that such a 

low percentage of BR in cement cannot consume all the residue streams, as well 

as the transportation to the cement plants can be costly. One option to improve 

situation is to develop novel cement batches that would utilize significantly higher 

fraction of BR. An example would be the development of iron rich high strength 

cement with BR content up to 50% [30]. These so-called calcium sulfoaluminate-

based cements can achieve similar or better mechanical properties as Portland 

cement while potentially having significantly lower carbon emissions [30]. These 

would highly rely on industrial by-products, such as metal slags, fly ashes or 

bauxite residue that currently have limited or no use at all and are often treated as 

wastes. Byproducts could partially substitute limestone used in cement clinker 

manufacturing: limestone is heated in the rotary kiln over temperature of 1350 °C 

to “burn out” organics and release CO2 to the environment. By utilizing industrial 

by-products, the amounts of released CO2 are greatly reduced, as well as energy 

required to heat up limestone. 

An alternative solution is to produce inorganic polymer materials. These are 

materials with solid polymeric matrix without carbon atoms. They provide con-

siderable interest from the waste management perspective as they can utilize 

various metallic slags as an alternative to concrete with similar or even superficial 

mechanical properties. The production of an inorganic polymer can be simplified 

as follows: a precursor material (ex. bauxite residue), is mixed with activating 

solution (ex. potassium or sodium silicate solution in water) to start and form a 

polymerization reaction and to yield a paste that can be shaped. This paste can be 

pressed and treated with temperature to form building blocks. In this manner, 

newly produced materials would utilize BR in bulk amounts (previous research 

has reported that good compressive strength can be achieved at 85 wt.% BR [31]). 

Another option would be to use BR as a filler material (ex. during road 

construction), also utilizing in bulk amounts. For instance, this idea has already 

been implemented on practice in Australia [1]. However, in this case additional 

environmental studies might be needed such as leaching experiments to confirm 

that all the potentially hazardous elements would be retained in the material. 
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2.7. LCA 

LCA is an internationally recognized and widely used methodology to assess the 

impact of products or processes along their whole lifecycle on a set of various 

environmental impact categories, such as ozone layer depletion, global warming, 

resource depletion, ionizing radiation, etc. it quantifies all relevant resources, 

emissions and impacts in a comprehensive way. LCA considers product’s full life 

cycle, from resource extraction, to manufacturing, use phase and up to the final 

disposal or reusing. Methodology principles and framework are described by 

international standards ISO 14040 and 14044 [32], [33]. 

LCA can be used to compare the environmental burden of similar products, or 

to assess environmental impact hotspots of a process during the design phase. In 

order to assess a product, its inventory, including supply and production chains, 

must be assessed. Then the concept of midpoint and endpoint factors is utilized, 

which quantify the impact by the product.  

 

 

2.8. NORM for LCA 

LCA already includes ionizing radiation impact category, however, this only 

covers artificial radionuclides (nuclides coming from nuclear fuel cycle). The 

ILCD handbook considers extension of radionuclides covered within the LCA 

methodology as a high priority task [34]. Particularly, literature overview has 

demonstrated that naturally occurring radionuclides are mostly overlooked within 

LCA methods, even though they provide by far major dose of ionizing radiation 

to public (Publication I). Moreover, the fate of these nuclides and exposure 

pathways can differ significantly from the artificially produced radionuclides. 

Therefore, a decision was made to develop a separate LCA impact category, that 

would specifically address impact from NORM. 
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3. RESEARCH METHODOLOGY 

3.1. LCA 

According to the International Reference Life Cycle Data System (ILCD) hand-

book [35] ISO standard 14040:2006 [33] the key LCA steps are: 

1. Goal and scope definition. Identifying reasons for the study, defining products 

or services to be studied, understanding study boundaries and limitations. 

2. Inventory analysis. Gathering best available data on all inputs and outputs of 

elementary flows for every stage of the product life cycle. 

3. Impact assessment. Translating inventory data into environmental impact 

indicators (ex. climate change, resource depletion, ecotoxicity, etc.). In the 

current study SimaPro 8 software was used for impact assessment. This step 

can be subdivided into key parts: 

3.1. Fate assessment models how the chemicals behave in the environment 

with the help of fate factors. 

3.2. Exposure assessment estimates how chemicals come into contact with 

the recipients. 

3.3. Effect assessment focuses on the harm that comes from the chemicals 

released into the environment. 

3.4. Damage assessment translates effects into actual harm to human popu-

lation or ecosystem. 

4. Result interpretation. Analyzing results, answering questions posed during 

goal definition, assessing uncertainties and accuracy of the results. 

 

In order to justify development of a new impact category for the LCA method, 

firstly review of existing methods for ionizing radiation was performed. Currently 

existing models that cover the topic of ionizing radiation, for instance, developed 

by Meijer [36], [37], Frischknecht [38], Garnier-Laplace [39] were assessed. It 

was determined that: (1) current LCA tools do not sufficiently cover natural 

radionuclides, (2) fate and exposure pathways of natural radionuclides can vary 

significantly from the artificially produced nuclides. 

Next, all relevant to NORM release and exposure pathways were identified 

using the lifecycle of bauxite residue as an example. After that, a literature review 

has been performed to identify suitable models that could be applied to characterize 

different stages of the LCA (fate, exposure, damage) for NORM materials in two 

impact categories: humans and biota. These model candidates were systemati-

cally reviewed and assessed along multiple scientific criteria as suggested by the 

EU Joint Research Centre [40]: 

• Completeness of scope: To which extent are the NORM exposure mechanisms 

covered for the environment and humans? 

• Model relevance: How relevant is the model to different stages of the LCA 

method? 
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• Robustness and certainty: Has the model been validated or peer reviewed? 

Are the model shortcomings and uncertainties reported? 

• Applicability: How applicable is the model for NORM materials and the LCA 

methodology? Can it be applied directly, or does it require modifications? 

• Transparency and reproducibility: How accessible are the model data and 

documentation? Can it be reproduced? 

• Stakeholders’ acceptance: Is the model currently used? Is it accepted by the 

authorities? 
 

The results of the models’ assessment were selection of multiple most suitable 

ones to cover all the stages of LCA and all the possible release pathways (Publi-

cation I). The proposed framework was later implemented to calculate midpoint 

and end-point factors, using bauxite residue valorization options as a case study. 

The model was then evaluated and verified against other models (Publication II). 

 
 

3.2. Radiological assessment 

3.2.1. Sample preparation and measurement 

In order to recover valuable metals, BR has been subjected to a series of chemical 

and metallurgical processes. Secondary residue samples have been tested for the 

radionuclide content with gamma-ray spectroscopy. 

All the samples discussed in the current thesis were prepared in a similar 

manner: solid samples were crushed and grinded to form homogeneous powder 

like structure, liquid samples were dried under infra-red lamps. And then the 

resulting dried mass crushed and grinded. Then samples were dried at 105 °C for 

24 hours. Finally, samples were sealed based on the available mass: 

1. Bulk samples that were coming mostly from industry and that were available 

in large amounts were tightly packed and sealed in 55.5 cm3 aluminum 

containers. 

2. Experimental samples that were usually available in the order of 0.5–5 grams 

were mixed with a larger mass of epoxy resin to form a homogeneous mixture 

covering bottom of aluminum containers. Then the containers were tightly 

sealed. 
 

After sealing, samples were kept intact for 30-day period in order for 226Ra and 

its decay products to reach secular equilibrium [41]. In some specific cases, where 
234Th (decay product of 238U) was measured, samples were kept intact for 6 months 

so that the equilibrium between 234Th and 238U was reached. Measurements have 

been performed with high purity Germanium detectors: GEM-35200 (EG&G 

Ortec) coaxial detector and BE3830P (Canberra) broad energy detector. Measure-

ment results were analyzed with GammaVision (Canberra) software. 

In order to reduce measurement uncertainty, samples were prepared in the 

same way as the measurement standards including container geometry, sample 



24 

preparation process and sealing method. Potential differences in the density and 

chemical matrix between sample and standards were corrected using EFFTRAN 

tool [42]. For the measurement standards, uranium and thorium samples provided 

by IAEA (RGU-1 and RGTh-1) [43] were used. This allowed for direct measure-

ment of 238U and 232Th decay products using peak to peak calibration technique, 

thus avoiding unnecessary uncertainties (for instance, potential uncertainty due 

to radon leakage from the container can reach 6.5% [44]). To measure 40K cali-

bration curve was built using above mentioned standard materials. List of measured 

radionuclides (with corresponding daughter nuclides and gamma energy lines) 

are summarized in Table 3. 

To measure background spectra, the same empty containers as for the samples 

were used, however measurement time was at least 72 hours. 

 
Table 3: List of gamma energies used in the detection of studied nuclides. In brackets 

corresponding shorter-lived daughter nuclides that were used for measurement are 

provided. 

Isotope series Isotope 
Gamma line energy 

[keV] 

238U 

238U (234Th) 63.3 

226Ra (214Pb) 

242.0 

295.2 

351.9 

232Th 
228Ra (228Ac) 

338.3 

911.2 

969.0 
228Th (212Pb) 238.6 

40K 40K 1460.8 

 

 

3.2.2. Construction materials 

As recommended by the EU BSS, Activity Concentration Index (ACI) is a 

screening tool that can be applied to assess final construction materials, see 

equation (2) [14], [45]. These were calculated once the gamma measurements of 

the construction materials were done. If the value of the index is below one, the 

construction material poses no potential harm and can be used without any 

limitations. If the index is between one and six, the material application is limited 

to superficial and infrastructural applications, ex. tiles, roads, wall coatings, etc. 

It should be noted, however, that these are recommended screening values: there 

is a variety of limiting ACIs or even different correlations to calculate this factor 

in different countries (for instance, in Finland correlation for infrastructural 

materials includes 137Cs).  

 

 𝐴𝐶𝐼 =
𝐶𝑅𝑎−226

300
+

𝐶𝑇ℎ−232

200
+

𝐶𝐾−40

3000
  (2) 
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4. RESULTS AND DISCUSSION 

4.1. Development of NORM-LCA impact 

assessment method 

In order to characterize impact of natural radionuclides, steps described in the 

Figure 3 would need to be considered. Determination of the inventory is usually 

scenario specific. In our case, several theoretical BR valorization scenarios were 

investigated: (1) ‘business as usual’, in which BR is conventionally landfilled 

near the production site, (2) production of pre-fired bricks with BR content up to 

30% and (3) 3% BR addition to ordinary Portland cement inventory. The radio-

nuclide content of this residue was measured directly with gamma-spectroscopy 

as discussed in section 3.2 . 

 

Figure 3: Key steps of the LCA model for natural radionuclides. Steps outlined with the 

dashed lines are the scope of the current model development.  

 

Next, a literature review has been performed to determine existing state of the art 

tools that could be used as building blocks in the development of comprehensive 

LCA model. The models have been assessed based on the list of criteria provided 

in the section 3.1 and the NORM-LCA framework has been suggested using state 

of the art knowledge, where available. For the knowledge gaps, missing para-

meters and characterization factors were derived. 

 

4.1.1. Model for impact on humans 

To cover all the potential exposure pathways to humans, model presented in the 

Figure 4 has been developed in the following way: 

• Fate of the natural radionuclides released to the environment was estimated 

with the USEtox [46], [47] model. USEtox is LCA model used to assess 

potential toxiclogical impacts from chemicals released to the environment. For 

some of the isotopes, the fate data was missing, however, it was possible to 

derive using chemical and physical properties of the elements (Publication II). 

Inventory
Emission and 
concentration Exposure Effect Damage

What are radionuclide 
concentrations?
How many radionuclides 
would be released?

How can recipients be 
exposed?

What would be the 
total exposure dose?

Which health effects 
will recipients 
experience?

What would be the 
overall damage to the 
population?
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• For humans, the fate factors were multiplied by exposure factors calculated 

by the USEtox model. USEtox considers exposure to recipients via inhalation 

and ingestion routes. The exposure factors were multiplied by the dose con-

version coefficients (DCC) provided by the UNSCEAR [48] to estimate cumu-

lative dose for humans. For external exposure by gamma radiation assumption 

of instantaneous homogeneous mixing was used, which is consistent with the 

USEtox modeling approach. DCCs for radionuclides presented in soil conta-

minated to infinite depth from Eckerman and Ryman [49] were used to derive 

exposure factors (EF), as presented in the equation (3), where 𝑉𝑠𝑜𝑖𝑙 is the 

volume of soil used in the USEtox model (Publication II): 

 

 𝐸𝐹 =
𝐷𝐶𝐶𝑖

𝑉𝑠𝑜𝑖𝑙
 (3) 

• For the radionuclides incorporated into construction materials it was assumed 

that they are bound and cannot be released to the environment. Therefore, 

gamma radiation is the only means of exposure, which was estimated by the 

Meijer et al. model [36], [37] for indoor applications and Joyce et al. (Publi-

cation III) provide characterization factors for the outdoor (infrastructural) 

applications. The assumption that radionuclides are bound to the material 

where they are incorporated is valid for most of the natural radionuclides, except 

for radon, which is a noble gas and can easily escape from solid structures. 

• Radon surface exhalation model provided by UNSCEAR [15] was used to 

estimate radon indoor concentration. The same model allows to convert indoor 

dose to exposure using DCCs. For the outdoor radon exposure, it was estimated 

that the effect would be negligible due to radon dilution in the air (Publi-

cation III). 

• To estimate exposure at a workplace, Markkanen storage model [45] was used. 

Since all the potential radionuclide releases to the environment are already 

accounted for in the previous modelling steps, occupational exposure here 

consists only of the onsite gamma exposure due to stored materials, which was 

covered by the Markkanen storage model. 

• To convert cumulative dose into damage, concept of Disability Adjust Life 

Years (DALY) was used [50], which was introduced by Murray for World 

health Organization [51]. This concept allows us to convert exposure into 

number of years lost due to early mortality or disabilities. The conversion 

factors from [man.Sv] to DALYs were summarized by Frischknecht et. al. [38] 

based on the epidemiological studies of ionizing radiation. 
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Figure 4: Diagram of the NORM-LCA impact category for humans. 

 

After combining models together as presented in Figure 4, mid-point and end-point 

characterization factors were derived. The model input (inventory) is provided in the 

radionuclide quantity in the units of Becquerel [Bq]. The collective dose to population 

(midpoint indicator) is expressed in man Sieverts [man.Sv] and the damage (endpoint 

indicator) in the DALY. The derived midpoint and endpoint indicators are summarized 

elsewhere (Publication II) and can be applied directly within existing LCA models. 
 

4.1.2. Model for impact on biota 

For the biota, it was assumed that the only possible exposure pathways would be 

due to environmental release, as wild organisms are mostly unlikely to spend 

significant amount of time in contact with man-made objects or at industrial sites. 

This assumption complies with the midpoint and endpoint indicators, which do 

not focus on individual organisms, but instead on potentially affected fraction of 

species (PAF) and potentially disappeared fraction (PDF or also called extinction 

rate) of species respectively. These indicators do not look at a single organism, 

however, instead rely on possible effects and damage to species and to the eco-

system as a whole. PAF for a single isotope demonstrates a fraction of species 

adversely affected by this isotope and PDF stands for a fraction of species that 

could be potentially lost due to the introduction of this isotope to the ecosystem. 

Selected indicators are consistent with existing LCA methods for other LCA 

impact categories [52]. 
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Figure 5: Diagram of the NORM-LCA impact category for biota. 

 

• Combined NORM-LCA environmental model is summarized in Figure 5. 

• Fate stage of the environmental releases is calculated in the same way as for 

humans using USETox model. Then 3 separate ecosystems are considered 

with different representative organisms: terrestrial, marine and freshwater [53]. 

• The exposure full dose conversion coefficients (𝐹𝑖,𝑜) are calculated with the 

adjusted ERICA model [53] for different groups of species representing 

typical terrestrial, freshwater and marine organisms using equations (4–61) 

derived according to Beresford et al. [54]. For terrestrial species equation (4) 

is used; for freshwater and marine organism equation (4) is used for species 

living in the water column, (5) is used for organisms living on the sediment 

and (6) is used for species living in the sediment. 

 

 𝐹𝑖,𝑜 = 𝐷𝐶𝐶𝑒𝑥𝑡𝑖,𝑜 + 𝐷𝐶𝐶𝑖𝑛𝑡𝑖,𝑜 ∙ 𝐶𝑅𝑖,𝑜 (4) 

 

 𝐹𝑖,𝑜 = 0.5 ∙ 𝐷𝐶𝐶𝑒𝑥𝑡𝑖,𝑜 ∙ (1 + 𝐾𝑑) + 𝐷𝐶𝐶𝑖𝑛𝑡𝑖,𝑜 ∙ 𝐶𝑅𝑖,𝑜 (5) 

 

 𝐹𝑖,𝑜 = 𝐷𝐶𝐶𝑒𝑥𝑡𝑖,𝑜 ∙ 𝐾𝑑𝑖 + 𝐷𝐶𝐶𝑖𝑛𝑡𝑖,𝑜 ∙ 𝐶𝑅𝑖,𝑜 (6) 

 

 

1  𝐹𝑖,𝑜 – full dose conversion coefficient for organism o, caused by isotope i  

 𝐷𝐶𝐶𝑒𝑥𝑡𝑖,𝑜 – dose conversion coefficient for external exposure 

 𝐷𝐶𝐶𝑖𝑛𝑡𝑖,𝑜 – dose conversion coefficient for internal exposure (due to ingestion and inhalation) 

 𝐶𝑅𝑖,𝑜 – concentration ratio between environment and organism 

 𝐾𝑑𝑖  – concentration ratio between sediment and environment 
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• As a midpoint indicator, PAF is used as suggested by Garnier-Laplace, et al. 

[39]. PAF combines both lethal and non-lethal effects on organism groups per 

unit of radionuclide released. Single factors are provided for every ecosystem 

considered (terrestrial, freshwater and marine) for every natural radionuclide 

of interest. In the article by Garnier-Laplace, et al. [39] PAF factors for fresh-

water ecosystem have been derived and these are used in the current study. 

For the other two ecosystems PAF factors are derived using equations 7–10: 

 

 𝑃𝐴𝐹𝑒,𝑖 =
0.5∙∆𝐶𝑒,𝑖

𝐻𝐶50,𝑒,𝑖
 (7) 

 

 𝐻𝐶50,𝑒,𝑖 = √𝐸𝐶50,𝑒,𝑖,1 ∙ 𝐸𝐶50,𝑒,𝑖,2 ∙ … ∙ 𝐸𝐶50,𝑒,𝑖,𝑛
𝑛   (8) 

 

 𝐸𝐶50,𝑒,𝑖,𝑜 =
𝐻𝐷𝑅50,𝑒

𝐹𝑖,𝑜
  (9) 

 

 𝐻𝐷𝑅50,𝑒 = √𝐸𝐷𝑅10,𝑒,1 ∙ 𝐸𝐷𝑅10,𝑒,2 ∙ … ∙ 𝐸𝐷𝑅10,𝑒,𝑛
𝑛   (10) 

 

• Potentially affected fraction of species for ecosystem e and isotope i is 

predicted by equation 7, where ∆𝐶𝑒,𝑖 is the change of the isotope concentration 

and 𝐻𝐶50,𝑒,𝑖 is the geometric mean of half maximal effective concentrations 

𝐸𝐶50,𝑒,𝑖,𝑜 for n reference organism groups obtained with equation 8. 𝐸𝐶50,𝑒,𝑖,𝑜 

as in the equation 9 is the dose rate related to 10% radiological effect increase 

for 50% of species over full dose conversion coefficient for a reference 

organism group o caused by isotope i. 𝐻𝐷𝑅50,𝑒 is the geometric mean value of 

dose rate responses (𝐸𝐷𝑅10,𝑒) over a single ecosystem e for n reference orga-

nisms as in the equation 10. 𝐸𝐷𝑅10 is a chronic dose rate at which the negative 

effect (mortality, morbidity, reproduction failure) for a reference organism is 

increased by 10% [55]. The unit for the midpoint indicator is ∆𝑃𝐴𝐹 ∙ 𝑚3 ∙ 𝑑. 

• To estimate damage, conversion coefficient from the USETox model is used 

as presented in the equation 11 [47] and resulting damage factor is obtained 

in the units of ∆𝑃𝐷𝐹 ∙ 𝑚3 ∙ 𝑑 as the endpoint indicator. This indicator demon-

strates how the studied process or product will affect the rate of species 

extinction within the studied ecosystem (freshwater, seawater or terrestrial), 

focuses on general species biodiversity and not providing any indicators related 

to single species. 

 

 𝑃𝐷𝐹 = 0.5 ∙ 𝑃𝐴𝐹 (11) 

 

• Most of the modeling parameters (ex. radionuclide transfer coefficients, dose 

responses and conversion coefficients) are scenario independent and therefore 

the user of the models needs to know only released radionuclide amounts and 

pathways to estimate damage to the environment. 
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4.1.3. NORM-LCA model application 

Scenarios description 

In order to validate and demonstrate the newly developed model, a case study has 

been performed considering possibilities of BR valorization withing European 

Union. Three theoretical scenarios have been selected: 

1. Business as usual scenario: the BR is stockpiled in the designated landfill area 

near the plant. 

2. Production of fired bricks with 30% BR addition. The bricks would be used 

in the production of dwellings. 

3. Production of ordinary Portland cement with the addition of 3% BR, also to 

be used in the construction of dwellings. Ordinary Portland cement com-

position: 90.25% clinker, 4.75 gypsum, 5% limestone was taken from the 

Ecoinvent database [56]. 
 

The functional unit of the study is the utilization of 1 kg of BR. Due to consider-

able differences in the scenarios, a concept of ‘equal basket of benefits’ is used 

[57], [58]. This is a commonly used technique for waste management analysis: 

all the scenarios are equivalent with the only difference coming from different 

fate of BR, meaning that in the first scenario one kilogram of BR is stored in the 

landfill, while 3.33 kg of bricks and 33.3 kg of Portland cement are produced as 

normal. In scenarios 2 and 3 one kilogram of BR substitutes corresponding com-

ponents in the inventory of produced materials and therefore BR is not landfilled. 

However, after 75 years (mean lifetime of a dwelling), building materials are 

assumed to be stored in the inert landfills, with no potential radionuclide release 

to the environment [59]. This assumption differs significantly for the one used 

for the BR landfilling area; however, it comes from the Ecoinvent database, 

which assumes that hazardous elements are efficiently immobilized within the 

construction materials. 
 

Inventory analysis 

The Ecoinvent 3.2 database [60] is used as the data source for the inventory analysis 

and description of the original processes. For the bricks produced with BR, we 

assume that 30% of the wet clay mass is replaced with residue prior to firing. It 

has been previously demonstrated [61] that with such ratio mechanical properties 

of bricks are not altered. For the Portland cement 3% of the clinker material is 

replaced with BR, and the resulting material would have comparable mechanical 

properties to the original cement [62]. 

The radiological properties of the ordinary materials have been taken from the 

EU database prepared by Trevisi et al. [63]. BR coming from Mytilineos S.A. 

plant has been discussed in the Table 1. As both bricks and cement were assumed 

to be used in the dwellings, radon exhalation to the living premises must be con-

sidered. Radon flux from the construction material to the dwelling is described 
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by equations 12 and 13 [48], where 𝐶𝑅𝑎 stands for 226Ra concentration (radon 

precursor), 𝜆 is the decay constant of the corresponding isotope, f and 𝜌 are the 

emanation fraction and density of the specific material, d is the material half 

thickness, L is the diffusion length of material and De and is the material specific 

diffusion length 

 

 𝐽𝐷 = 𝐶𝑅𝑎 ∙ 𝜆𝑅𝑎 ∙ 𝑓 ∙ 𝜌 ∙ 𝐿 ∙ 𝑡𝑎𝑛ℎ(
𝑑

𝐿
) (12) 

 

 𝐿 = √
𝐷𝑒

𝜆𝑅𝑛
 (13) 

 

The following parameters were assumed: radon emanation fraction from concrete 

(𝑓) = 0.2 [45], from bricks = 0.0035 [64]. Radon diffusion length (De) in con-

crete = 3.0·10–8 (m2·s–1) and for bricks = 1.9·10–7 (m2·s–1) [65]. The rate of radon 

entry into the dwelling (U) is obtained using equation 14, where 𝑆𝐵 is the sum of 

surface areas and V is the dwelling volume [48]. The equation 15 for the excess 

of the radon concentration (C) [Bq·m⁻³] in the dwelling air is then derived based 

on Markkanen study [45], where n is the house ventilation rate. 

 

 𝑈 = 3.6 ∙ 103 ∙ 𝑆𝐵 ∙
𝐽𝐷

𝑉
 (14) 

 

 𝐶 =
𝑈

𝑛
 (15) 

 

Results: human impact 
Results for the human impact for three proposed scenarios are summarized in the 
Figure 6 (considering midpoint indicators) and Table 4 (endpoint effect). BR use 
phase indicates damage coming from the application of construction materials 
where BR was incorporated. The overall damage to humans is rather similar in 
all the scenarios, with the minor increase in scenarios 2 and 3, where BR is used 
as an additive to construction materials. The main portion of impact comes from 
the conventional construction materials, which can incorporate a certain quantity 
of natural radionuclides. The impact from the construction materials to human 
health is 3 to 4 orders of magnitude higher than the impact from the other 
exposure pathways. The exposure that is coming from releases to the environment 
or remaining processes does not only include BR as a source of natural radio-
nuclides but also accounts for previously overlooked natural radionuclides that 
come from different industries. An example of these industries would be cement 
production, which results in the environmental release of 210Pb (a long-lived 
daughter radionuclide of 238U), or releases of 210Pb and 210Po (daughter radio-
nuclides of 238U) from the coal-fired power plants. These releases are already 
accounted for in the LCA databases such as Ecoinvent [59], [66], however radio-
logical impacts have not been characterized prior to the current study. 
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Table 4: Processes contributing to the NORM impact category for humans during BR 

valorization process. 

Process 
Scenario 1 

[DALY] 

Scenario 2 

[DALY] 

Scenario 3 

[DALY] 

Release to the environment 2.3·10–8 4.2·10–9 4.2·10–9 

BR in construction materials (gamma 

exposure) 
0 7.1·10–6 7.1·10–6 

BR in construction materials (radon 

exposure) 0 1.9·10–6 4.6·10–6 

Conventional construction materials 

(gamma exposure) 
3.9·10–5 4.4·10–5 4.5·10–5 

Conventional construction materials 

(radon exposure) 
4.4·10–5 4.5·10–5 4.7·10–5 

Managed Storage 1.7·10–8 0 0 

Remaining processes 6.4·10–9 6.4·10–9 6.4·10–9 

TOTAL 8.3·10–5 9.0·10–5 9.3·10–5 

 

0

1×10⁻⁵

2×10⁻⁵

3×10⁻⁵

4×10⁻⁵

5×10⁻⁵

6×10⁻⁵

7×10⁻⁵

Scenario 1 Scenario 2 Scenario 3

mm
aann

..SS
vv

TSC - Use BR - Use
BR - Landfill Remaining processes
Managed Storage

Figure 6: Processes contributing to NORM exposure in humans. TSC: Traditional Supply 
Chain. Solid bar: gamma dose, hatched bar: radon dose (reprinted from [67]). 

  
The addition of BR to construction materials exhibits for human exposure an 
acceptable increase, which is a minor effect compared to impacts from con-
ventional construction materials. It is observed that BR incorporated in concrete 
has a lower impact than BR incorporated in bricks, due to radon exhalation rates. 
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Figure 7: Comparison of damage to human health coming from different LCA impact 

categories for scenario 2. Results presented in bold are attributed to the newly developed 

NORM characterization model. Results denoted with ‘*’ correspond to the interim 

methods according to ILCD [68]. Reprinted from [67]. 
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A cross comparison of the NORM impact category with other existing within LCA 
impact categories for human health is presented in the Figure 7 for scenario 2, 
where BR was utilized in the production of firing bricks. Newly characterized 
impact categories demonstrate dominating risks to human health in comparison 
with the existing ones, while only damage from climate change is of the same 
magnitude. As it was already discussed, NORM exposure coming from con-
struction materials is similar for all three investigated scenarios. Radiological 
exposure is a consideration for both conventional and novel construction materials, 
as some existing construction materials already may contain some quantity of 
natural radionuclides. The BR materials considered in this study were found to 
exhibit only minor radiological characteristics. 

The formation of particulate matter and toxicity of the released elements are 
two other considerable impacts, however, their damage to health is order of 
magnitude lower compared to damage from NORM in built environments. 
Damage from NORM released to the environment is similar to the one coming 
from the ionizing radiation. 

Ionizing radiation is an existing impact category within LCA that accounts 
only for the nuclear fuel cycle and radionuclides that are produced artificially. 
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Figure 8: Endpoint results for environmental damage considering three different eco-

systems. 

 

For environmental damage current factors cannot be directly compared with the 

existing factors from other LCA impact categories as different method for the 

factor derivation was applied (there was no available data to derive set of 

characterization factors that would be consistent with existing impact categories, 

such as ecotoxicity) (Publication II). 
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The appearance of the damage caused by artificial radionuclides is explained by 
the energy inventory – the European energy market was used as a data source for 
the case study, where nuclear power is present at a considerable scale.  

 

Results: environmental impact 
The damage to different ecosystems is summarized in the Figure 8. The trend is 
similar to every ecosystem – incorporation of BR in the construction material 
would have favorable effect on the damage that this residual material impacts on 
the biota, reducing potentially disappearing fraction of species roughly 80 times 
for freshwater species, 2 times for marine organisms and 1.5 times for terrestrial. 
Please keep in mind that these numbers have a more qualitative nature derived in 
a similar manner to the other environmental impact categories presented in LCA, 
whereas human impact category provides quantitative results that can be 
converted for instance to excess cancer cases or early mortality cases. 

Results for the environmental damage are highly driven by the long-term 
emissions from the BR landfilling sites to the groundwaters (see Publication II 
for further discussion). This is specifically explained by the assumptions used. In 
case BR is utilized in construction materials, it was assumed that the final fate of 
these materials would be an inert landfill from which no releases occur, which is in 
accordance with the guidelines suggested by the Ecoinvent database, version 3 
[59].  
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4.2. Characterization of BR valorization streams from 

a radiological perspective 

4.2.1. Radionuclide mass flow within the Bayer process 

Prior to analysis of the BR valorization processes, a specific study has been con-

ducted to characterize radionuclide mass flow within the Bayer process using 

Mytilineos S.A. aluminum plant as a reference and a source of sample materials 

(Publication IV). Measurements have considered inventory materials (different 

bauxites and lime) as well as midpoint materials and output products and 

residues. 40K, two long lived radionuclides from thorium decay chain (228Ra and 
228Th) and two from uranium chain (238U and 226Ra) were measured. Various long-

lived nuclides from thorium and uranium decay chains were selected as their 

chemical properties and behavior during processing might differ.  

It was demonstrated that karst bauxites (from Greece and Turkey, roughly 

80% of the feed material) have considerably higher content of natural radio-

nuclides compared to lateritic bauxites (from Ghana and Brazil): 1.7–2.4 times 

higher for 238U series nuclides and 1.4–2.0 times higher for 232Th series nuclides. 
40K remained below minimum detectable amount for lateritic bauxites, while for 

karst bauxite coming from Turkey it was 10–20 times higher than for different 

karst bauxites from Greece, see Table 5. Bauxites coming from Greece were 

mined from different locations at the Parnassos-Ghiona area by different suppliers 

and thus are represented by different entries. 

 
Table 5: Activity concentration of different bauxites used by Mytilineos S.A. 

Measurement uncertainties are reported at the confidence level of 2σ. 

Material and description 
Activity concentration [Bq/kg d.w.2] 

228Ra 228Th 238U 226Ra 40K 

Trombetas bauxite (lateritic bauxite, 

Porto Trombetas, Brazil) 
129 ± 4 129 ± 6 36 ± 3 37 ± 1 <9 

Ghana bauxite (lateritic bauxite, 

Awaso, Ghana) 
112 ± 3 112 ± 5 34 ± 3 36 ± 1 <9 

Turkish bauxite (karst bauxite, 

Taurides range an Milas area, 

Turkey) 

181 ± 5 181 ± 9 99 ± 7 108 ± 2 103 ± 6 

High silica bauxite (karst bauxite, 

Parnassos-Ghiona area, Greece) 
189 ± 5 182 ± 9 97 ± 6 95 ± 2 5 ± 4 

S&B bauxite (karst bauxite, 

Parnassos-Ghiona area, Greece) 
188 ± 5 184 ± 9 85 ± 6 87 ± 2 8 ± 4 

Delphi Distomo bauxite (karst 

bauxite, Parnassos-Ghiona area, 

Greece) 

228 ± 6 223 ± 11 60 ± 4 70 ± 1 10 ± 4 

 

2  d.w. – dry weight 
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The radionuclide flow for every specific isotope is presented in Figures 9–13, 

where the results are presented in the form of normalized activity [Bq/kg] over a 

mass of aluminum hydroxide flow on a daily basis as in the equation 16. n/a 

notion is used whereas the samples were not available. This is specific to the 

slurry which is a mixture of solid and liquid phases. During sampling only solid 

fraction was extracted and then measured. In case isotope concentration was 

below Minimal Detectable Amount (MDA), the measured MDA value was 

substituted into the equation 16 instead, and values below MDA were provided  
 

 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑆𝑎𝑚𝑝𝑙𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 × 𝐷𝑎𝑖𝑙𝑦 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤

𝐴𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤
  (16) 

 

  𝐼. 𝐸. =
𝐶𝐵𝑅

∑ 𝐶𝑏𝑎𝑢𝑥𝑖𝑡𝑒∙𝑏𝑎𝑢𝑥𝑖𝑡𝑒 𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
 (17) 

 

The black lines stand for solid material mass-flow, orange for liquid and dashed 

lines for mixtures (referred to as slurry). Karst bauxite comprises of the mixture 

of all the karst bauxites from Table 5 with radionuclide concentration measured 

and reported in the top right corner of Figures 9–13. Only one lateritic bauxite is 

usually used at a time (either From Ghana or Brazil) and during sampling period 

bauxite from Trombetas in Brazil was used. Isotope enrichment ratio to BR 

corresponds to the concentration increase of a specific radionuclide (𝐶𝐵𝑅) within 

BR over mass-normalized concentration of this radionuclide in the initial bauxites 

as described in equation 17. 

Figure 9: 228Ra (product from thorium decay series) mass-flow through Bayer process. 
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Figure 10: 228Th (product from thorium decay series) mass-flow through Bayer process. 

 

For thorium decay chain, daughter nuclides 228Ra (Figure 9) and 228Th (Figure 

10) behaved in the same way. Initially karst and lateritic bauxites were dissolved 

in the process liquors and measured isotope flows were slightly diluted. Then, all 

these radionuclides ended up in the BR and no evidence of the dissolution of these 

two nuclides in the process liquors or entering alumina were observed.  

 

Figure 11: 238U mass-flow through Bayer process. 
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Figure 12: 226Ra (product from uranium decay series) mass-flow through Bayer process. 
 

226Ra (decay product of 238U, Figure 12) behaved in a similar way to 228Ra and 
228Th: it did not dissolve in the process liquors and all the activity concentration 

ended up in the bauxite residue. The fact that 238U and 226Ra behave differently is 

an example of a broken equilibrium chain. 
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Dissolution of 238U (Figure 11) in the process liquor took place, as well as minor 
portion of this isotope was detected in the alumina. Measured activity concen-
tration of 4 Bq/kg in the Al(OH)3 and 5 Bq/kg in the Al2O3 are in agreement with 
the results found in the literature [69], [70]. High MDA values in pregnant and 
spent liquors are attributed to the 63.3 keV gamma line of 234Th. Low energy of 
this gamma photon makes self-absorption effect in the measurement sample too 
prominent, thus reducing number of photons reaching the detector. Combined 
with low quantities of measured isotope, this gives larger measurement uncertainty. 

These results are presented to enhance scientific understanding; the detected 
values in the alumina are below natural background and are too low to have 
radiological implications for processing.  
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Figure 13: 40K mass-flow through Bayer process. 

 

A considerable accumulation of 40K (see Figure 13) was observed in the process 

liquors, however this isotope was not detected in the alumina. Presented high 40K 

values in the process liquors are attributed to the fact, that figures demonstrate 

mass normalized activity as described in equatioin16 and high volume of liquor 

material passing through the process. The real measured 40K concentrations in the 

process liquors were as follows: (290 ± 20 Bq/kg in pregnant liquor, 260 ± 30 

Bq/kg in spent liquor, 310 ± 30 Bq/kg in concentrated (after evaporation stage) 

liquor). Activity concentration remained below EU BSS screening limit set to 

10 000 Bq/kg for this isotope [14]. 

It was observed that 40K isotope is dissolved in the Bayer process, however 

there is no evidence that it precipitates into alumina. The 40K content in BR 

showed a slight decrease compared to initial quantities entering with bauxites 

(isotopic enrichment in the BR was found to be >1.66, whereas for other measured 

isotopes it remined in the range of 2.2–2.5). Tests have been performed to check 

whether this element might settle in the form of scales in the evaporation, 

digestion or preheating tanks, however scale analysis did not confirm this 

hypothesis (Publication IV). Further studies would be needed to better understand 

the fate of this radionuclide. 

Overall, the mass balance closed for 4 (228Ra, 228Th, 238U, 226Ra) out of 5 

studied radionuclides. The discrepancies between outputs and inputs for 40K cannot 

be explained purely by measurement uncertainties or data quality and therefore 

further research is needed to explain observed phenomena.  
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observed in the process liquors. It was concluded that at any given processing 

stage of the process at the specific plant, materials that could be potentially 

hazardous for people from the radiological perspective are not formed. The exact 

measured activities and further description of the findings are provided elsewhere 

(Publication IV). However, the results and conclusions are valid for specific 

bauxite types processed at a single alumina plant and these results should not be 

extrapolated to other facilities, as conditions and radionuclide concentrations 

there might differ significantly. 

 

 

4.3. Construction materials produced with 

bauxite residue 

4.3.1. Inorganic polymers and infrastructural exposure 

To prepare inorganic polymers, initial BR (88.56% d.w.) was mixed with carbon 

(1.44% d.w.) and silica (10% d.w.) sources and fired at temperature 1200 °C. 

Resulting precursor material was then mixed with different activating solutions: 

potassium (solution to precursor ratio: 0.25) and sodium (solution to precursor 

ratio: 0.15) silicate (Publication III). The mixture was then molded into pavement 

blocks. The activity concentration was then measured for two resulting materials 

and activity concentration index was calculated as reported in Table 6. Potassium 

silicate activated mixture (K-silicate) had lower content of 226Ra and 232Th due to 

higher dilution ratio of BR compared to the sodium silicate activated solution 

(Na-silicate), while had considerably higher content of 40K isotope coming from 

the natural potassium. The resulting ACI is 2.5 for K-silicate and 2.3 for Na-

silicate were above the limit for the dwelling usage (ACI < 1), while well below 

limit for infrastructural applications (ACI < 6). 

 
Table 6: Activity concentration measured in different pavement blocks. Measurement 

uncertainties are reported at the confidence level of 2σ. 

Activating solution Activity concentration 

[Bq/kg d.w.] 

Activity concentration 

index (ACI) 
226Ra 232Th 40K  

K-silicate 139 ± 2 341 ± 4 889 ± 20 2.5 

Na-silicate 147 ± 3 366 ± 7 48 ± 19 2.3 

 

The impacts on the different LCA categories are discussed elsewhere (Publication 

III), while this study focuses only on the NORM an artificial radionuclides impact 

categories. These results are summarized in the Table 7 for the NORM impact 

category and in the Table 8 for artificial radiation. The overall comparison shows 

that 98.9% of the human exposure takes place during the use phase, which is 

logical as then the radionuclides are in the vicinity of humans and exposing them. 

Slightly higher total exposure from the potassium silicate pavement blocks is 
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explained by the rather high content of potassium, which contains natural radio-

active isotope 40K. The raw material, processing and end of life stages here do not 

consider occupational exposure as this can be deemed as negligible but instead 

focus on the release of natural radionuclides into the environment (mining 

activities, energy production from fossils). 

It should be noted that the levels of the exposure remain well below 

radiological limits and that any conventional pavement blocks produced without 

BR would also incorporate some quantities of naturally occurring radionuclides 

as these are abundant in the raw materials.  

 
Table 7: Impact from natural radionuclides from the 1 m2 (5 cm thick) paving blocks per 

life cycle stage 

Material Dose [man.Sv/m2 paving] 

Raw materials Processing Use phase End of life Total 

K-silicate 1.10 × 10⁻⁸ 4.72 × 10⁻⁸ 5.35 × 10–6 9.33 × 10⁻¹¹ 5.41 × 10–6 

Na-silicate 5.17 × 10⁻⁹ 5.24 × 10⁻⁸ 5.12 × 10–6 9.51 × 10⁻¹¹ 5.18 × 10–6 

 Percentage contribution 

K-silicate 0.2% 0.9% 98.9% 0.0% 100% 

Na-silicate 0.1% 1.0% 98.9% 0.0% 100% 

 

 
Table 8: Impact from artificial radiation from the 1 m2 (5 cm thick) paving blocks per 

life cycle stage 

Material Dose [man.Sv/m2 paving] 

Raw materials Processing Use phase End of life Total 

K-silicate 9.68 × 10⁻⁹ 3.77 × 10⁻⁸ – 1.24 × 10⁻¹⁰ 4.75 × 10⁻⁸ 

Na-silicate 4.24 × 10⁻⁹ 4.20 × 10⁻⁸ – 1.26 × 10⁻¹⁰ 4.64 × 10⁻⁸ 

 Percentage contribution 

K-silicate 20.4% 79.4% – 0.3% 100% 

Na-silicate 9.1% 90.5% – 0.3% 100% 

 

When NORM exposure is compared to the impact of the artificial radionuclides 

(presented in Table 8), it can be concluded that the impacts are highly similar in 

most of the lifecycle stages, with the exception of the use phase – artificial radio-

nuclides come from the nuclear fuel cycle and their exposure is a part of energy 

mix. These nuclides do not end up in the final products, contrary to the natural 

nuclides, but are mainly associated with the energy consumed during different 

life-cycle stages. 

 



42 

4.3.2. Bauxite Residue added to cement 

In the current study, the ACI (see section 3.2.2) is used to compare different types 

of cements, thus assumption would be made that for the concrete preparation the 

same ratios of components would be used. This is not always the case; however, 

it would allow us for qualitative comparison of different materials. The simplified 

flowchart for cement production is presented in Figure 14. Typical pozzolans 

used in the cement industry are: metakaolin, silica fume, fly ash or metal slags. 

The latter two come as byproducts from other industrial processes and often have 

elevated natural radionuclide content. 

 

Figure 14: Portland cement general production inventory flow. 

 

Four types of industrially produced cements are presented in the Table 9 (samples 

were provided by TITAN Cement Company S.A., Greece) as well as corresponding 

activity concentration indexes (ACI) are calculated. Mean radionuclide content 

in average Greece and EU cements is provided for comparison. The ACI of the 

cement samples coming from TITAN cement plant remain slightly below the 

average EU and Greek cement samples. Among the four samples from TITAN 

plant, CEM II/B-M (W-P-LL) 32,5N has the highest concentration of every 

analyzed radionuclide. This is explained by the addition of the fly ash, which is a 

product of coal burning and accumulates iron and alumina desirable for the 

construction industry, while also unwanted radionuclides. The activity concen-

tration of fly ash used in this cement plant has previously been characterized to 

be 800 Bq/kg 226Ra (238U decay chain), 53 Bq/kg 228Th (232Th decay chain) and 

800 Bq/kg 40K [71]. Yet, fly ash is widely and safely utilized in cement production. 
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Table 9: Radionuclide concentrations and ACI in different cement types. Measurement 

uncertainties are reported at the confidence level of 2σ. 

Cement 

Activity  

concentration 

[Bq/kg d.w.] 

Activity 

concentration 

index (ACI) 

226Ra 232Th 40K  

CEM I 42.5R3 22 ± 1 17 ± 1 140 ± 10 0.2 

CEM I 52,5N 22 ± 1 17 ± 1 139 ± 10 0.2 

CEM II/A-M (P-LL) 42,5N 35 ± 1 16 ± 2 166 ± 10 0.3 

CEM II/B-M (W-P-LL) 32,5N 85 ± 2 25 ± 2 252 ± 14 0.4 

Greece average (based on 183 

samples) [63] 
85 19 257 0.5 

EU average (based on 2013 

samples) [63] 
45 31 216 0.4 

 
Next, multiple BR containing cements have been prepared and their activity 

concentration was compared to the standard OPC (CEM I 42.5R) as in Table 10.  

Please note that OPC standard (CEM I 42.5R) samples are reported both in  

Table 9 and Table 10 with different radionuclide concentrations. These are 

different samples of the same cement time, which demonstrate fluctuation of the 

radionuclides coming from the feed materials. However, this remains insigni-

ficant and the ACI remains the same – 0.2. 
 

Table 10: Cements produced with the addition of BR. Measurement uncertainties are 

reported at the confidence level of 2σ. 

Cement 

Activity  

concentration 

[Bq/kg d.w.] 

Activity 

concentration 

index (ACI) 

 226Ra 232Th 40K  

OPC standard (CEM I 42.5R) 20 ± 1 21 ± 1 94 ± 9 0.2 

S1 OPC standard  

(with 2.3% BR) 
24 ± 1 35 ± 2 94 ± 8 0.3 

S2 OPC extreme  

(with 8.1% BR) 
33 ± 1 58 ± 2 29 ± 5 

0.4 

S3 BR rich cement (55% BR) 114 ± 2 252 ± 8 28 ± 6 1.6 

S4 BR rich cement (65% BR) 129 ± 2 292 ± 10 3 ± 6 1.9 

 

3  CEM I is 100% Ordinary Portland Cement (OPC). CEM II is OPC mixed with additives. 

Number stands for compressive strength [MPa], R = early strength gain, N = normal strength gain. 

A = additive content < 20%. B = additive content > 20%. M = multiple additives are used. 

P = pozzolan. LL= limestone < 0.2%. W = fly ash.  
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Samples S1 and S2 were prepared with low BR content replacing portion of 

pozzolana materials with BR. Increase in the measured radionuclide content and 

ACI does not have any implication on the radiological hazardousness as the 

materials remain safe and the ACI stays below average ACI in Greek cement 

samples presented in the Table 9. Previous studies have confirmed that utilizing 

up to 5% BR in the raw material feed does not have impact on the thermal 

behavior of the materials and gives compressive strength above 53 MPa after 

28 days, which classifies them as CEM I 52,5N category [62].  

Samples S3 (BR: 55%, limestone 20%, gypsum 25%) and S4 (BR: 65%, 

limestone 15%, gypsum 20%) have demonstrated considerable radionuclide 

increase and the ACI has exceeded screening value of 1, making them potentially 

unsuitable for mass use in the construction of living premises. However, if used 

for infrastructure or in limited amounts for dwellings these BR rich cements 

would pose no radiological hazard and would help solving problem of mass 

utilization of the BR. It should be noted that the radionuclide concentration could 

be diluted in the preparation of concrete (where cement is only one of the 

constituents). Mechanical tests for samples S3 and S4 have demonstrated 28-day 

compressive strength of 29.1 MPa and 26.3 MPa respectively, which makes them 

inferior to OPC. Such materials can still have different commercial applications 

which are discussed elsewhere [72]. 

 

 

4.4. Bauxite residue valorization: residue stream 

characterization. 

BR valorization is currently considered economically unfeasible, when compared 

to conventional metal recovery methods. However, development of a multistage 

process might serve as a potential alternative, considering recovery of multiple 

valuable metals. Additionally, assigning the cost to recovery of residues or 

increasing economic burden on landfilling can serve as an extra measure to 

motivate valorization. 

Sections 4.4.1 and 4.4.2 provide a summary of the valorization byproducts 

obtained by various BR processing techniques based on the number of processing 

steps. Results presented in the Table 11 and Table 12 were directly produced 

from the BR, while Table 13 presents results of a two stage valorization process: 

first, iron was recovered with reduction smelting and then other metals were 

extracted. More detailed measurement results are provided elsewhere (Publi-

cations V–VI), while here only accumulation ratio is presented. 
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4.4.1. Single stage valorization 

Reduction smelting is an efficient way to recover iron (~46% of Greek BR 

comprises of Fe2O3) from BR, which can potentially lead to high radionuclide 

accumulation. This can be compensated for by the amounts of fluxing materials 

(feed materials that are added to facilitate the removal of impurities from raw 

materials). In the current experiments flux to BR ratio varied from zero (i.e., no 

flux was used resulting in the highest radionuclide accumulation in the slag) to 

1:10, which explains high variability in the radionuclide accumulation ratios. A 

single sample exceeded EU BSS [14] screening value of 1000 Bq·kg–1 for 228Th 

(1013 ± 32 Bq·kg–1 for the sample with no fluxes added (Publication V)), while 

the rest remained below screening boundaries. Overall, radionuclide concen-

tration in the slag residue was inversely proportional to the amounts of flux 

materials added and most of the radionuclides are expected to end up in the slag 

residue, however, no experiments with the recovered pig iron have been performed. 

 
Table 11: Radionuclide accumulation in the secondary residues produced after single-

stage valorization process. 

Process 
Number of 

experiments 
Nuclide AR range Mean AR 

Reduction smelting of iron 10 

226Ra 1.4–2.3 1.8 
228Ra 1.2–2.1 1.6 
228Th 1.3–2.5 1.7 

Reduction roasting of iron 1 

226Ra 1.1 – 
228Ra 1.1 – 
228Th 1.0 – 

Alkali leaching of alumina 94 

226Ra 1.1–1.3 1.2 
228Ra 1.1–1.2 1.2 
228Th 1.2–1.4 1.3 

Acidic metal recovery 3 

226Ra 1.2 1.2 
228Ra 1.1–1.2 1.2 
228Th 1.1–1.3 1.2 

Ionic liquid leaching 9 

226Ra 1.1–1.9 1.4 
228Ra 1.0–1.5 1.2 
228Th 0.8–1.3 1.1 

 

 

 

 

 

4  9 Samples from different experiments were mixed and measured in 2 batches due to low 

sample mass (0.1–1 g) 
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Reduction roasting is an alternative method for iron separation. With this method 

only a single experiment was analyzed, and results separately summarized in the 

Table 12. Samples Magnetic I and II correspond to recovered magnetic iron that 

has previously been converted to the magnetic form using roasting process and 

remaining materials are left as residue. 

The residue itself does not pose any significant radionuclide accumulation 

(maximum AR 1.1), while considerable radionuclide accumulation is observed in 

the recovered magnetic iron (both samples). The word ‘accumulation’ might not 

be the proper one for the recovered magnetic iron, as this is valorized material 

fraction, however, it provides understanding of the radionuclide content change 

compared to the initial BR. This leads to an observation that a significant portion 

of radionuclides in the currently studied BR might be associated with iron. As a 

result, upscaling of such a process would require further investigation of the 

radionuclide behavior and associated radiological hazards. 

 
Table 12: Radionuclide accumulation ratio in different process stages of the reduction 

roasting process. 

Process Nuclide Magnetic I Magnetic II Residue 

Reduction roasting 

226Ra 1.5 1.5 1.1 
228Ra 1.5 1.4 1.1 
228Th 1.6 1.4 1.0 

 

Residues coming from the alkali leaching process were too small (0.1–1 gram) 

and therefore had to be mixed together to give a larger sample mass. As a result, 

samples from 9 leaching experiments were mixed into 2 measurement batches to 

be used in gamma-ray measurements. Resulting radionuclide accumulation 

ranged between 1.1–1.4, with mean radionuclide content increase by a factor of 

1.2–1.3. 

During acidic metal recovery, iron, alumina, titanium and REE were dissolved 

in acids. Valuable metals recovery usually stayed within 20–60% range from the 

initial content of these metals in the BR [21]. However, the mean radionuclide 

accumulation ratio was observed to be 1.2, meaning that potentially, a consider-

able quantity of radionuclides was also dissolved by acids. This should be con-

firmed by future studies. 

Ionic liquid residues were obtained after dissolving and recovering primary 

metals and REE with [Emim][HSO4]. Overall, this ionic liquid has a potential for 

100% recovery of iron, >90% recovery of titanium and ~80% of scandium [27]. 

Residues from 9 experiments were analyzed, experimental conditions varied 

(solid to liquid ratio, settling time, stirring rate and heating temperature). This had 

a significant effect on the radionuclide content in the solid residues: accumulation 

rate varied in the range of 1.1–1.9 for 226Ra, 1.0–1.5 for 228Ra and 0.8–1.3 for 
228Th. Residues show distinct difference between accumulation rate of radium 

isotopes (226Ra, 228Ra) and 228Th, where the latter shows considerably lower 

accumulation rate and in some cases the thorium content in the newly produced 
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residue samples was lower than in the initial BR. It is evident that a significant 

portion of thorium was dissolved and is recovered altogether with valuable 

metals. 

 

4.4.2. Two-stage valorization 

A set of experiments were conducted with the reduction smelting slag (BR, after 

recovery of iron using limestone as a flax material), see Table 13. In this case 

experiments were conducted with larger material masses and residue masses were 

1–3 grams, thus every sample was measured separately without mixing. New 

samples obtained after recovery of alumina with alkali leaching show mean 

accumulation ratio 1.2–1.3, similar to the alumina recovery from BR itself (see 

Table 11). This is an interesting observation, as there is no significant radio-

nuclide buildup in the residue obtained after 2 stages of valorization. 

 
Table 13: Radionuclide accumulation in the secondary residues produced after single-

stage valorization process (pre-treated BR is an input material). 

Process 
Number of 

experiments 
Nuclide 

Mean 

accumulation 

in slag5 

AR range Mean AR6 

Alkali leaching 

of alumina 
6 

226Ra 1.4 1.2–1.4 1.3 
228Ra 1.2 1.1–1.2 1.2 
228Th 1.3 1.3 1.3 

Acidic metal 

recovery 
6 (HCl) 

226Ra 1.7 0.4–0.9 0.7 
228Ra 1.5 0.2–0.8 0.6 
228Th 1.6 0.8–3.1 1.6 

Acidic metal 

recovery 
5 (H2SO4) 

226Ra 1.7 0.8–1.4 1.2 
228Ra 1.5 0.6–1.3 1.0 
228Th 1.6 0.7–1.2 0.9 

 

Residue samples produced after acidic metal recovery were divided into two 

groups based on the acid used, as different accumulation behavior was observed 

for HCl and H2SO4. The HCl leaching process has resulted in a rather efficient 

recovery of radium radionuclides and therefore enrichment ratios <1 in all of the 

experiments. It was also confirmed by studying liquid leach liquor samples 

(Publication VI), which contained significant amounts of 226Ra and 228Ra iso-

topes. This raises a radiological concern, for the chemical industry, on how to 

ensure worker safety and how to separate hazardous radionuclides, however, this 

topic is to be covered in future studies. 228Th demonstrated lower solubility with 

 

5  Iron was recovered from BR with the reduction roasting process and slag was resulting 

residue, which then was used at the next stage of valorization process.  
6  Accumulation rate is relative to the initial BR. 
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the HCl acid and its concentration in the residue samples always remained higher 

than for radium isotopes, reaching 1645 ± 36 and 1250 ± 26 Bq/kg. Conservative 

radiological modeling has demonstrated that even though EU BSS screening limit 

is exceeded, there would be no risk of elevated radiological exposure to workers 

once the production is upscaled (Publication IV). 

Leaching with H2SO4 acid resulted in a more varying radionuclide behavior: 

in some of the experiments radionuclide concentration in the residue decreased 

to the levels of initial BR, in some it increased. This was also confirmed by the 

measurements of the liquid leachate liquor samples, which had significant 

concentrations of all three radionuclides. All three isotopes have demonstrated 

high variability in the activity concentration, thus strongly depending on the 

experimental conditions. It is not common to include consideration of the radio-

nuclide concentrations into the design of the chemical processes; however current 

results indicate that such considerations might be needed due to high rate of 

radionuclide co-recovery. This remains a topic for future studies.  



49 

5. SUMMARY AND CONCLUSIONS 

This thesis focuses on two main aspects of natural radioactivity in industrial 
residues: (1) development of NORM impact categories for the LCA methodology, 
(2) analysis from the radiological perspective of different BR valorization chains 
that include production of construction materials and development of new metal 
recovery techniques. 

First, it is important to note that the activity concentrations observed in the 
current study are too low to be classified as measurably hazardous to humans. 
The possible doses coming from these materials would be comparable to or below 
background levels of radiation, and there is insufficient evidence to associate 
these potential doses with elevated health risks. However, it should be kept in 
mind that some NORM radionuclides are chemically toxic, and it might be worth-
while to assess their potential toxicological impact in addition to the radiological 
impacts considered in this thesis. 

Secondly, author would like to remind that the measurement results are 
specific to the sites that provided samples for measurement (Mytilineos S.A. 
aluminum plant and TITAN Cement Company S.A. from Greece). Conclusions 
might be different for other facilities, as the processes or inventory materials 
might differ significantly. 

 

In general, it is believed that waste management and recycling is beneficial to 
society. However, there is the potential of burden shifting from one impact 
category to another or overlooking certain important impacts when developing 
novel industrial processes. To get a clear picture, LCA methodology is often used 
to assess impacts from a product or a process from the cradle to the grave in a set 
of different environmental and human related categories. When valorizing BR, 
such assessments are also needed. However, this material may contain natural 
radionuclides which have not been covered so far by LCA methodologies. To fix 
this shortcoming, NORM-LCA impact category has been developed during current 
study. 

Newly developed NORM-LCA impact categories have been used to assess 
impacts of natural radionuclides coming from the decay chains of 238U and 234Th, 
and from 40K to human and biota species. 

The overall damage to humans in the NORM-LCA impact category was 
rather similar for the different scenarios studied. The introduction of BR into 
cement and fired bricks was found to exhibit for human exposure an acceptable 
increase, which is a minor effect and well-correlated with the condition that 
conventional construction materials can already contain certain amounts of 
natural radionuclides. 

5.1. NORM-LCA methodology development 
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An indirect benefit from the developed NORM-LCA impact category was the 
characterization of impacts coming from isotopes that were already included in 
existing LCA databases (for instance 210Pb coming from cement industry or 210Pb 
and 210Po coming from coal fired power plants). A notable observation is that 
potential health effects linked to natural radionuclides occasionally present in 
some conventional building materials accounted for the largest share of overall 
impacts measured in the study. This finding underlines the importance of looking 
at environmental problems as a whole to get a clear picture of certain activities 
and to avoid overlooking risks and damage coming from activities that are 
generally regarded as benevolent (like waste recycling). 

Analysis of NORM impact on the environment has demonstrated that the largest 
impact is associated with BR landfilling, which is expected, as this action may 
readily transfer radionuclides to the recipients.  However, derived impact factors 
have limited applicability. Firstly, derived damage units of PDF·m3·day do not 
show direct damage to biota species (unlike DALY in human impact category) 
but provide a surrogate tool for qualitative comparison. Secondly, cross-
comparisons with other impact categories were not performed, as a different 
method of deriving impact factors was used due to limited data available. 

 
 

5.2. Construction materials 

The utilization of BR in the construction sector can potentially lead to reductions 
in waste volumes and fewer landfill sites. At the same time, the consideration of 
radiological safety of construction materials incorporating BR is recommended 
due to the natural radionuclides present in some BR samples. Radiological expo-
sure is a consideration for both conventional and novel construction materials, as 
some existing construction materials already may contain some quantity of 
natural radionuclides. The BR materials considered in this study for construction 
applications were found to exhibit only minor radiological characteristics; 
the activity concentrations observed were too low to be classified as measurably 
hazardous to humans, with insignificant effects compared to existing construction 
materials. 

It has been demonstrated that utilizing low BR quantities in OPC can be 
achieved without altering materials mechanical or radiological properties. 
However, this does not help solve the problem of vast streams of BR production. 
Increasing fraction of BR can potentially help reduce volumes of landfills, how-
ever, this could lead to reduction of compressive strength compared to conven-
tional cement types. 

Inorganic polymer materials can potentially solve this issue. These materials 
can be prepared with BR content above 50% while still having desired mecha-
nical properties. However, radionuclide content in such materials leads to the 
ACI above 1 and therefore such materials can have limited application in the 
construction of dwellings or use in infrastructural applications. It should also be 
mentioned that the focus of the current study was mainly on the impacts of 
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ionizing radiation; therefore, this work has not included a chemical toxicity 
assessment for any potentially hazardous elements which may theoretically be 
present in BR. In summary, there is a balance to be achieved in selecting the 
optimal BR content in construction materials incorporating BR; it is important to 
find a BR concentration that guarantees desirable mechanical and radiological 
properties, while simultaneously meeting requirements for potential reductions in 
BR storage sites. 

 
 

5.3. BR valorization 

From a process engineering standpoint, the detected radiological values 
associated with BR valorization for the studied samples have been demonstrated 
to be below natural background and are accordingly too low to have radiological 
implications for processing. Potential reasons for these findings are: (1) addition 
of diluting materials like lime in the reduction smelting process; (2) extraction of 
radionuclides with the valuable metals recovered (reduction roasting, acidic 
leaching, and ionic liquid leaching). This has been confirmed also for multi-stage 
valorization chains. 

It was confirmed that the equilibrium decay chains of natural uranium and 
thorium can be broken and isotopes from a single chain would end up in different 
products: (1) during Bayer process 238U is dissolved and minor portion of this 
isotope reaches aluminum, while 226Ra remains in solid form and its quantity ends 
up in BR, (2) dissolution of BR in HCl acid after iron recovery has shown strong 
recovery of radium isotopes (226Ra and 228Ra) with valuable metals, while 228Th 
mostly ended up in the final residue. 
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6. OUTLOOK 

In this work, the environmental impact category for the NORM-LCA metho-
dology has been developed based on the considered NORM materials and the 
current state-of-the-art knowledge of the ionizing radiation impact on biota 
species. However, this knowledge is limited and thus resulted in model limi-
tations. A further model update would be needed once more data and knowledge 
are gathered on this topic. 

This thesis has examined the introduction of BR into construction materials 
from a radiological exposure perspective. Future studies would be recommended 
to assess the impacts of potential chemically hazardous elements which may have 
been introduced into the novel materials. This could be achieved by leaching tests 
to measure the releases to the environment from these materials. 

Multiple BR valorization techniques have been associated with the co-
recovery of radionuclides (reduction roasting, acidic leaching, and ionic liquid 
leaching). Further studies are needed to further analyze radionuclides recovered 
with valuable metals and to confirm that these processes can be safely upscaled 
to pilot plant or industrial levels without any harm posed by ionizing radiation. It 
is suggested that further studies are carried out in connection with mineral 
analysis, to connect solubility and co-recovery of the radionuclides with the mineral 
phases, where these radionuclides occur.  

A minor discrepancy in the quantities of 40K in the Bayer process was observed: 
the feed flow of this nuclide was bigger than the sum of outflows. It was evident 
that 40K is accumulated within process liquors, however, final fate of this nuclide 
remained unexplained. Further research activities are needed to confirm whether 
this behavior can be attributed to measurement or other uncertainties, the 
formation of 40K rich scales, or any other phenomena. 
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