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Sulfuric acid is one of the most used chemicals in the world and is mainly produced from 

by-product elemental sulfur from oil and gas refineries. Alternatively, sulfuric acid can be 

manufactured for example from side streams from metal refining or Kraft pulping. Utilizing 

side streams of pulping is a development trend in the pulping industry. This thesis was con-

ducted for ANDRITZ and the aim was to study the environmental impacts of sulfuric acid 

production process from concentrated non-condensable gases at pulp mill. Life cycle assess-

ment study was done with two version of the process: one that uses additional elemental 

sulfur input and another with only odorous gases. Startup of the plant and two electricity 

production methods were considered as different scenarios. The process without elemental 

sulfur had lower environmental impacts in all studied impact categories except for terrestrial 

eutrophication potential and water depletion potential. There was variation between the im-

pact categories but main contributors to the environmental impacts were the production of 

elemental sulfur, electricity and process water. In many impact categories, the process that 

uses elemental sulfur had significantly higher impacts. The results of the baseline scenario 

were compared to two previous LCA studies of sulfuric acid production from elemental sul-

fur. The environmental impacts of this study were lower in almost all of the impact catego-

ries, but higher impacts were shown for terrestrial eutrophication potential and human tox-

icity potential. For the process without elemental sulfur, global warming potential was nota-

bly lower in comparison to the other version of the process and previous studies. 
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Rikkihappo on yksi maailman käytetyimmistä kemikaaleista ja pääosin sitä tuotetaan sivu-

tuotteena öljyn ja kaasun jalostuksesta saatavasta alkuainerikistä. Vaihtoehtoisesti rikkihap-

poa voidaan tuottaa esimerkiksi metallinjalostuksen tai sulfaattisellun sivuvirroista. Sellun-

valmistuksen sivuvirtojen hyödyntäminen on selluteollisuuden kehitystrendi. Tämä diplo-

mityö tehtiin ANDRTIZille ja sen tarkoituksena oli tutkia sellutehtaan väkevistä hajukaa-

suista valmistetun rikkihapon tuotantoprosessin ympäristövaikutuksia. Ympäristövaikutus-

ten arviointi tehtiin elinkaarianalyysilla prosessin kahdesta versiosta: yhdestä, jossa käyte-

tään lisättyä alkuainerikkiä ja toisesta, jossa käytetään vain väkeviä hajukaasuja. Tutkimuk-

sessa huomioitiin myös tehtaan käynnistys sekä kaksi eri sähköntuotantomenetelmää eri ske-

naarioissa. Prosessilla, jossa ei käytetä alkuainerikkiä, oli alhaisemmat ympäristövaikutukset 

kaikissa muissa tutkituissa vaikutusluokissa paitsi maaperän rehevöitymisessä ja veden eh-

tymisessä. Eri skenaarioiden välillä oli eroja, mutta suurin vaikutus oli alkuainerikin, säh-

köntuotannon ja prosessiveden valmistuksella. Perusskenaarion tuloksia verrattiin aiemmin 

tehtyihin elinkaarianalyyseihin, jossa rikkihappo valmistettiin alkuainerikistä. Tämän tutki-

muksen ympäristövaikutukset olivat alhaisemmat useimmissa vaikutusluokissa, mutta suu-

rempia vaikutuksia oli maaperän rehevöitymiselle ja ihmiselle myrkyllisyydelle. Prosessilla, 

jossa ei käytetä alkuainerikkiä, ilmaston lämpenemisen potentiaali oli merkittävästi pie-

nempi kuin prosessin toisessa versiossa ja muissa tutkimuksissa. 

 



ACKNOWLEDGEMENTS 

 

First, I would like to thank ANDRITZ for giving me this opportunity to work on such an 

interesting topic. Thank you to my instructor Antti Pietiläinen for all the help and guidance 

as well as to everyone at ANDRITZ who provided the information needed in this study. I 

want to thank my examiners Risto Soukka and Sanni Väisänen for their comments, feedback 

and answers to my questions. A special thank you to my friends and family for supporting 

and encouraging me during this whole process! 

 

Lappeenranta, 24 January 2023 

Martta Naukkarinen  



SYMBOLS AND ABBREVIATIONS 

 

Roman characters 

m mass  [kg, t] 

n amount of substance [mol] 

V volume  [m3, Nm3] 

E energy  [MJ] 

 heating value  [MJ/kg] 

 standard volume [Nm3/kg] 

 

Greek characters 

ρ density  [kg/m3] 

 

Chemical symbols 

1,4-DB 1,4-Dichlorobenzene 

Al Aluminum 

Ca(OH)2 Calcium hydroxide, slaked lime 

CaSO4 Calcium sulfate 

(CH3)2S Dimethyl sulfide 

(CH3)2S2 Dimethyl disulfide 

CH3SH Methyl mercaptan 

CH4 Methane 

ClO2 Chlorine dioxide 

Cu Copper 



CuS Copper sulfide 

Fe Iron 

FeO Iron oxide 

FeS2 Iron sulfide 

FeSO4 Iron sulfate 

H2O Water 

H2O2 Hydrogen peroxide 

H2S Hydrogen sulfide 

H2SO3 Sulfurous acid 

H2SO4 Sulfuric acid 

H4Na2O12S3 Sodium sesquisulfate 

MeOH Methanol 

MgSO4 Magnesium sulfate 

MnSO4 Manganese sulfate 

NaOH Sodium hydroxide, caustic soda 

Na2S Sodium sulfide 

Na2SO3 Sodium sulfite 

Na2SO4 Sodium sulfate 

N2O Nitrous oxide 

NOx Nitrogen oxides 

PbS Lead sulfide 

O2 Oxygen 

O3 Ozone 

S Sulfur 



Sb Antimony 

SO2 Sulfur dioxide 

SO3 Sulfur trioxide 

SO4 Sulfate 

V Vanadium 

V2O5 Vanadium pentoxide 

ZnS Zinc sulfide 

 

Abbreviations 

ADP Abiotic resource Depletion Potential 

ADt Air Dry Ton 

AP Acidification Potential 

CNCG Concentrated Non-Condensable Gas 

CTUh Comparative Toxicity Unit for humans 

DNCG Diluted Non-Condensable Gas 

EF Environmental Footprint 

eq Equivalent 

EP Eutrophication Potential 

ESP Electrostatic Precipitator 

GAP Generator Acid Purification 

GHG Greenhouse Gas 

GWP Global Warming Potential 

HTP Human Toxicity Potential 

HVAC Heating, ventilation, and air conditioning 



LCA Life Cycle Assessment 

LCI Life Cycle Inventory 

LCIA Life Cycle Impact Assessment 

NCG Non-Condensable Gas 

ppm Parts Per Million 

SC Scenario 

SOG Stripper Off-Gases 

TRS Total Reduced Sulfur 

WDP Water Depletion Potential 

WSA Wet-gas Sulfuric Acid 
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1. Introduction 

Humans are facing multiple environmental issues at a global, planetary level (Steffen et al. 

2015, 737). Of the nine planetary boundaries defining the environmental limits for humans 

to develop on (Steffen et al. 2015, 737), at least four have been crossed due to human activ-

ities (SYKE 2018). They include climate change, nutrient flows causing eutrophication, bi-

odiversity loss and land-system change (SYKE 2018). Persson et al. (2022, 1510) and Wang-

Erlandsson et al. (2022, 380) say that also the boundaries of novel entities and freshwater 

use have been exceeded. The planetary boundaries have been transgressed because of in-

creasing industrial activity and economic development (Rockström et al. 2009, 2 & 20).  

 

In Finland, the pulp and paper industry is an important part of the economy (Back 2019) 

accounting for about 14 % of export (Elinkeinoelämän keskusliitto 2022). The pulp and pa-

per industry has been a major contributor to emissions and pollution as well as to energy and 

natural resource use. In the last years, technological improvements and environmental man-

agement of the pulping processes, have led to decrease of emissions and energy consumption 

(Suhr et al. 2014, 24). In spite of the progress in environmental sustainability (Suhr et al. 

2014, 25) and due to tightening environmental regulations (Mahecha-Botero et al. 2021, 

100), it is important to continue making environmentally clever improvements to the pulp 

production (Suhr et al. 2014, 25). Current challenges of the pulping industry include making 

the chemical circulation of pulp mills more closed (Mahecha-Botero et al. 2021, 100), the 

collection and handling of odorous gases from the pulping process (Hovikorpi & Vakki-

lainen 2019, 297) and reducing the pulp mill emissions to water (Suhr et al. 2014, 31). 

 

One of the pulping industry’s development trends is the utilization of side streams of the 

pulping process and turning them into valuable by-products (Valmet 2017, 2). One possibil-

ity of side stream utilization is producing sulfuric acid from the sulfur rich odorous gases 

from a pulp mill process (Mahecha-Botero et al. 2021, 101). Odorous gases are nowadays at 

low concentrations due to development of collection and destruction technologies, but they 
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can still cause issues (Suhr et al. 2014, 244). To produce sulfuric acid, odorous gases could 

be led to a plant integrated to a pulp mill (Mahecha-Botero et al. 2021, 100). 

 

Sulfuric acid is produced largely from elemental sulfur by-product of oil and gas refining 

(King et al. 2013, 13). Because of the decarbonization of the energy system and shift from 

fossil fuels to renewable energy due to climate change, the production of oil and gas is de-

creasing. This would mean a decline of the by-product sulfur that is needed to produce sul-

furic acid. The issue is not yet recognized because sulfur is considered to have abundant 

reserves and its price is low. Due to the growing demand of sulfur and sulfuric acid the 

problem is, however, critical and there is a need for new sources of sulfur. (Maslin et al. 

2022, 1-2 & 6.) 

 

Sulfuric acid production plants emit sulfur dioxide, nitrogen oxide, nitrous oxide, particulate 

matter and volatile organic emissions as well as some other pollutants. In addition to sulfur 

emissions, contributors to acid rain formation are nitrogen oxides which also cause human 

health problems and global warming. Other greenhouse gases contributing to climate change 

are nitrous oxide (USEPA 2022) and carbon dioxide emissions (Satein 2009, 1). In sulfuric 

acid plant carbon dioxide emissions are caused for example by the production of needed 

energy (McLean et al. 2022, 658). It is important to assess the emissions of sulfuric acid 

production in order to comprehensively understand the environmental impacts of the process 

(Adeniran et al. 2017, 2). The evaluation of environmental impacts can be done with life 

cycle assessment (LCA) (McLean et al. 2022, 655). 

 

There is a lack of life cycle assessment studies of sulfuric acid production. According to 

McLean et al. (2022, 656) there are limited amount of LCA studies done on sulfuric acid 

plants even though there have been efforts of incorporating LCAs in related industries. Only 

a few assessments have been conducted studying the manufacturing of sulfuric acid (Adeni-

ran et al. 2017). Marwa et al. (2017) studied the environmental impacts of sulfuric acid pro-

duction from elemental sulfur in a sulfuric acid plant located in Tunisia and Adeniran et al. 

(2017) in a plant located in Nigeria. An LCA study from McLean et al. (2022) consisted of 

a comparison of metal smelter sulfuric acid plant with and without a heat recovery system. 
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This study however, had a system boundary so different from the other two studies that it is 

not comparable. 

 

A couple of other LCA studies related to the production of sulfuric acid have also been 

executed but they are not directly comparative to the others as they either don’t separate the 

environmental impacts of sulfuric acid from co-generated products or assess the impacts 

from the point of view of disposal rather than production. Wu et al. (2020) conducted an 

LCA of co-generation of cement and sulfuric acid. Intang et al. (2019) studied the environ-

mental impacts of spent sulfuric acid form lead-acid batteries from the perspective of dis-

charging the spent sulfuric acid to the environment. 

 

1.1. Objectives and limitations 

This study is conducted for ANDRITZ whose motivation for the study is to utilize side 

streams of a kraft pulp mill in order to improve the environmental sustainability, cost savings 

and additional revenues (ANDRITZ GROUP 2022b). The objective of the study is to assess 

the environmental impacts of a sulfuric acid manufacturing process in the chemical pulping 

industry and compare them to the environmental impacts of alternative ways of producing 

sulfuric acid. The research questions of the study are following: 

 

- What are the impacts of sulfuric acid manufacturing process in a Kraft pulp mill on 

climate change, acidification, eutrophication, water scarcity, abiotic resources and 

human toxicity? 

- How do the environmental impacts differ for a process with and without additional 

elemental sulfur? 

- How do the environmental impacts compare to the environmental impacts studied in 

previous life cycle assessment studies of alternative sulfuric acid manufacturing pro-

cesses? 
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The study focuses on Wet-gas Sulfuric Acid process which utilizes odorous gases from Kraft 

pulping process as the sulfur input for the production of sulfuric acid. Two versions of the 

process are modelled: one with additional elemental sulfur input and one without it. The 

environmental impact categories studied are global warming potential, acidification poten-

tial, freshwater and terrestrial eutrophication potential, water depletion potential, abiotic re-

source potential of minerals and metals as well as energy carriers and carcinogenic and non-

carcinogenic human toxicity potential. 

 

The comparison of environmental impacts of different sulfuric acid manufacturing methods 

is done by evaluation where the results of this study are compared to results of previous 

studies. From the alternative methods of producing sulfuric acid, only the production from 

elemental sulfur is taken into account. This is because there aren’t existing LCA studies in 

the literature that can be used in the comparison. The production methods excluded from the 

comparison are metal sulfide smelting, the regeneration of spent sulfuric acid and the sulfate 

roasting. 

 

1.2. Methodology and structure 

This thesis consists of a theoretical and empirical part. The theoretical part of the thesis is 

conducted as a literature review and consists of three main topics of which sulfuric acid 

market is examined first. After that, the Kraft pulping process, the sulfur balance and the 

odorous gases of Kraft pulping are presented. The last chapter of the theoretical section deals 

with sulfuric acid manufacturing processes. First the sulfuric acid production process is in-

troduced generally and then different production methods, including the process at pulp mill, 

are presented. 

 

After the theoretical part is the empirical part of the thesis which is a life cycle assessment 

study. LCA is a method for addressing environmental performance and impacts of a product 

through its life cycle and can be used as a tool for example, for recognizing improvement 

possibilities of environmental aspects and for marketing (ISO 14040, V). The LCA is 
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conducted with GaBi Solutions LCA software and reported according to ISO standards 

14040 and 14044. The LCA part of the thesis begins with goal and scope definition, then 

goes through life cycle inventory (LCI) and life cycle impact assessment (LCIA) and finally 

presents the results in life cycle interpretation. The results are then analysed and compared 

to alternative systems in the discussion chapter. In the last chapters, conclusions and sum-

mary are presented.  
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2. Sulfuric acid market 

Sulfuric acid is a strong acid and in a liquid form it is oil-like, odorless (Kekkonen et al. 

2013, 33), dense and clear (King et al. 2013, 1). Sulfuric acid dissolves completely to water 

and is corrosive for example, to aluminum and copper as well as skin. In soil and water, 

sulfuric acid causes acidification. Because of the acid nature, sulfuric acid is harmful to hu-

mans, other living organisms and ecosystems (Kekkonen et al. 2013, 33). In the nature, sul-

furic acid forms from sulfuric dioxide in the atmosphere (Martin 2014, 4). 

 

Sulfuric acid is one of, if not the most used chemicals in the world (Nleya et al. 2016, 19). It 

is also the cheapest inorganic acid (Nleya et al. 2016, 19) and due to its multiple applications 

in different industries, it has a significant importance as an industry chemical (Martin 2014, 

2-3). Sulfuric acid market is a growing market with increase of consumption every year 

(Nleya et al. 2016, 19). The global production volume of sulfuric acid was 257 million tons 

in 2020 and is forecasted to grow to 295 million tons in 2026. (Fernandez 2021, 2). Maslin 

et al. (2022, 1) estimate that the annual use of sulfuric acid could grow to 400 million tons 

by 2040. 

 

The largest market share of sulfuric acid is in Asia Pacific (Athen Information Solutions Pvt. 

Ltd. 2020, 1; King et al. 2013, 15). Following Asia Pacific, North America and Europe are 

the second biggest contributors to sulfuric acid markets. North America will likely grow at 

a considerable rate whereas European markets have reached their equilibrium. Mature Eu-

ropean markets are due to the consumption of raw materials, awareness in environmental 

issues and technological development. Asia, however, is expected to continue to dominate 

the market. (Focus on Catalysts 2019, 2.) That is because of the increase in domestic demand 

(Athena Information Solutions Pvt. Ltd. 2020, 1). 

 

The value of the global sulfuric acid market was 11.4 billion $ in 2017 and is expected to 

grow reaching 12.7 billion $ in 2024. The growth in sulfuric acid market is forecasted be-

cause of increase in population and new demand in emerging markets. Population growth 
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drives the increasing demand for food crops, better infrastructure and base metals. (Athena 

Information Solutions Pvt. Ltd. 2020, 1.) In developing countries, the switch to foods with 

higher nutrient content, increases the demand for fertilizer use and thus sulfuric acid (Nleya 

et al. 2016, 19). Growth in using electric vehicles and batteries might also increase the de-

mand for sulfuric acid (Maslin et al. 2022, 3). Emerging sulfuric acid markets are in China, 

India, Middle East (Athena Information Solutions Pvt. Ltd. 2020, 1) and Africa (Nleya et al. 

2016, 19). 

 

One of the market drivers of sulfuric acid is its large variety of applications (Athena Infor-

mation Solutions Pvt. Ltd. 2020, 1) as both raw material and processing agent (Martin 2014, 

2). The utilization of sulfuric acid has developed from ancient use as fabric bleaching and 

medicine to material in buildings and explosives. Today, sulfuric acid is mostly used as a 

process chemical rather than being in the product. (Maslin et al. 2022, 5.) It is used in various 

industries including fertilizer industry, mining industry, pharmaceutic industry and paper 

and pulp industry (Nleya et al. 2016, 19). Table 1 presents some industries and applications 

of sulfur acid. 

 

The biggest market for sulfuric acid is the fertilizer industry (Benvenuto 2015, 5). Phosphate 

fertilizers are the most significant product in the market, taking up about 60 % of the global 

sulfuric acid consumption (Nleya et al. 2016, 19; King et al. 2013, 13). Important uses of 

sulfuric acid are also in petroleum refining, metal processing (Benvenuto 2015, 5), lithium-

ion batteries and electric motors (Maslin et al. 2022, 1). Sulfuric acid is used as a catalyst in 

various industrial processes. For example, sulfuric acid as a catalyst is needed in the produc-

tion of jet fuel, gasoline (King et al. 2013, 47) and nylon in the chemical industry (Athena 

Information Solutions Pvt. Ltd. 2020, 1). 
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Table 1. Industries and applications of sulfuric acid market. 

Industry Application Source 

Fertilizers 

Phosphate fertilizer pro-

duction, other fertilizer 

production 

Nleya et al. 2016, 19; Benve-

nuto 2015, 5; King et al. 

2013, 13 

Mining industry 
Ore leaching, ore oxides, 

mineral processing 

King et al. 2013, 13; Nleya et 

al. 2016, 19; Athena Infor-

mation Solutions Pvt. Ltd. 

2020, 1 

Metal industry 
Metal processing, steel 

making, hydrometallurgy 

Benvenuto 2015, 5; Nleya et 

al. 2016, 19 

Oil refining industry 
Petroleum refining, gas-

oline 

Benvenuto 2015, 5; King et 

al. 2013, 13; Nleya et al. 

2016, 19 

Batteries 
Lead acid batteries, lith-

ium-ion batteries 

Benvenuto 2015, 5; Maslin et 

al. 2022, 1 

Water 
Wastewater treatment, 

water treatment 

Athena Information Solutions 

Pvt. Ltd. 2020, 1; Nleya et al. 

2016, 19 

Pharmaceutic industry Pharmaceuticals 

Nleya et al. 2016, 19; Athena 

Information Solutions Pvt. 

Ltd. 2020, 1 

Paper industry 

Pulp and paper produc-

tion, paper bleaching, 

cellulose fibers 

King et al. 2013, 13; Nleya et 

al. 2016, 19 

Chemical industry 
Chemical production, 

coloring agents 

Benvenuto 2015, 5; King et 

al. 2013, 13; Nleya et al. 

2016, 19 

Other 
Explosives, nuclear fuel 

processing 
Maslin et al. 2022, 5 
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The production of sulfuric acid is so inexpensive that usually sulfuric acid is not recycled 

and rather the waste streams are neutralized (Benvenuto 2015, 12). The neutralization is 

done as direct neutralization with limestone or ammonia water (Song et al. 2013, 1558). 

Direct neutralization, however, has some problems such as disposal challenges of the waste 

sludge that is produced in the process as well as the removal of the value of the acid. If 

recovered, the acid value could be utilized. Because of the issues of neutralization and the 

possibility to gain economic and environmental benefits, multiple recovery methods have 

been attempted to develop. (Nleya et al. 2016, 19; Song et al. 2013, 1558.) Especially in 

Kraft pulping, the recovery would be feasible as the process scale is big enough (Benvenuto 

2015, 12). Some recovery methods, their applications, advantages and disadvantages are 

shown in table 2. 
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Table 2. Sulfuric acid recovery methods (Nleya et al. 2016, 20). 

Method Applications Advantages Disadvantages 

Rectification 

Waste acid solu-

tions, toluene nitra-

tion waste solution 

Recovery of high 

purity acid 

High energy con-

sumption, high op-

eration cost 

Solvent extraction 
Aqueous solutions, 

acid mine drainage 

Suitable for large 

volumes and high 

concentrations, 

clean acid product 

Hazardous chemi-

cals, pre-treatment 

required 

Crystallization 

Waste pickling so-

lutions, acid mine 

drainage 

Low cost 

High energy con-

sumption, risk of 

scale formation 

Acid retardation 

Aqueous solutions, 

metal sulfate solu-

tions, acid mine 

drainage 

Low operation cost, 

high acid recovery, 

small equipment 

size 

High consumption 

of fresh water, di-

lute acid product 

Membrane technol-

ogies 

Metallurgical plant 

effluents, aluminum 

surface processing 

solution, acid leach 

solution, diamond 

manufacturing 

waste solution, acid 

mine drainage, rare 

earth sulfate solu-

tions 

High acid recovery, 

clean acid product, 

low pay back period 

High operation cost, 

not efficient at low 

acid concentration, 

membrane fouling 

 

The membrane technologies include diffusion dialysis, electrodialysis, membrane distilla-

tion, membrane electrolysis and anion/cation exchange membranes (Nleya et al. 2016, 20). 

Other methods are ion exchange and oxidative degradation. In many of these methods, the 

purpose to extract either metals or organic compounds from the waste acid. (Song et al. 2013, 

1558.) Recycling of sulfuric acid would be helpful in fulfilling the increasing demand. In 
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addition to recycling of sulfuric acid itself, the recycling of the products where it is needed 

could help reduce the demand. These products could be for example, phosphate fertilizers, 

lithium-ion batteries and vehicle tires with rubber. (Maslin et al. 2022, 4-5.)  
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3. Sulfur in Kraft pulping 

Sulfur is an important element needed in Kraft pulping process and it exists in the process 

in various forms. Sodium hydroxide (NaOH) and sodium sulfide (Na2S) are the main chem-

icals as they are used cooking chemicals (Mahecha-Botero et al. 2021, 100; Alen 2015, 95; 

Polowski et al. 2006, 291). Other sulfur containing chemicals of the process include makeup 

chemicals such as sodium sulfate (Na2SO4) and sulfur compounds replacing them, like 

H2SO4 (Mahecha-Botero et al. 2021, 100). Emissions from the Kraft process also contain 

sulfur: SO2 as emissions from boilers and different sulfide compounds in odorous gases 

(Hovikorpi & Vakkilainen 2019, 297 & 301). 

 

This chapter focuses on the sulfur in Kraft pulping. First the Kraft pulping process is intro-

duced. Next, the sulfur balance of Kraft pulping and ways of controlling it are presented. 

Then the sulfur containing Non-Condensable Gases released from the process as well as 

their treatment methods are discussed. 

 

3.1. Kraft pulping process 

Kraft pulping is a chemical pulping process where the aim is to produce cellulose fibers from 

wood or other feedstocks. In chemical pulping processes, fibrous matter is treated with aque-

ous and acid solutions to free the fibers by removing the lignin that is binding them. (Alen 

2015, 95; Polowski et al. 2006, 291.) Chemical pulping is dominated by two pulping pro-

cesses from which Kraft pulping is the most used method (Polowski et al. 2006, 291). Kraft 

pulping is also the overall leading technology in the pulp and paper industry (Bijok et al. 

2022, 1, Polowski et al. 2006, 291) with 80 % of the world’s pulp production being from 

Kraft process (Suhr et al. 2014, 195). Kraft pulping is mature and well-established pulping 

technology with a versatility in wood utilization as it is possible to use both soft- and hard-

wood and different species as a feedstock (Bijok et al. 2022, 1). The benefits of Kraft pulping 

also include the recovery of used chemicals and thermal energy that can be utilized in the 

process (Alen 2015, 95) as well as the great pulp properties (Suhr et al. 2014, 195). 
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In Kraft process, the delignification of feedstock fibers is done using white liquor that con-

tains cooking chemicals sodium hydroxide (NaOH) and sodium sulfide (Na2S) (Mahecha-

Botero et al. 2021, 100; Alen 2015, 95; Polowski et al. 2006, 291). The cooking of the feed-

stock matter is done at an elevated pressure and temperature (Polowski et al. 2006, 291) and 

alkaline conditions. (Alen 2015, 95). Kraft pulping consists of fiber line, also called pulp 

line, and recovery line (Suhr et al. 2014, 196; ANDRITZ n.d.) as seen in figure 1 (ANDRITZ 

n.d.). Other necessary systems like bleaching chemicals making and power generation are in 

connection with the main process lines (Suhr et al. 2014, 196). The flow chart of pulping 

liquors is presented in figure 2. 

 

 

Figure 1. Kraft pulping process (ANDRITZ n.d.). 

 

Fiber line includes the production of pulp from wood handling to pulp finishing. In wood 

handling, which is done before the cooking process, the feedstock wood goes through bark 

removing, chipping and screening stages. The processes of pulp production contain cooking, 

washing and screening, oxygen delignification, bleaching, and drying. (Suhr et al. 2014, 196-

203.) The delignification of the wood fibers happens during the cooking in a digester where 

the organic matter of wood dissolves releasing the fibers and forming pulp and black liquor 

(Alen 2015, 95). After the cooking are the washing, screening, oxygen delignification, 
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bleaching and drying stages of the pulp where the pulp properties like brightness and strength 

are achieved and pulp finished (Suhr et al. 2014, 199-203). 

 

 

Figure 2. Kraft pulping process flow chart where fiber line is in blue and recovery line in 

green (KnowPulp n.d.). 

 

In recovery line, the chemicals and energy of Kraft pulp process are recovered, and it in-

cludes evaporation, recovery boilers and white liquor preparation. The black liquor formed 

in the pulp washing goes through evaporation where it is concentrated by removal of water. 

After evaporation, black liquor is burned in recovery boilers to recover chemicals and energy 

that can be utilized in the process. The smelt generated in black liquor burning is made into 

green liquor by dissolving it in water and is then prepared into white liquor that can be re-

turned to the pulping process. White liquor preparation is done by recausticizing and lime 

reburning in lime kiln. (Suhr et al. 2014, 204-206.) 

 



27 

 

3.2. Sulfur balance of Kraft pulping 

Sodium/sulfur (Na/S) balance is the most important chemical balance of pulp mills (Know-

Pulp n.d.) as it has effects on the pulping process. Maintaining the Na/S balance is necessary 

for optimizing the pulp quality, pulping yield and controlling sulfurous emissions of a pulp 

mill (Mahecha-Botero et al. 2021, 102.) The Na/S balance can be described as sulfidity 

(KnowPulp n.d.) which is the ratio of Na2S concentration and active alkali (Gomes & da 

Silva Junior 2020, 3945). Sulfidity in modern pulp mills is 30-40 % (KnowPulp n.d.) and 

can be calculated with equation 1 (Bajpai 2018, 334). 

 

𝑆𝑢𝑙𝑓𝑖𝑑𝑖𝑡𝑦 [%] = (
𝑁𝑎2𝑆

𝑁𝑎𝑂𝐻+𝑁𝑎2𝑆
) ∗ 100 %    (1) 

 

Sulfur enters and exits Kraft pulping process in several ways. Usual sulfur inputs and outputs 

of Kraft pulp mill are presented in figure 3 and their typical amounts are shown in table 3. 

Sulfur comes to the pulping process with wood, water and chemicals (Suhr et al. 2015, 214). 

Makeup chemicals added to the process to cover sulfur is typically Na2SO4 but in modern 

mills with recovery, they can be replaced by other compounds containing sulfur (Mahecha-

Botero et al. 2021, 100). In addition to makeup chemicals, sulfur enters the process via other 

chemicals: H2SO4 in the tall oil production, by-products of chloride dioxide (ClO2) produc-

tion and magnesium sulfate (MgSO4) for oxygen delignification. The fuels used in the re-

covery boiler and lime kiln also bring sulfur to the process. (Suhr et al. 2015, 214; KnowPulp 

n.d.) 
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Figure 3. Sulfur inputs and outputs to the Kraft process (Macha-Botero et al. 2021, 101; 

Valmet 2017, 3; Suhr et al. 2015, 214-215). 

 

Sulfur exits the process through chemical losses. These losses are mainly from brown stock 

washing, liquor spills, flue gases from recovery boiler and lime kiln (Mahecha-Botero et al. 

2021, 100; Suhr et al. 2015, 215) as well as odorous gases (KnowPulp n.d.) which are dis-

cussed in more detail in chapter 3.3. Due to improvements in the pulping process the losses 

in modern Kraft pulp mills are significantly lower than before (Mahecha-Botero et al. 2021, 

100). For example, recovery boilers and lime kilns have electrostatic precipitators and flue 

gas scrubbers that reduce the losses to be insignificant from the sulfur balance perspective 

(KnowPulp n.d.). 
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Table 3. Typical amounts of sulfur input and output flows to the Kraft process (Macha-Bo-

tero et al. 2021, 101; Valmet 2017, 3; Suhr et al. 2015, 214-215). 

Inputs Outputs 

Source 
Amount of sulfur 

[kg S/ADt] 
Source 

Amount of sulfur 

[kg S/ADt] 

Wood, water, chem-

icals 
0.2-0.5 

Pulp and washing 

loss pulp 
0.5-1.5 

Fuel to lime kiln 

and recovery boiler 
1-2 Emissions to air 0.2-0.5 

Spent acid from tall 

oil production 
2-3 

Losses with water 

effluents 
0.5-2 

Salt cake from ClO2 

production 
3-7 

Losses with ash and 

ash purge 
3-5.5 

MgSO4 for oxygen 

delignification 
0-0.8 

Black liquor and 

white liquor spills 
0.1 

Total 6-20 Total 4-10 

 

As the modern pulp mill process includes chemical recovery and closed liquor cycle, the 

problem is often high sulfidity rather than losses (Valmet 2017, 1-2). High sulfidity impacts 

the Na/S balance and brings several drawbacks such as increased corrosion problems in the 

pulp and recovery cycle and negative impacts to the operation of the recovery boiler. There-

fore, excess sulfur needs to be managed. (Mahecha-Botero et al. 2021, 102.) There are vari-

ous methods for dealing with high sulfidity and managing the Na/S balance (Mahecha-Bo-

tero et al. 2021, 101) from which commonly is used the purging of by-products from side 

streams such as neutralized spent acid from chlorine dioxide (ClO2) production or electro-

static precipitator (ESP) ash from the recovery boiler (Mahecha-Botero et al. 2021, 100; 

Valmet 2017, 2). 

 

Other methods of controlling sulfidity have also been developed (Mahecha-Botero et al. 

2021, 101; Valmet 2017, 4). Reducing the sulfur content can be done by leading totally 
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oxidized white liquor to the bleaching process (Valmet 2017, 4) or by replacing a part of 

H2SO4 with carbon dioxide (CO2) in tall oil process (Mahecha-Botero et al. 2021, 101). Gen-

erator acid purification (GAP) method enables a reduction of bleaching chemicals and 

makeup chemicals of causticizing process. In GAP, the sodium sesquisulfate (H4Na2O12S3) 

produced in ClO2 as a by-product is separated into H2SO4 and Na2SO4. Electrolytic salt split-

ting can be used to generate sulfur free alkali and H2SO4 from ESP salt from the recovery 

boiler. In ClO2 production sulfur content can be managed with reduction in the saltcake gen-

eration. This can be done by bringing into use improved technologies. For example, bleach-

ing with a mixture of ozone (O3), oxygen (O2), hydrogen peroxide (H2O2) and ClO2 reduces 

the saltcake production. (Mahecha-Botero et al. 2021, 101.) 

 

In addition to the pulp mill sulfidity controlling methods mentioned above, an efficient way 

of separating the streams of sodium and sulfur exists (Valmet 2017, 2). Managing Na/S bal-

ance could be done by internal H2SO4 production. By manufacturing H2SO4 in the pulp mill, 

the ability to use excess sulfur and manage Na/S balance could be improved. (Mahecha-

Botero et al. 2021, 102.) The production of H2SO4 from odorous gases is presented in chapter 

3.3 and further discussed in chapter 4. 

 

3.3. Non-Condensable Gases 

Odorous components created by pulp mills are called non-condensable gases (NCG) (Hovi-

korpi & Vakkilainen 2019, 297) that are collected from multiple stages of the pulping pro-

cess (Mahecha-Botero et al. 2021, 102). NCG contain sulfur as total reduced sulfur (TRS) 

and are formed in the chemical reactions of Kraft pulping process where chemicals and wood 

react to delignify and release fibers. Main compounds of NCG are hydrogen sulfide (H2S), 

dimethyl sulfide ((CH3)2S), dimethyl disulfide ((CH3)2S2) and methyl mercaptan (CH3SH). 

(Hovikorpi & Vakkilainen 2019, 297.) Typically 2-7 kg/ADt of sulfur is contained in NCG 

in pulp mills nowadays (Mahecha-Botero et al. 2021, 103; Valmet 2017, 5). Kraft pulping 

creates two types of NCG: concentrated and dilute ones (Hovikorpi & Vakkilainen 2019, 

297). 
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Concentrated non-condensable gases (CNCG) have a high concentration and are able to burn 

for short time periods. Their concentrations are above the upper explosion level. The main 

sources of CNCG are the cooking, evaporation, and foul condensate stripper. The CNCG 

from stripper are called stripper off-gases (SOG) and are one of the largest CNCG streams. 

Their main component is methanol. Diluted non-condensable gases (DNCG) are weak gases 

with significantly lower concentration than CNCG. Their concentration should be kept be-

low the lower explosion level. DNCG have various sources in the fiber line, such as screen-

ing and washing, as well as evaporation, tall oil cooking and causticizing plant in the recov-

ery line. (Hovikorpi & Vakkilainen 2019, 297-298.) Table 4 presents the possible NCG 

sources in the fiber and recovery lines. The sources may vary based on how old the mill is 

(Hovikorpi & Vakkilainen 2019, 301). 

 

Table 4. NCG sources in the fiber line and recovery line (Hovikorpi & Vakkilainen 2019, 

298-303). 

 CNCG DNCG 

Fiber line Digester 

Chip bin 

Blow, filtrate and reject tanks 

Brown stock, knot and reject washers 

MC and vacuum pumps 

Recovery line 

Evaporation plant 

Vents from condensate and 

stripper feed tanks 

Foul condensate stripper 

Methanol tank (if mill has 

methanol liquefaction plant) 

Evaporation plant 

Tall oil plant vents 

Recausticizing plant 

Recovery boiler 

 

Pulp mills with a modern design are intended to be free of odorous gas emissions as NCG 

are collected (Hovikorpi &Vakkilainen 2019, 298). With right design, collection and de-

struction systems can eliminate more than 99 % of the sulfuric gas emissions (Suhr et al. 
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2015, 287). CNCG and DNCG are collected separately due to the differences in their explo-

siveness levels. If they were collected together, they would form an explosive mix. CNCG 

collection is done using a closed pipeline system with no air leakage. Steam ejectors or water 

ring vacuum pumps are used for transferring the gases. SOG need to be handled in a separate 

system from other CNCG. DNCG are collected with ducts where the gases are moved with 

blowers. In DNCG collection, as much as possible gases are collected and excess air avoided. 

Overpressure, underpressure, temperature changes and condensation need to be considered 

in the collection system equipment as they can lead to failures. (Hovikorpi & Vakkilainen 

2019, 297-304.) 

 

The usual NCG destruction method is thermal oxidation which can be done by burning the 

NCG and producing SO2 (Mahecha-Botero et al. 2021, 102; Suhr et al. 2015, 244). The 

options for burning NCG are combustion in the recovery boiler, lime kiln and NCG burners 

(Suhr et al. 2015, 244 & 287) from which the recovery boiler is the most commonly used 

burner (Hovikorpi & Vakkilainen 2019, 304). When a dedicated NCG burner is used, a 

scrubber is needed to control the forming SO2 emissions. Both CNCG and DNCG can be 

burned in the recovery boiler, CNCG as secondary air and DNCG as secondary or tertiary 

air. Lime kiln can also be used for both NCG types but DNCG are commonly incinerated in 

the recovery boiler. (Suhr et al. 2015, 244, 296-297.) SOG are handled with methanol lique-

faction after which the NCG are led separately to the CNCG collection system. In older 

systems, SOG are treated in the NCG burner. (Hovikorpi & Vakkilainen 2019, 300.) In case 

of a failure, disturbance, and maintenance, mills need to have a backup system for destruc-

tion of CNCG. For DNCG a backup system is often not needed (Suhr et al. 2015, 291-292). 

When recovery boiler is used as a main incinerator, lime kiln, power boiler, dedicated NCG 

boiler or torch can act as a spare burning place (Hovikorpi &Vakkilainen 2019, 299-300; 

Suhr et al. 2015, 294-296). 

 

Although thermal oxidation is the most used method of NCG elimination, other methods can 

also be used. Absorption is another general option, and it is done using scrubbing technolo-

gies. These technologies include a spray tower and a packed column. Absorption is mainly 

used for the destruction of H2S and CH3SH. (Suhr et al. 2015, 244.) Another way of handling 
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NCG is sulfuric acid production from CNCG. The SO2 produced in the burning of CNCG 

can be used for the manufacturing of H2SO4 (Mahecha-Botero et al. 2021, 102.) This way 

the sulfur in NCG can be recovered and utilized as sulfuric acid in the process leading to 

reducing the addition of external sulfur (Valmet 2017, 2). More information about the pro-

duction of H2SO4 in pulp mill is presented in chapter 4. 
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4. Sulfuric acid production 

Sulfur is produced almost solely as a by-product H2S or other sulfuric compounds from dif-

ferent industries (Wagenfeld et al. 2019, 79). The three biggest sulfur sources for the pro-

duction of sulfuric acid are elemental sulfur from natural gas purification and petroleum 

refining, SO2 from metallurgical refining, and SO2 from regeneration of spent sulfuric acid 

that is used as a catalyst (King et al. 2013, 13). This chapter presents different ways of pro-

ducing sulfuric acid. First is presented sulfuric acid production in Kraft pulping and after 

that the alternative methods including elemental sulfur burning and utilizing industrial side-

streams. Environmental impacts of the production alternatives are also discussed. 

 

There are three ways of producing sulfuric acid: contact process, Topsoe WSA and Sulfacid. 

The contact process is the most commonly used method, and its main steps are catalytic 

oxidation of SO2 to convert it to SO3 and absorption of SO3 to form H2SO4. The reactions 

are presented in equations 2 and 3. (Schlesinger et al. 2011, 208-216.) Based on the sulfur 

component at input, the steps before catalytic oxidation and adsorption can vary (ANDRITZ 

GROUP 2022b, 4; King et al. 2013, 19; Schlesinger et al. 2011, 208). They are described 

later in this chapter. 

 

𝑆𝑂2 + 0.5𝑂2 → 𝑆𝑂3     (2) 

𝑆𝑂3 + 𝐻2𝑂 → 𝐻2𝑆𝑂4     (3) 

 

Absorbing SO3 directly into water is not feasible (Schlesinger et al. 2011, 216) as it produces 

highly corrosive mist (Benvenuto 2015, 4-5) that can’t be merged together (Schlesinger et 

al. 2011, 217). Due to that, two additional steps are performed. SO3 is first absorbed into 

sulfuric acid which forms oleum (H2S2O7) and by adding water to it, sulfuric acid is formed. 

Equations 4 and 5 show the reactions (Benvenuto 2015, 4-5, Schlesinger et al. 2011, 217.) 
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𝐻2𝑆𝑂4 + 𝑆𝑂3 → 𝐻2𝑆2𝑂7     (4) 

𝐻2𝑆2𝑂7 + 𝐻2𝑂 → 2𝐻2𝑆𝑂4    (5) 

 

The conventional contact process, or single contact process, can be made more efficient by 

adding another acidmaking stage. In this double contact process, the SO2 remaining in the 

exit gases from sulfuric acid making is converted to SO3 and SO3 then to H2SO4. To enable 

double contact process, the plant needs to have several catalyst beds. Most industrial sulfuric 

acid plants have four catalyst beds from which three are typically for the initial acid making 

and one for the remaining SO2 gases. In addition to the improvement in sulfuric acid pro-

duction efficiency, double contact process also reduces the SO2 emissions. (King et al. 2013, 

211 & 222.) 

 

The less used methods of producing sulfuric acid are Topsoe Wet-gas Sulfuric Acid (WSA) 

process and Sulfacid process. Topsoe WSA includes the same reaction steps as the contact 

process but the SO2 oxidation happens in a wet gas. The sulfuric acid forming in the absorp-

tion of SO3 is condensed as it is formed in a gaseous form. Sulfacid process differs from the 

contact process and WSA process in a way that the transforming of SO2 to H2SO4 happens 

in one reaction with O2 and water instead of first forming SO3. The reaction of the process 

is presented in equation 6. (Schlesinger et al. 2011, 227-229.) 

 

𝑆𝑂2 + 0.5𝑂2 + 𝑛𝐻2𝑂 → 𝐻2𝑆𝑂4 + (𝑛 − 1)𝐻2𝑂   (6) 

 

As the reaction of forming sulfuric acid from SO3 is exothermic, releasing thermal energy, 

the output sulfuric acid needs to be cooled. The energy released in the reaction can be recov-

ered as steam that can be used for example, for generating electricity. For plants that recover 

the heat as steam, the useful heat recovery rate is more than 90 %. To produce steam in the 

process, the acid going in the boiler should be as hot as possible while taking into account 

corrosion which increases when temperature increases. (King et al. 2013, 267-280.) 

 



36 

 

4.1. Sulfuric acid production in pulp mill 

A WSA process can be used to produce sulfuric acid from the odorous gases of pulp mills. 

In addition to the odorous CNCG, the process can have another sulfur input: molten sulfur 

as seen in figure 4 presenting the process. (ANDRITZ GROUP 2022b, 4.) The use of sup-

plemental molten sulfur in a WSA process is optional (Mahecha-Botero et al. 2021, 103). If 

elemental sulfur is used as an additional sulfur input, the sulfur needs to be melted and fil-

tered before the actual process of manufacturing sulfuric acid (King et al. 2013, 21). The 

filtration is done in order to remove any dust and dirt particles from the sulfur. The sulfur 

filter is precoated with a filter aid before the filtration and a filter cake is produced in the 

process. (Sulphuric Acid on the Web 2006.) 

 

 

Figure 4. Wet-gas Sulfuric Acid (WSA) process (ANDRITZ GROUP 2022a, 4). 

 

As the WSA process uses wet feed gas, the input gas doesn’t need drying pre-treatment 

(King et al. 2013, 283) and so the first step after the optional melting and filtration phase is 

the combustion of sulfur inputs including H2S contained in the CNCG feed gas. The com-

bustion reaction is presented in equation 7. (ANDRITZ GROUP 2022b, 4.) Other sulfur 

containing compounds of CNCG also burn and form SO2, H2O and CO2 (Mahecha-Botero 

et al. 2021, 103). The gas is cooled after the incineration in a waste heat boiler where steam 

is generated. The steam is fed into a steam drum and can be used for cooling the process. 

(ANDRITZ GROUP 2022b, 4.) The excess steam can be utilized as energy. (Mahecha-Bo-

tero et al. 2021, 103.) 
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𝐻2𝑆 + 1.5𝑂2 → 𝑆𝑂2 + 𝐻2𝑂    (7) 

 

The next steps are the catalytic oxidation of SO2 to SO3 which is done either two or three 

catalyst beds and the hydration of SO3 where H2SO4 is formed after cooling. The hydration 

happens in a temperature of about 290 °C. Differing from the contact process, in a WSA 

process the sulfuric acid product needs to be condensed as a final step. (Schlesinger et al. 

2011, 227-228.) A WSA process in a Kraft pulp mill produces sulfuric acid with a concen-

tration of over 95 % (ANDRITZ GROUP 2022b, 4). The exit gases not included in the prod-

uct are H2O, O2, N2 and CO2 (King et al. 2013, 286). After cleaning these exit gases can be 

omitted to atmosphere through a stack (Mahecha-Botero et al. 2021, 103). 

 

Sulfuric acid production from excess sulfur at pulp mill has some advantages for the pulping 

process. It is a way to control sulfidity without losing the needed sodium (Valmet 2017, 2). 

As mentioned in chapter 3.2., ash dumping is used as a controlling method for sulfidity. With 

ash dumping, not only sulfur but also sodium is lost which leads to a need of makeup chem-

ical NaOH (Knowpulp n.d.). Sulfuric acid production reduces the need for recovery ash 

boiler dumping and the sodium makeup chemical NaOH (Mahecha-Botero et al. 2021, 102). 

Ash is one of the main solid wastes produced in the pulping process and have typically been 

disposed to landfills (Hu et al. 2020, 1). With sulfuric acid production, the production of 

solid waste ash and the impacts of landfilling could be reduced. 

 

Other effects and advantages of producing sulfuric acid from the sulfur containing CNCG 

have been discussed by Mahecha-Botero et al. (2021), Valmet (2017) and Hovi (2019). Sul-

furic acid production would make it possible to simultaneously manage the sulfur balance 

and handle NCG (Mahecha-Botero et al. 2021, 100-102) as the sulfur containing odorous 

gases can be fed to the sulfuric acid manufacturing plant at the mill (Valmet 2017, 3-5). The 

produced sulfuric acid can be used at the pulp mill or sold to other companies (Mahecha-

Botero et al. 2021, 102). Internally at the pulp mill, sulfuric acid is used in making valuable 

products, like tall oil or ClO2 of side streams by primary acidification (Valmet 2017, 3). If 

sold, the sulfuric acid could bring revenue. Other advantages of manufacturing sulfuric acid 

from NCG include savings from the reduction of makeup chemicals needed to maintain the 
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sulfur balance and revenue from steam that can be used for power generation. (Mahecha-

Botero et al. 2021, 102.) Production of sulfuric acid also reduces the amount of sulfate ef-

fluent that needs to be treated (Valmet 2016). 

 

4.2. Elemental sulfur burning 

About 60 % of sulfuric acid manufacture happens from elemental sulfur which is received 

as a by-product from natural gas and petroleum refining (King et al. 2013, 13). Before the 

1980s, elemental sulfur was mined using the Frasch process (Maslin et al. 2022, 2) where 

superheated water and air are blown to concentric tubes to get sulfur-water mixture out of 

underground reservoirs (Benvenuto 2015, 3). The Frasch method causes sulfur contamina-

tion and acidification of soils of the mining locations (Likus-Cieslik et al. 2017, 2). The 

process also has a high thermal energy demand and produces big amounts of sulfurous 

wastewater. Nowadays, the Frasch process is not used as sulfur is extracted from oil and gas 

refining but due to the decarbonization of the energy system, oil and gas production in de-

creasing and in the future sulfur by-product might not be as available as today (Maslin et al. 

2022, 1-2). 

 

The by-product sulfur is used to desulfurize the oil and gas refining industry as the sulfur 

emissions from combustion are reduced by utilizing them (Maslin et al. 2022, 1-2). The 

recovery of elemental sulfur is done by processing H2S thermally in sulfur recovery units 

(Abumounshar et al. 2021, 2441). Sulfur recovery from natural gas is shown in equation 8 

(Benvenuto 2015, 4).  

 

𝑂2 + 2𝐻2𝑆 → 2𝑆 + 2𝐻2𝑂     (8) 

 

The sulfur burning plants are typically located near the places where sulfuric acid is used. 

This means the by-product sulfur from petroleum and natural gas refineries needs to be trans-

ported to the plant. Elemental sulfur which is produced and combusted molten is also usually 

transported molten. The transportation of molten sulfur is done via railways in tank cars or 
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sea in barges or ships. Tanker trucks can be used for shorter distances. Sulfur can also be 

transported as solid pellets or flakes but in those cases, they have to be melted and dirt con-

tained in them filtered out before burning. (King et al. 2013, 20-21.) 

 

The sulfuric acid production from elemental sulfur is done with the contact process and the 

first step of the process is sulfur burning which is shown in equation 9. Before the actual 

burning, molten sulfur is atomized from liquid form to gaseous form. After that the burning 

is done with dried air in a furnace. (King et al. 2013, 19-22.) The product gas from the sulfur 

burning step contains SO2, O2 and nitrogen N2 at a temperature of about 1150 °C (King et 

al. 2013, 23). The gas is cooled to about 420 °C and by catalytic oxidation SO3 is produced 

from SO2 (King et al. 2013, 24) The catalyst used in the oxidation is vanadium pentoxide 

(V2O5) (Abumounshar et al. 2021, 2442; Benvenuto 2015, 4). After the catalytic oxidation 

converter, H2SO4 is produced (King et al. 2013, 24). 

 

𝑆 + 𝑂2 → 𝑆𝑂2     (9) 

 

Marwa et al. (2017) conducted an LCA study of a Tunisian sulfuric acid production plant 

where sulfuric acid is produced from elemental sulfur that is first melted and filtered. The 

study included five subsystems: the production process, the steam and electricity production, 

transportation of materials, chemical consumables, and equipment. The functional unit of 

the study was 1 ton of produced sulfuric acid, so the environmental impacts were presented 

according to it. The study used three impact assessment methods: the ILCD 2011 Midpoint 

+ V1.09, the CED, and the CExD method. Total of sixteen impact categories were assessed 

and five of them were considered relevant for sulfuric acid production. Those were climate 

change, acidification, eutrophication, ozone depletion and photochemical ozone formation. 

(Marwa et al. 2017, 259-264.) From those, ozone depletion and photochemical ozone for-

mation are not presented here as they are not part of the selected impact categories in this 

thesis. Global warming potential (GWP) of the sulfuric acid production was 88.92 kg CO2 

eq/t. Acidification potential (AP) was 4.01 mol H+ eq/t. Eutrophication potential (EP) was 

presented as terrestrial EP, marine EP and freshwater EP. The results were 1.79 mol N eq/t 
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for terrestrial EP, 166.77 g N eq/t for marine EP and 12.27 g P eq/t for freshwater EP. (Marwa 

et al. 2017, 264-265.) 

 

Another LCA study done on sulfuric acid production from elemental sulfur was conducted 

by Adeniran et al. (2017) on a Nigerian sulfuric acid plant. The study took into account the 

sulfuric acid production with raw material extraction but exclude equipment and transporta-

tion. The functional unit used in this study was 1 kg of produced sulfuric acid and was scaled 

to 50 000 tons. CML 2001 – Nov 2010 was the used impact assessment method. Ten envi-

ronmental impact categories were selected, and the study did not bring up any of the impact 

categories as more relevant than others. From the impact categories, GWP, AP, EP, human 

toxicity potential (HTP), water depletion potential (WDP) and abiotic resource depletion 

potential (ADP) are presented here as they are selected for the impact categories in this the-

sis. (Adeniran et al. 2017, 3-13.) They are calculated to present 1 ton of produced sulfuric 

acid to improve the comparability to other studies presented in this thesis. GWP of the plant 

was 270 kg CO2 eq/t, AP 4.36 kg SO2 eq/t, EP 0.138 kg Phosphate eq/t, and HTP 15.8 kg 

1,4-DB eq/t (Adeniran et al. 2017, 13). 

 

4.3. Metal sulfide roasting and smelting off-gases 

A large amount of sulfuric acid is manufactured as a by-product in metal refining industry 

(Jantunen et al. 2019, 101). In fact, about 30 % of all sulfuric acid is produced from the off-

gases from smelters and roasters in metal sulfide processes (King et al. 2013, 31). The off-

gases containing SO2 needs to be captured and handled. The production of sulfuric acid from 

the SO2 is a typical way of handling it in metallurgical plants. (Schlesinger et al. 2011, 206.) 

In addition to functioning as a SO2 handling method, sulfuric acid production is beneficial 

for metal refining industry as it creates a useful sulfuric acid product (King et al. 2013, 31). 

A disadvantage is that the SO2 gas needs to be immediately converted to sulfuric acid and 

storing and transporting it is more dangerous and costly than elemental sulfur. Some sulfide 

minerals also have toxic heavy metals in them that can cause contamination. (Maslin et al. 

2022, 2-4.) 
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Metal sulfides can be divided into pyrite, also called iron sulfide (FeS2) (Runkel & Sturm 

2009, 101) and other metal sulfides such as copper (CuS), zinc (ZnS) and lead sulfides (PbS) 

(Fertilizers Europe 2000, 22-24). Thus, pyrite roasting can also be classified into its own 

category of sulfuric acid production (Runkel & Sturm 2009, 101-102; Fertilizers Europe 

2000, 22) Copper smelting process reaction is presented as an example in equation 10 (Amiri 

& Alihosseinpour 2015, 88). 

 

𝐶𝑢𝐹𝑒𝑆2 + 𝑂2 → 𝐶𝑢𝐹𝑒𝑆 + 𝐹𝑒𝑂 + 𝑆𝑂2    (10) 

 

Physically metallurgical sulfuric acid manufacturing process is the most complex out of the 

sulfuric acid plant types (Amiri & Alihosseinpour 2015, 88). The production can be done 

using any of the three process types: contact process, WSA or sulfacid. With contact process, 

the production steps are the same as described in chapter 4. (Schlesinger et al. 2011, 208.) 

As the off-gases are in the form of SO2, there does not need to be a conversion before the 

oxidation and absorption but other pre-treatment is required. The gases need to be cooled, 

cleaned and dried (King et al. 2013, 31). The process is shown in figure 5. 

 

 

Figure 5. Sulfuric acid production process from smelter and converter off-gases (King et al. 

2013, 31-33; Schlesinger et al. 2011, 209). 
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First, the off-gases need to be cooled which is done in a heat recovery boiler so the heat can 

be recovered as steam. The cooling is a preparation step for the electrostatic precipitator 

where the gas is then cleaned. The electrostatic precipitator removes dust contained in the 

gas. (King et al. 2013, 34-35.) After that, the gas is scrubbed and cooled by adding water. 

This step removes any remaining impurities. As the final step before the off-gas is ready for 

the acidmaking steps is the drying which is done in a drying tower. The gas is contacted with 

strong sulfuric acid which removes the H2O in the gas. (Schlesinger et al. 2011, 211-212.) 

The gas then goes through the sulfuric acid production phases after which the product is 

stored and transported to consumers (Kekkonen et al. 2013, 8). In metallurgical sulfuric acid 

production, the end-product sulfuric acid is transported to the point-of-use rather than the 

raw material sulfur to the point-of-production. This is because the production happens as a 

by-production. (King et al. 2013, 14.) The transportation can be done as a road or rail 

transport (Kekkonen et al. 2013, 8; King et al. 2013, 14). 

 

An LCA study by McLean et al. (2022) was done on a plant using SO2 off-gases from metal 

ore smelting in Ontario, Canada. The study was a comparison of an existing plant and a 

proposed heat recovery system. The system boundary included the sulfuric acid plant and 1 

kt of produced sulfuric acid was used as the functional unit. The selected impact categories 

of the study were GWP, AP, EP and relative human toxicity potential HTP and they were 

assessed using TRACI. These four impact categories were considered to represent the envi-

ronmental impact of the sulfuric acid production. (McLean et al. 2022, 656-660.) The results 

of this study were calculated to correspond to 1 ton of sulfuric acid. GWP of the study was 

1.46 kg CO2 eq/t, AP 0.034 kg SO2 eq/t, EP 1.71∙10-3 kg N eq/t and HTP 2.33∙10-7 CTUh/t 

(McLean et al. 2022, 661). However, because the system boundary only included the sulfuric 

acid plant and not the production of energy other than electricity or materials needed in the 

process, the study is not comparable to the study conducted in this thesis. 
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4.4. Regeneration of spent sulfuric acid 

About 10 % of the SO2 used in the production of sulfuric acid is obtained from regeneration 

of spent sulfuric acid which is used as a catalyst for alkylation. Sulfuric acid is used as a 

catalyst in various industrial process, like the production of petroleum products and poly-

mers. A catalyst is not consumed in a process where it is used so the volume of sulfuric acid 

does not decrease. There are, however, impacts on the effectiveness, also called activity, of 

the acid. (King et al. 2013, 47.) With time, the activity is reduced (Wahoud et al. 2011, 31) 

because of contamination with water and chemicals such as hydrocarbons used in the pro-

cesses (King et al. 2013, 47). Two examples of spent alkylation catalysts and the contami-

nants they contain can be seen in table 5. 

 

Table 5. Compositions of two spent alkylation catalysts (King et al. 2013, 49). 

Component (mass %) 
Spent catalyst from petro-

leum alkylation catalysis 

Spent catalyst from methyl 

methacrylate catalysis 

H2SO4 90 15 

H2O 3-5 25 

Dissolved hydrocarbons 4-7 5 

Ammonium bisulfate - 45 

Acetone disulfonic acid - 5 

Low fuel value tars - 5 

Particulates (mainly iron) < 100 ppm - 

 

When the catalyst’s activity is reduced enough, the spent catalyst needs to be regenerated so 

it can be reused. As spent catalysts are hazardous (Wahoud et al. 2011, 31), highly corrosive 

and possibly reactive even in storage and transportation (King et al. 2013, 51), the regener-

ation of them is important (Wahoud et al. 2011, 31). The aim of the regeneration process is 

to return the spent acid to a strong acid which is done with a process containing several steps. 
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First, the spent acid is handled by decomposing the sulfuric components in a furnace. (King 

et al. 2013, 47-51.) The decomposition reaction (King et al. 2013, 51) is following: 

 

𝐻2𝑆𝑂4 → 𝑆𝑂2 + 0.5𝑂2 + 𝐻2𝑂    (11) 

 

The next steps of the regeneration process are the same as in the previously introduced sul-

furic acid production processes: The produced SO2 is oxidized into SO3 and then H2SO4 is 

produced from SO3. If the regeneration happens with contact process, the off-gas from the 

furnace first goes through through cooling, cleaning, condensing and dehydrating steps. In a 

heat recovery system the off-gas is cooled and then soot and ash are cleaned from it. H2O in 

the gas is condensed and removed with strong sulfuric acid. Before the dehydration, air is 

added to the gas to increase the amount of O2. (King et al. 2013, 47-56.) The regeneration 

can also be done with the WSA process (Atanasova 2017, 58; Laursen & Karavanov 2006, 

229), in which case drying and scrubbing of the wet gas are not needed (Laursen & Kara-

vanov 2006, 230-232). 

 

4.5. Sulfate roasting 

Another way of manufacturing sulfuric acid is the decomposition of sulfates into SO2 (Fer-

tilizers Europe 2000, 25). Sulfates used for the sulfuric acid production are mainly iron sul-

fate (FeSO4) and calcium sulfate (CaSO4) but also others such as manganese sulfate 

(MnSO4) (Hammerschmidt & Wrobel 2009, 87). Iron sulfate is a waste stream from for ex-

ample, the pigment industry (Hammerschmidt & Wrobel 2009, 87). Calcium sulfate is the 

major component of gypsum which is an industrial by-product and produced in large 

amounts as waste from which only a small portion is recycled (Wu et al. 2020, 1). Decom-

posing calcium sulfate is a way of treating waste gypsum with also producing useful sulfuric 

acid as a product. (Hammerschmidt & Wrobel 2009, 87). 

 

The decomposition of sulfates is done by roasting the sulfate in a fluid-bed furnace, a mul-

tiple-hearth furnace or a rotary kiln. After the decomposition, the SO2 gas goes through 
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cooling and cleaning before entering the acidmaking process. (Fertilizers Europe 2000, 25-

26.) The decomposition of iron sulfate is shown below as an example of sulfate decomposi-

tion reaction. The reaction can either be done in one step as seen in equation 12 or in two 

steps like in equations 13 and 14. (Hammerschmidt & Wrobel 2009, 95.) 

 

2𝐹𝑒𝑆𝑂4 → 2𝐹𝑒𝑂 + 2𝑆𝑂2 + 𝑂2    (12) 

 

𝐹𝑒𝑆𝑂4 → 𝐹𝑒𝑂 + 𝑆𝑂3     (13) 

𝑆𝑂3 → 𝑆𝑂2 + 0.5𝑂2     (14) 

 

The calcium sulfate of gypsum can also be used for the co-production of calcium sulfoalu-

minate clinker and sulfuric acid. production of calcium sulfoaluminate generates SO2 which 

can be transformed into sulfuric acid. (Wu et al. 2020, 1.) The equations 2 and 3 from chapter 

4 are the acidmaking steps (Justia 2010). 
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5. Life Cycle Assessment 

This chapter focuses on the empirical part of the study, the life cycle assessment. To assess 

the environmental impacts of sulfuric acid production, LCA methodology is used and ISO 

standards 14040 and 14044 concerning LCA studies applied. LCA studies. According to the 

ISO 14040 (2006, 7-16) and 14044 (2006, 7-23), LCA study consists of four phases: goal 

and scope definition where the objectives and boundaries of the study are defined, life cycle 

impact inventory that includes data collection and calculation, life cycle impact assessment 

presenting the environmental impacts and life cycle interpretation where the results of the 

study are interpreted. 

 

5.1. Goal and scope 

The goal of the LCA study is to find out the environmental impacts of the sulfuric acid 

manufacturing process at a Kraft pulp mill on selected impact categories. They are global 

warming potential, acidification potential, eutrophication potential, water depletion poten-

tial, abiotic resource depletion potential and human toxicity potential. The environmental 

impacts are compared to the environmental impacts of alternative production methods of 

sulfuric acid. The study is done for ANDRITZ, and the intended audience of the study are 

the customers of ANDRITZ. The LCA is conducted as a part of a master’s thesis and dis-

closed to the public. The study is reported according to ISO standards 14040 and 14044. The 

LCA modelling is done using GaBi Solutions software by Sphera. 

 

The product system studied in this LCA study is a sulfuric acid manufacturing process at a 

non-integrated softwood Kraft pulp mill, more specifically a WSA process in a plant located 

in Finland. The product system produces sulfuric acid with concentration of over 95 % from 

odorous gases from the pulping process. Two versions of the product system are modelled: 

one with elemental sulfur as additional sulfur input and one without it. For both versions of 

the process, the functional unit is 1 ton of produced sulfuric acid. The functional unit is the 

reference unit for the study and the flows are quantified based on it. 
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The system boundary of this study includes the production phase of the life cycle as well as 

the production of needed materials and energy. Transportation of the materials and wastes is 

also taken into account. The distribution, use and end-of-life parts of the life cycle are ex-

cluded from the study. In the process with elemental sulfur, sulfur preparation including 

melting and filtration is included in the system boundary. The sulfuric acid production itself 

includes the WSA production steps introduced in chapter 4.1. The system boundaries of each 

process versions are presented in figures 6 and 7. GaBi models of both processes are shown 

in appendices 1 and 2. 

 

 

Figure 6. System boundary of the product system with elemental sulfur. 
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Figure 7. System boundary of the product system without elemental sulfur. 

 

Flows left out of the study are firefighting water, potable water, sealing water, cooling water, 

chilled water for heating, ventilation and air conditioning (HVAC), CNCG, flue gases, ex-

cess steam, wastewater, air input and hot air output. Firefighting water, potable water and 

HVAC water are excluded because they are not directly for the actual process. Sealing water 

and cooling water are in closed cycles and their processing is assumed not to have significant 

impact. CNCG can be classified as a side stream from the pulp mill (Pöyry 2018, 28), thus 

their production is not part of the environmental impact of the sulfuric acid production. Flue 

gases are cleaned and released to the atmosphere thus they are excluded from the study. 

Similarly, the assumption of non-significant impact is made to non-processed air and hot air. 

Excess steam is assumed to be used in other pulp mill processes and thus left out of the study. 

Wastewater is not taken into account because wastewater treatment is not included in the 

system boundary. 

 

5.2. Life Cycle Inventory Analysis 

This chapter presents the LCI part of the study where the collection and calculation of data 

is reported. It includes checking the validity of the collected data and relating it to the func-

tional unit by calculation procedures. The data collection included receiving data from AN-

DRITZ and searching for information from the GaBi database and literature. 
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5.2.1 Data collection 

The primary data used in the study was WSA process balances from ANDRITZ. These bal-

ances were based on sizing data from equipment manufacturer from the year 2022 and con-

tained the input and output flow values of a sulfuric acid production process at a Kraft pulp 

mill. Secondary data complementing the primary data was gathered from GaBi and litera-

ture. The database used in GaBi was Professional and Extended database version 2020.1. 

Complete processes from the GaBi database were used for the unit processes in the model. 

The data from GaBi was selected to represent Finland or European Union when the selection 

was possible to make. The processes used for modelling are presented in appendices 3 and 

4. Additional values needed for calculations were obtained from literature sources. These 

sources were from after the year 2020 and are presented in chapter 5.2.2 table 8. 

 

For the process with elemental sulfur, some assumptions were necessary for the sulfur prep-

aration. The elemental sulfur is assumed to be a side stream from a refinery. The lime used 

in the pre-treatment of elemental sulfur is slaked lime (Ca(OH)2). Another material used in 

the process is caustic soda for sulfur handling scrubber in the concentration of 100 % and 20 

%. For modelling purposes, it is assumed that the 100 % caustic soda is diluted to 20 %. The 

water used for the dilution is assumed not to have significant impact, so it is excluded. The 

caustic soda with the concentration of 20 % used for sulfur handling scrubber is recovered 

after use. Because of this, it is assumed that they can be returned to the process thus it is only 

needed in startup. Caustic soda with concentration of 100 % is also used in flue gas scrubber 

in both versions of the process. This caustic soda is also recovered and returned to the pro-

cesses. 

 

For both versions of the process, it is assumed that the needed electricity is produced by 

black liquor combustion in recovery boiler as the plant is located at pulp mill. According to 

Gomez et al. (2006, 2.19) black liquor is classified as solid biofuel and as there was not 

available production process in GaBi database for electricity production from black liquor, 

a process of electricity production from solid biomass is used. 
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Process waters are assumed to be processed with ion exchange. To simplify the modelling, 

an assumption is made that both mill water and demineralized water are surface water pro-

cessed the same way. The production of the process water does not include desalination 

because the water can be assumed to be fresh water based on the plant’s location of Finland. 

For the compressed air and instrument air, an assumption of 10 bar pressure and high effi-

ciency is made. 

 

In transportation, the materials transported to the plant and the wastes transported to landfill 

are taken into account. The inputs transported to the plant in the process with elemental 

sulfur are elemental sulfur, lime, caustic soda, startup sulfuric acid and diatomacea filter aid. 

In the process without elemental sulfur and caustic soda are transported to the plant. Trans-

portation is assumed to be done with road transport. In modelling, Euro 6 trucks with 20–

26-ton gross weight and 17.3 payload capacity are used. They are representative of the Euro 

vehicle emission standard from 2014 (Williams & Minjares 2016, 8). The transportation 

distance is estimated based on the production possibilities in Finland. As the estimations 

gave similar distances for elemental sulfur, lime and caustic soda, the same distance of 250 

km is used for all of the inputs. For diatomacea filter aid, there was a lack of information 

about the transportation distances, but the same assumption was used for it as well. To land-

fill is transported filter cake that is formed in the filtration of elemental sulfur. It is assumed 

that landfills are located near the production places thus the distance used for the transpor-

tation of filter cake is 10 km. Due to lack of information about the emissions of diatomacea 

filter aid production and the landfilling of filter cake, they are excluded from the study and 

only the transportation is included. 

 

The processes produce steam that is assumed to be returned to the process itself. Steam pro-

duced from black liquor combustion is thus only needed in startup. Excess steam is also 

produced, and it could be recovered as energy. However, in this study the recovered energy 

is not taken into account and assumed that the steam is used in other processes in the pulp 

mill. 

 



51 

 

Fuels used in the processes are natural gas for mist control in the process with elemental 

sulfur and raw methanol as a support fuel in the process without elemental sulfur. Raw meth-

anol is generated as a by-product from the pulping process, so only the combustion is taken 

into account. Because the raw methanol is biobased, a GaBi process of thermal energy from 

biomass is used in the modeling. The GaBi process is for solid biomass which is why a 

bigger value range is considered for raw methanol to take into account the error. 

 

5.2.2 Data reliability 

The data is based on sizing data from equipment manufacturer and not on measurements 

from a plant in operation which is why the study is not specific for an actual operating sul-

furic acid plant. The data and assumptions are selected according to the goal and scope of 

this study and are reliable and appropriate for this purpose. Because of this they might not 

be suitable for other uses. Thus, the results of this study are not to be used as scientific 

references but rather suggestions of how and where the environmental impacts of the studied 

processes are generated. The results are representative of the scope of this study and the 

assumptions which should be taken into consideration when reviewing them. 

 

5.2.3 Data calculation 

For both versions of the process, the primary data was calculated to represent a production 

of 1 hour and then to correspond to the functional unit of 1 ton of sulfuric acid produced. 

The primary data was received with value ranges for the inputs and outputs and to take this 

uncertainty into account, three scenarios of both versions of the process were modelled: 

baseline scenario with average values, and two other scenarios with minimum and maximum 

values. It was assumed that the amount of sulfuric acid product is the same in each scenario 

thus the inputs and outputs were calculated to correspond the same amount of sulfuric acid. 

 

The primary data did not include value ranges for elemental sulfur input nor 20 % caustic 

soda. An assumption of a variation of +/- 10 % for their values was made. For transportation 
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distances the variation was assumed to be +/- 20 % in both versions of the process. The 

inputs and outputs of the processes with their uncertainty ranges are presented in tables 6 

and 7. 

 

Table 6. Inputs and outputs of the process with elemental sulfur. 

Input Value range Unit 

Elemental sulfur 145-180 kg 

Lime 1.30-1.33 kg 

Diatomacea filter air 0.30-0.33 kg 

Caustic soda 100 % 2.8-3.6 kg 

Compressed air 310-380 Nm3 

Process water 6800-7300 kg 

Natural gas 0.3-0.5 kg 

Thermal energy from natu-

ral gas 
13-26 MJ 

Electricity 730-900 MJ 

Distance to plant 200-300 km 

Output Value range Unit 

Sulfuric acid product 1000 kg 

Distance to landfill 8-12 km 
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Table 7. Inputs and outputs of the process without elemental sulfur. 

Input Value range Unit 

Caustic soda 100 % 55-60 kg 

Compressed air 140-160 Nm3 

Process water 8200-9400 kg 

Thermal energy from raw 

methanol 
1200-1600 MJ 

Electricity 990-1030 MJ 

Distance to plant 200-300 km 

Output Value range Unit 

Sulfuric acid product 1000 kg 

 

Some calculations were necessary in order to get the data in right form for modelling. The 

necessary values of calculations can be seen in table 8 with their sources. The calculations 

included a dilution calculation of caustic soda with the concentration of 100 % to 20 %, 

conversion of volumes into masses and calculation of produced energy. 
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Table 8. Additional values needed in the calculations. 

 Value Source 

Density of 20 % caustic soda 1180 kg/m3 LabChem 2020, 4 

Heating value of purified 

methanol 
22.7 MJ/kg  Jensen et al. 2012, 2151 

Heating value of steam 2.78 MJ/kg GaBi 

Heating value of natural gas 48.7 MJ/kg GaBi 

Heating value of LPG 46.2 MJ/kg GaBi 

Standard volume of natural 

gas 
1.35 Nm3/kg GaBi 

 

5.2.4 Sensitivity analysis 

The study includes sensitivity analysis where the impact of variables on the results is exam-

ined. The sensitivity analysis has two parts: the impact of energy sources and impact of a 

startup situation compared to a normal operation. The impact of energy sources to the results 

is examined by changing the electricity production method. In the base situation, electricity 

is produced with black liquor combustion. In the sensitivity analysis, the replacing source of 

electricity is Finnish grid mix which is based on the Finnish electricity grid in 2017 thus 

including both fossil and renewable energy resources. 

 

To examine how a startup of the sulfuric acid plant differs from the normal, continuous 

production, a startup situation is modelled for both process versions. In startup, some addi-

tional inputs are needed which is why considering the startup is important when assessing 

the environmental impacts. It is assumed that startup happens once a year. The startup is a 

batch process but because of primary data being in units per hour, an assumption is made 

that startup lasts for 1 hour. With this assumption the inputs are calculated for the production 

of 1 ton of sulfuric acid. 
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The inputs for startup are presented in tables 9 and 10. As these inputs are additional, the 

flows presented for normal operation remain for startup situations as well. It is assumed that 

more electricity is not needed in startup compared to normal operation in either of the process 

versions. Flows that are returned to the process in normal operation need to be produced 

otherwise for startup. These include steam, 20 % caustic soda for sulfur handling scrubber 

and 100 % caustic soda for flue gas scrubber. The steam produced for startup is assumed to 

be from black liquor combustion. Other necessary flows for the process with elemental sulfur 

are natural gas as fuel and thermal energy from natural gas. For the process without elemental 

sulfur, LPG is used in startup. The support fuel in startup could also be purified methanol or 

for example natural gas or bio ethanol. Due to a lack of information available on the envi-

ronmental impacts of purified methanol, LPG is selected for the startup fuel. The amount of 

LPG is calculated from the amount of purified methanol and the produced energy which was 

given in the primary data. The heating values which are used for the calculation can be seen 

from table 8. 

 

Table 9. Inputs for startup of the process with elemental sulfur. 

Startup input Value range Unit 

Caustic soda 20 % 3.1-3.8 kg 

Caustic soda 100 % 6.6-7.3 kg 

Steam 1800-2000 MJ 

Natural gas 11-13 kg 

Thermal energy from natu-

ral gas 
550-600 MJ 
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Table 10. Inputs for startup of the process without elemental sulfur. 

Startup input Value range Unit 

Steam 3900-4500 MJ 

Caustic soda 100 % 55-60 kg 

LPG 0.25-0.50 kg 

Thermal energy from LPG 12-24 MJ 

 

When taking into account both the two electricity production methods and the two situa-

tions of operation, four scenarios are created for each version of the process, together eight 

scenarios. In order to make the reporting simpler, the scenarios are names SC1-SC8 like 

shown in table 11. Scenarios SC1-SC4 are for the process with elemental sulfur and SC5-

SC8 for the process without elemental sulfur. SC1 and SC5 are defined as the baseline sce-

nario for each process. 

 

Table 11. Scenarios of the production process. 

Scenario Process Operation Electricity production 

SC1 With elemental sulfur Normal operation Black liquor 

SC2 With elemental sulfur Normal operation Grid mix 

SC3 With elemental sulfur Startup Black liquor 

SC4 With elemental sulfur Startup Grid mix 

SC5 Without elemental sulfur Normal operation Black liquor 

SC6 Without elemental sulfur Normal operation Grid mix 

SC7 Without elemental sulfur Startup Black liquor 

SC8 Without elemental sulfur Startup Grid mix 
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5.3. Life Cycle Impact Assessment 

In this chapter, the assessment methods, environmental impact categories and their units are 

presented. The environmental impacts are studied based on the impact categories selected in 

the scope of the study. They are global warming potential, acidification potential, eutrophi-

cation potential, human toxicity potential, water depletion potential and abiotic resource de-

pletion potential. Global warming potential is used to determine the impact on climate 

change, and it takes into account greenhouse gases (GHG) (Ecochain 2021). It is selected 

for this study because climate change is one of the biggest environmental issues currently. 

 

Acidification potential defines the acidifying impact (Ecochain 2021) based on the amount 

of SO2 or H+ depending on the assessment method. Eutrophication potential describes the 

enrichment of nutritional elements. Contributors to EP are N and P emissions and based on 

the method it can be presented either by the amount of P or N. (Ecochain 2021.)  Eutrophi-

cation potential can be divided into terrestrial, freshwater and marine potential (Agribalyse 

2020). Acidification and eutrophication potentials are selected as impact categories because 

of the location of the studied sulfuric acid plant. Acidification and eutrophication have been 

problems in Finland and the studied product system can have emissions affecting them. Only 

terrestrial and freshwater eutrophication potentials are taken into account because marine 

eutrophication potential concerns sea water and the Baltic Sea at the west and south coast of 

Finland is considered brackish water as its salinity is low (MarineFinland 2020). 

 

Water depletion potential assesses the water consumption and depletion (Agribalyse 2020) 

taking into account the net withdrawal of water (Sphera 2020, 25). As the processes use 

considerably large amounts of water, water depletion potential, more specifically water scar-

city potential is chosen to be in the study. Abiotic resource depletion potential represents the 

depletion of non-renewables and can assess either fossil energy sources such as oil, coal and 

gas, or non-renewable minerals and metals (Agribalyse 2020). Abiotic resource depletion 

potential is selected for this study because the product system uses non-renewable resources. 

Human toxicity potential indicates the impact of toxic substances on human health. (Eco-

chain 2021) and it can correspond to either carcinogenic toxicity or non-carcinogenic 
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toxicity. Human toxicity potential is selected as one of the impact categories due to possible 

human health affecting emissions from pulp mills. 

 

The methodology used in this study is Environmental Footprint 3.0. The Environmental 

Footprint (EF) is a methodology of environmental performance initiated by European Com-

mission and the version 3.0 is the second version after the pilot phase 2.0 (Sphera n.d.). 

However, EF 3.0 is not comparable to all the results of the previous studies since they have 

used different methodology that present the environmental impacts in different units. Thus, 

multiple methods were used in order to obtain the results in comparable units. The assess-

ment methods that were used in addition to EF 3.0 are CML 2001 – Jan 2016 and ReCiPe 

2016 v.1.1 Midpoint (H). In CML 2001 – Jan 2016, GWP, AP and EP are midpoint ap-

proaches and HTP is endpoint approach. The other two methods are midpoint approaches. 

The units of the impact categories of each assessment method are presented in table 12. The 

human toxicity unit is Comparative Toxicity Unit for human health (CTUh) which represents 

disease cases per kg of emitted substance (Eckelman 2016, 3259). The water depletion po-

tential unit m3 world eq equals to the average m3 of water consumed in the world (Wulca 

n.d.) and takes into account the availability of water in different locations of the world 

(Sphera 2020, 25). 
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Table 12. The units of the impact categories in each assessment method. 

 
Environmental 

Footprint 3.0 

CML 2001 – Jan 

2016 

ReCiPe 2016 v.1.1 

Midpoint (H) 

GWP kg CO2 eq  kg CO2 eq kg CO2 eq 

AP mol H+ eq kg SO2 eq 
kg SO2 eq 

(terrestrial) 

EP - kg Phosphate eq - 

EP freshwater kg P eq - kg P eq 

EP terrestrial mol N eq - - 

HTP CTUh kg DCB eq kg 1,4-DB eq 

WDP m3 world eq - m3 

ADP minerals & 

metals 
kg Sb eq kg Sb eq kg Cu eq 

ADP energy 

carriers 
MJ MJ kg oil eq 

 

5.4. Life Cycle Interpretation 

In this chapter, the results of the LCA study are presented and interpreted. Table 12 shows 

the results of SC1 and SC5 because they are the baseline scenarios of each version of the 

process. As seen from the table, the environmental impacts are lower for the process without 

elemental sulfur in all impact categories except terrestrial EP and WDP. 
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Table 13. The results of SC1 and SC5 in EF 3.0. 

Impact category SC1 SC5 

GWP (kg CO2 eq/t H2SO4) 142 25 

AP (mol H+ eq/t H2SO4) 0.71 0.61 

EP freshwater (kg P eq/t H2SO4) 7.0∙10-4 4.7∙10-4 

EP terrestrial (mol N eq/t H2SO4) 1.8 2.2 

WDP (world m3/t H2SO4) 310 386 

ADP minerals & metals (kg Sb eq/t H2SO4) 2.1∙10-5 5.4∙10-6 

ADP energy carriers (MJ/t H2SO4) 5967 383 

HTP cancer (CTUh/t H2SO4) 9.3∙10-8 3.4∙10-8 

HTP non-cancer (CTUh/t H2SO4) 4.6∙10-6 2.6∙10-6 

 

The results of the other scenarios with sensitivity analysis are presented in figures in chapters 

5.4.1.-5.4.6. The figures show errors resulting from the uncertainty of input and output val-

ues. For some of the impact categories, the inputs and outputs have a quite large effect and 

can lead to notably higher or lower impacts. For the scenarios with higher impact in com-

parison to the other scenarios, the error is also bigger and leads to more uncertainty toward 

both lower and higher potential. 

 

The figures also show which flows contribute most to the potentials and it can be seen that 

there are differences between the impact categories and scenarios. For the process that uses 

elemental sulfur, the production of elemental sulfur has a big impact in almost every category 

and could be presented as the main contributor. For the process where elemental sulfur is 

not used there is not as clear contributor. For both of the process versions, electricity pro-

duction plays a notable role in most of the categories. In freshwater EP and WDP, the pro-

duction of process water accounts for most of the potential. In startup, steam production, the 

additional caustic soda and the use of natural gas as supporting fuel increases the impact in 

several impact categories. The production of lime, natural gas for mist control, use of LPG 
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and transportation has very small impacts in every category. The contribution of the com-

pressed air and combustion of raw methanol is very dependent on the impact category. 

 

Some of the assumptions made in the scope of this study could affect the results. All of the 

process water was modeled as demineralized which may result in higher potentials than in 

reality. Mostly this assumption affects the freshwater EP and WDP where process water is 

one of the main contributors. Another assumption which might have an impact on the results 

is that for black liquor, combustion process of solid biomass was used. Solid biomass has 

higher efficiencies in combustion than liquid biomass. With lower efficiency, the environ-

mental impacts caused by the combustion of black liquor could in reality be higher than the 

results. Recovery boiler where black liquor is burned is also used for the regeneration of 

chemicals of the pulping process in addition to the energy production, and this might also 

have an effect on the environmental impacts. The error shown in the results is assumed to 

take into account the possible effect from the decisions made in the scope of this study. 

 

5.4.1. Global warming potential 

According to IPCC guidelines CO2 emissions from combustion of biomass, for example 

biofuels, should be reported as zero for energy production (Rypdal et al. 2006, 1.6). Black 

liquor is listed as one of the biofuels (Gomez et al. 2006, 2.19) so this guideline is applied. 

Thus, the impact category selected from EF 3.0 is global warming potential that only takes 

into account fossil carbon and excludes biogenic carbon. As seen from figure 8, the GWP of 

the process without elemental sulfur is significantly lower than the process with elemental 

sulfur in all scenarios. The lowest it is when electricity is produced from black liquor: 25 kg 

CO2 eq/t H2SO4 for SC5. With grid electricity, GWP is four times higher: 80 kg CO2 eq/t 

H2SO4 for SC6. For the process that uses elemental sulfur, the impact is 142 kg CO2 eq/t 

H2SO4 for SC1 and 187 kg CO2 eq/t H2SO4 for SC2. The big difference is due to the GHG 

from the production of elemental sulfur which accounts for more than half of the impact in 

normal operation. 

 



62 

 

 

 

Figure 8. Global warming potential. 

 

In addition to elemental sulfur, other main contributors in both process versions are electric-

ity from grid and the production of process water and compressed air. In startup, the produc-

tion of caustic soda is notable for the process without elemental sulfur. For the other process, 

the fossil fuel natural gas and especially its combustion increase the impact. Overall, the 

GWP of startup is higher in comparison to the normal operation but all scenarios of the 

process without elemental sulfur have lower impact than the process with it. The potentials 

of startup are 203 kg CO2 eq/t H2SO4 for SC3, 248 kg CO2 eq/t H2SO4 for SC4, 90 kg CO2 

eq/t H2SO4 for SC7 and 145 kg CO2 eq/t H2SO4 for SC8. 

 

5.4.2. Acidification potential 

AP of both versions of the process are presented in figure 9. As shown in the figure, AP is 

higher for all scenarios when electricity is produced from black liquor rather than when it is 
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from grid. This is due to the acidifying NOx emissions from biomass combustion. The lowest 

AP is for SC6: 0.49 mol H+ eq/t H2SO4. For SC5 is 0.61 mol H+ eq/t H2SO4. In comparison 

to the process without elemental sulfur, the difference is not very big. The impacts are 0.71 

mol H+ eq/t H2SO4 for SC1 and 0.61 mol H+ eq/t H2SO4 for SC2. The main contributors in 

addition to electricity production are the production of elemental sulfur in the process where 

it is used and the combustion of raw methanol in the other process. 

 

 

Figure 9. Acidification potential. 

 

The potentials are higher in startup due to the production of steam. As steam is produced 

from black liquor, the NOx emissions of biomass combustion make the impact higher. For 

SC3 AP is 1.11 mol H+ eq/t H2SO4 and for SC4 1.01 mol H+ eq/t H2SO4 from which steam 

accounts for about a third. For the process without elemental sulfur, the impact of steam is 

more notable as it accounts for about half of the whole AP and raises it to be higher than for 

the process with elemental sulfur. AP is 1.49 mol H+ eq/t H2SO4 for SC7 and 1.37 mol H+ 

eq/t H2SO4 for SC8. 
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5.4.3. Eutrophication potential 

In EF 3.0, eutrophication potential is given separately for freshwater and terrestrial, thus two 

figures are presented: freshwater EP in figure 10 and terrestrial EP in figure 11. As seen from 

the figure 10, freshwater EP is low for both versions of the process and for all scenarios. 

This is because the process has low sulfur and phosphorus emissions. Potential for SC5 is 

the lowest with 4.7∙10-4 kg P eq/t H2SO4. For SC6 the impact is 5.6∙10-4 kg P eq/t H2SO4 and 

the increase is due to electricity from grid. Mainly because of the production of caustic soda, 

in startup the freshwater EP is slightly higher: 6.9∙10-4 kg P eq/t H2SO4 for SC7 and 7.8∙10-4 

kg P eq/t H2SO4 for SC8. Overall, the biggest contributor in all of the scenarios is the pro-

duction of process water. 

 

 

Figure 10. Eutrophication potential, freshwater. 
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For the process that uses elemental sulfur, the difference between the scenarios is even 

smaller. For SC1 freshwater EP is 7.0∙10-4 kg P eq/t H2SO4, for SC2 8.0∙10-4 kg P eq/t H2SO4, 

for SC3 7.5∙10-4 kg P eq/t H2SO4 and for SC4 8.2∙10-4 kg P eq/t H2SO4. Similarly to the 

process without elemental sulfur, process water accounts for the biggest potential. In addi-

tion, the production of elemental sulfur has a notable contribution and that also why the 

freshwater EP is higher for this version of the process in comparison to when elemental 

sulfur is not used. The production of caustic soda is not as significant as in the process with-

out elemental sulfur because it is used less. Due to this startup does not have notably higher 

freshwater EP. 

 

For terrestrial EP, the potential is bigger when electricity is produced with black liquor in-

stead of being from grid. The explaining reason can be the NOx emissions from biomass 

combustion. Opposite to freshwater EP, terrestrial EP is smaller for the process that uses 

elemental sulfur. The lowest impact is thus for SC2 with 1.2 mol N eq/t H2SO4. For SC1 it 

is 1.8 mol N eq/t H2SO4. Of the process without elemental sulfur, SC6 has the lowest poten-

tial with 1.5 mol N eq/t H2SO4. SC5 has the impact of 2.2 mol N eq/t H2SO4. The electricity 

production has overall quite notable effect on terrestrial EP and because the process without 

elemental sulfur uses more electricity, it has higher impact. Another main contributor is the 

combustion of raw methanol. In the modeling, thermal energy from biomass was used which 

includes NOx emissions. As raw methanol also contains nitrogen, it can be assumed it would 

also produce NOx emissions. Elemental sulfur is again one of the main contributors for the 

process that uses it. 
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Figure 11. Eutrophication potential, terrestrial. 

 

Startup has a bigger impact on terrestrial EP in comparison to freshwater EP and the main 

reason is the production of steam and its NOx emissions from black liquor combustion. For 

SC3 the potential is 3.2 mol N eq/t H2SO4 and for SC4 2.7 mol N eq/t H2SO4. Startup affects 

the process without elemental sulfur more notably as the results are 5.3 mol N eq/t H2SO4 

for SC7 and 4.6 mol N eq/t H2SO4 for SC8. Steam production corresponds to about half of 

the impact. 

 

5.4.4. Water depletion potential 

WDP is presented in figure 12 and as it can be seen, process water contributes the most to 

WDP in all scenarios of both processes, over 95 %. Because process water accounts for most 

of the impact and is constant in the scenarios of each process, there are only very small 

differences between the scenarios. Overall, WDP of the process with elemental sulfur is 

smaller because less process water is needed in comparison to the process without elemental 
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sulfur. The results for the process with elemental sulfur are 310 m3 world eq/t H2SO4 for 

SC1 and 313 m3 world eq/t H2SO4 for SC2. For startup the impacts are almost the same: 313 

m3 world eq/t H2SO4 for SC3 and 316 world m3/t H2SO4 for SC4. 

 

 

Figure 12. Water depletion potential. 

 

The process that does not use elemental sulfur uses more process water per 1 ton of sulfuric 

acid, but the amount is not significantly higher. In WDP the difference can be seen between 

the processes but it is not very large. For SC5 the impact is 386 m3 world eq/t H2SO4 and for 

SC6 389 m3 world eq/t H2SO4. Similarly to the other process, the potential of startup is not 

very much higher in comparison to the normal operation. The results are 399 m3 world eq/t 

H2SO4 for SC7 and 402 m3 world eq/t H2SO4 for SC8. 
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5.4.5. Abiotic resource depletion potential 

ADP is divided into minerals and metals and energy carriers in EF 3.0 and to present these 

two potentials, two figures are shown. As seen from figures 13, ADP of minerals and metals 

is low and varies between the scenarios. It follows a similar pattern as GWP with the process 

without elemental sulfur having the lowest impact in normal operation. The potential of SC5, 

5.4∙10-6 kg Sb eq/t H2SO4, is significantly lower than the other scenarios of both processes. 

When electricity is from grid the potential more than doubles and SC6 has the potential of 

1.3∙10-5 kg Sb eq/t H2SO4. Elemental sulfur has a notable impact on the process where it is 

used, and the potentials are higher: 2.1∙10-5 kg Sb eq/t H2SO4 for SC1 and 2.8∙10-5 kg Sb eq/t 

H2SO4 for SC2. 

 

 

Figure 13. Abiotic resource depletion potential, minerals and metals. 

 

In startup the production of caustic soda contributes largely to the increase of the impact. 

For the process without elemental sulfur caustic soda has a bigger effect making the potential 
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for SC7 1.8∙10-5 kg Sb eq/t H2SO4 and for SC8 2.6∙10-5 kg Sb eq/t H2SO4. Still, for the 

process with elemental sulfur, the potentials are higher: 3.1∙10-5 kg Sb eq/t H2SO4 for SC3 

and 3.8∙10-5 kg Sb eq/t H2SO4 for SC4. In addition to caustic soda, the production and com-

bustion of natural gas increase the impact in comparison to normal operation. 

 

As seen from figure 14, there is a clear difference between the two processes on ADP of 

energy carriers. For the process that uses elemental sulfur, ADP of energy carriers is signif-

icantly higher mainly because of the use of elemental sulfur which accounts for 62-90 % of 

the impact depending on the scenario. Overall, for the process with elemental sulfur ADP of 

energy carriers is high in all of the scenarios: 5967 MJ/t H2SO4 for SC1, 7160 MJ/t H2SO4 

for SC2, 7474 MJ/t H2SO4 for SC3 and 8668 MJ/t H2SO4 for SC4. Fossil fuels are the main 

contributors thus electricity from grid and the use of natural gas in startup increase the po-

tential. 

 

 

Figure 14. Abiotic resource depletion potential, energy carriers. 
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In the process where elemental sulfur, ADP of energy carriers is small, especially for the 

SC5 when electricity is from black liquor. The potential of SC5 is 383 MJ/t H2SO4, only 6 

% of the potential of SC1. For SC6 electricity from grid makes the potential almost five 

times higher to 1863 MJ/t H2SO4. In startup the results are 1436 MJ/t H2SO4 for SC7 and 

2915 MJ/t H2SO4 for SC8. The production of caustic soda and electricity from grid are the 

main contributors. 

 

5.4.6. Human toxicity potential 

In EF 3.0, two HTP values can be obtained: one with carcinogenic effects and one with non-

carcinogenic effects. The substances affecting carcinogenic HTP from the impacting pro-

cesses are hydrocarbons as well as non-methane volatile organic compounds (NMVOCs) 

which can produce carcinogenic compounds. In figure 15, the HTP with carcinogenic effects 

is presented and it can be seen that the potential is relatively low. The difference between 

the impact of the two electricity production methods is very small which is why the potentials 

of normal operation scenarios as well as startup scenarios are almost the same. The result of 

SC5 is overall the lowest with 3.4∙10-8 CTUh/t H2SO4. For SC6 it is 3.6∙10-8 CTUh/t H2SO4. 

The main contributors are the electricity production and combustion of raw methanol. For 

the process with elemental sulfur the impact is notably higher with the potential of 9.3∙10-8 

CTUh/t H2SO4 for SC1 and 9.5∙10-8 CTUh/t H2SO4 for SC2. The production of elemental 

sulfur corresponds to over 75 % of the impact. 
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Figure 15. Human toxicity potential, cancer. 

 

Startup potentials are mainly affected by the production of steam. For SC3 carcinogenic HTP 

is 2.1∙10-7 CTUh/t H2SO4 and for SC4 2.3∙10-7 CTUh/t H2SO4. The use of natural gas also 

play a role. For the process that does not use elemental sulfur, steam has a bigger effect and 

also the production of caustic soda contributes making the potential of SC7 8.2∙10-8 CTUh/t 

H2SO4 and SC8 8.5∙10-8 CTUh/t H2SO4. 

 

HTP with non-carcinogenic impacts is presented in figure 16. Affecting substances from the 

processes to the non-carcinogenic HTP are particulate matter (PM) especially >PM10, heavy 

metals and NMVOCs. As seen from the figure, non-carcinogenic HTP is higher than car-

cinogenic HTP but the differences between the scenarios follow a similar pattern. For non-

carcinogenic HTP electricity production method, however, has a bigger effect and when 

electricity is from black liquor, the potential is higher. The lowest potential is thus for SC6 

with 1.9∙10-6 CTUh/t H2SO4. For SC5 it is 2.6∙10-6 CTUh/t H2SO4. The combustion of raw 

methanol in addition to electricity and process water production are the main contributors. 
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For the process with elemental sulfur, SC2 has the smallest impact: 4.1∙10-6 CTUh/t H2SO4 

while SC1 has the impact of 4.6∙10-6 CTUh/t H2SO4. Similarly, to carcinogenic HTP, in this 

case also elemental sulfur is a main contributor. For the process without elemental sulfur, 

SC6 has the smallest impact with 4.8∙10-6 CTUh/t H2SO4. The potential of SC5 is 5.6∙10-6 

CTUh/t H2SO4. 

 

 

Figure 16. Human toxicity potential, non-cancer. 

 

In startup, the potentials are higher, and for the process without elemental sulfur the differ-

ence between startup and normal operation is more notable. This is mainly due to the steam 

production but caustic soda also affect. For SC7 the potential is 6.1∙10-6 CTUh/t H2SO4 and 

for SC8 5.5∙10-6 CTUh/t H2SO4. For the process with elemental sulfur, steam also increases 

the potential but not as much as for the other process. Non-carcinogenic HTP of SC3 is 

6.9∙10-6 CTUh/t H2SO4 and SC4 6.3∙10-6 CTUh/t H2SO4.  
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6.  Discussion 

This chapter presents the discussion of the study and the results. First the results are com-

pared to two previous LCA studies of sulfuric acid production. Then the study is discussed 

in a broader view. 

 

6.1. Comparison of the results to previous studies 

The results of the baseline scenarios of this study are compared to LCA studies by Marwa et 

al. (2017) and Adeniran et al. (2017). These two studies are conducted for the production of 

sulfuric acid from elemental sulfur. Since the studies include some differences in their scope, 

the main contents of the scopes of the studies and the baseline scenarios SC1 and SC5 are 

gathered in table 14. 
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Table 14. Similarities and differences in the scopes of SC1, SC5 and previous LCA studies. 

 SC1 SC5 
Marwa et al. 

2017 

Adeniran et al. 

2017 

Location Finland Finland Tunisia Nigeria 

Life cycle 

stages 

Sulfuric acid 

production, ma-

terial and en-

ergy produc-

tion, transporta-

tion 

Sulfuric acid 

production, ma-

terial and en-

ergy produc-

tion, transporta-

tion 

Sulfuric acid 

production, en-

ergy produc-

tion, transporta-

tion, equipment 

Sulfuric acid 

production, ma-

terial and en-

ergy production 

Sulfur prepara-

tion 
Included 

Not needed in 

the process 
Included Included 

Sulfur source 
CNCG and ele-

mental sulfur 
CNCG 

Elemental 

sulfur 

Elemental 

sulfur 

Electricity 

source 
Black liquor Black liquor 

Steam and nat-

ural gas 
US grid 

Water 
Demineralized 

water 

Demineralized 

water 
Not specified 

Demineralized 

water 

Transport 

Road transport: 

elemental sul-

fur, caustic 

soda, lime, fil-

ter residue 

Road transport: 

caustic soda, 

LPG 

Road and sea 

transport:  

elemental sul-

fur, catalyst, 

chemical con-

sumables, 

equipment 

Not taken into 

account 

  

To compare this study to the previous to the studies by Marwa et al. (2017) and Adeniran et 

al. (2017), the results are presented in table 15. The results of the two previous studies are 

from the original sources but they are converted to represent the functional unit of 1 ton of 

produced sulfuric acid. The results of SC1 and SC5 are presented in comparable units based 

on the units that were used in the previous studies. The study by Marwa et al. (2017) did not 

include all the impact categories selected for this assessment but the comparison is done for 
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those that were included. Adeniran et al. (2017) did not present freshwater and terrestrial EP 

but instead an overall EP. 

 

Table 15. Environmental impacts compared to two previous LCA studies of sulfuric acid 

production. 

Impact category SC1 SC5 
Marwa et al. 

2017 

Adeniran et 

al. 2017 

GWP 

(kg CO2 eq/t H2SO4) 
142 25 89  270 

AP 

(mol H+ eq/t H2SO4) 
0.71 0.61 4.0 - 

AP 

(kg SO2 eq/t H2SO4) 
0.64 0.59 - 4.4 

EP 

(kg Phosphate eq/t 

H2SO4) 

0.065 0.071 - 0.14 

EP fresh water 

(kg P eq/t H2SO4) 
7.0∙10-4 4.7∙10-4 12∙10-3 - 

EP terrestrial 

(mol N eq/t H2SO4) 
1.8 2.2 1.8 - 

WDP 

(m3/t H2SO4) 
7.4 9.2 - 37 

ADP minerals&metals 

(kg Sb eq/t H2SO4) 
2.1∙10-5 5.4∙10-6 - 1.2∙10-4 

ADP energy carriers 

(MJ/t H2SO4) 
5967 383 - 9700 

HTP 

(1,4-DB eq/t H2SO4) 
29 3.2 - 16 

 

As seen from the table, SC5 has significantly lower GWP in comparison to SC1 and the 

previous studies. Especially the difference can be seen when comparing SC5 to SC1 and the 
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study by Adeniran et al. (2017). In both of the studies, sulfuric acid is produced from ele-

mental sulfur by-product from oil or gas refineries. In the study by Marwa et al. (2017), it is 

not however clearly stated whether or not the production of elemental sulfur is taken into 

account in the system boundary or not. Because the GWP is quite notable lower than in SC1 

the study by Adeniran et al. (2017) where elemental sulfur is used, it would be sensible to 

assume that elemental sulfur is not taken into account. That would explain why the GWP is 

lower. However, in relation to EP, Marwa et al. (2017) mention petroleum desulfurization 

as one of the contributors which leads to the assumption that the production of elemental 

sulfur is part of the system boundary. 

 

In the study by Adeniran et al. (2017), 99 % of the GWP is from elemental sulfur and in SC1 

75 %. In the study by Adeniran et al. (2017), only elemental sulfur is used as the sulfur input 

whereas in SC1 it is the additional input to support CNCG which is why the GWP of SC1 is 

lower. In the study by Marwa et al. (2017), the main contributor to GWP is sulfur treatment 

which would support the assumption that the production of elemental sulfur is not consid-

ered. If it is considered, it is not clear why elemental sulfur does not affect GWP more. 

 

Another affecting factor is the electricity production. Adeniran et al. (2017) with higher 

GWP use the United States grid for electricity while SC1 with lower GWP use black liquor. 

Marwa et al. (2017) use both excess steam from the sulfuric acid process and natural gas for 

electricity production. If elemental sulfur is not taken into account, the use of natural gas 

could explain why the study has higher impact than SC5. But if elemental sulfur is part of 

the system boundary, it cannot be said why the GWP is lower in comparison to SC1 and 

Adeniran et al. (2017) even though in addition to elemental sulfur use, electricity is produced 

by a fossil fuel instead of renewable source like in SC1. 

 

AP of SC1 and SC5 are notably lower in comparison to both of the previous studies. In the 

study by Adeniran et al. (2017), AP was due to SOx emissions from the production of ele-

mental sulfur, electricity and the plant. Direct emissions from the plant contribute for 72 % 

(Adeniran et al. 2017). Similarly, in the study by Marwa et al. (2017), SOx emissions from 

the plant was the biggest contributor to AP. Flue gas treatment was given as a solution for 
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lowering the AP (Marwa et al. 2017) so cleaning of flue gases is not considered in the study. 

For SC1 and SC5, there is flue gas cleaning at the plant and SOx emissions from the plant 

are assumed to be almost non-existent which explains why AP is so much smaller in com-

parison to the other studies. 

 

When examining the freshwater and terrestrial EP from the study by Marwa et al. (2017), it 

can be seen that freshwater EP is significantly higher in comparison to SC1 and SC5. Marwa 

et al. (2017) do not explain what contributes to freshwater EP other than the sulfuric acid 

production process which can include both sulfur pre-treatment and the actual process. It 

could be assumed that the process by Marwa et al. (2017) has more phosphorous emissions 

to water than SC1 and SC5. 

 

Terrestrial EP on the other hand is at a similar level as in the study by Marwa et al. (2017). 

For SC1 it is the same but for SC5 a bit higher. Marwa et al. (2017) state the main contribu-

tors for terrestrial EP to be the N emissions from natural gas combustion and petroleum 

desulfurization. Because the desulfurization is mentioned here, it gives the impression that 

the production of elemental sulfur is part of the system boundary. Similarly, for SC1 the 

biggest contributors are the electricity production and elemental sulfur. SC5 does not have 

elemental sulfur but electricity production and raw methanol combustion contribute. Adeni-

ran et al. (2017), used overall EP that does not divide the potential to freshwater and terres-

trial potential. EP of both SC1 and SC5 is about half of the one from that study. The biggest 

contribution to EP in the study by Adeniran et al. (2017) was the production of elemental 

sulfur. 

 

For WDP, SC1 and SC5 are much lower in comparison to the study by Adeniran et al. (2017). 

This can be explained by the fact that the WDP used in the study by Adeniran et al. (2017) 

takes into account both water availability and pollution whereas in this study only water 

scarcity was assessed. Adeniran et al. (2017) state that WDP is mostly affected by direct 

emissions from the production of sulfuric acid and the production of process water only 

contributed by 9 % (Adeniran et al. 2017). If pollution was not taken into account, that 
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remaining 9 % would be lower than in SC1 and SC5. In the process from Adeniran et al. 

(2017), the amount of water produced for the process is very small. 

 

When comparing the ADP of minerals and metals, it can be seen that for both scenarios of 

this study the potential is notably lower than in the study from Adeniran et al. (2017). ADP 

of mineral and metals of the study by Adeniran et al. (2017) is 6 times higher than SC1 and 

more than 20 times higher than SC5. The biggest contributor in the study by Adeniran et al. 

(2017) was elemental sulfur followed by process water. The impact could be higher due to 

the higher amount of elemental sulfur used in comparison to SC1. This could also explain 

why SC5 has so much lower impact as no elemental sulfur is used. 

 

ADP of energy carriers is also lower for both scenarios. In comparison to SC1, the potential 

of the study by Adeniran et al. (2017) is more than 1.5 times higher. For SC5 the difference 

is very significant as the ADP of energy carriers is about 25 times higher. Adeniran et al. 

(2017) do not specify what affects the potential other than the production process but ele-

mental sulfur and grid electricity are likely to have a big impact. This is likely as there is 

also such a big difference between SC1 and SC5 and only SC1 uses elemental sulfur. 

 

The carcinogenic and non-carcinogenic HTP are summed together to get overall HTP for 

SC1 and SC5. The potential of SC1 is almost twice as high as in the study from Adeniran et 

al. (2017). SC5, however, has significantly lower impact in comparison to both SC1 and 

Adeniran et al. (2017). The corrosiveness of the on-site infrastructure as well as the concen-

tration of sulfuric acid is explained to be the biggest contributor to HTP. However, looking 

at the figure of the HTP results of the study by Adeniran et al. (2017), it is seen that elemental 

sulfur accounts for all or most of the potential. 

 

The previous LCA studies were selected based on the possibility to compare them to the 

results of this study. Because there is a lack of LCA studies of sulfuric acid production, only 

two studies were able to be compared and the system boundaries were varying. In the future, 

it would be valuable to conduct LCA studies of sulfuric acid production that had the same 
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system boundaries so the environmental impacts of different production methods could be 

compared more effectively and precisely. 

 

6.2. Discussion of the study 

This study assessed the environmental impacts of sulfuric acid manufacturing process from 

CNCG of Kraft pulping process. It was examined how the impacts differ for two versions of 

the process. Overall, in most of the studied impact categories, the process that uses elemental 

sulfur as an additional sulfur input has higher environmental impacts than the process where 

it is not used. Thus, from the environmental point of view, it would be better to produce 

sulfuric acid from CNCG without additional sulfur input. Pulp mills produce 2-7 kg/ADt of 

sulfur in odorous gases (Mahecha-Botero et al. 2021, 103; Valmet 2017, 5) and based on the 

amounts of substance and molar masses, 327 kg of sulfur is needed in the production of 1 

ton of sulfuric acid. The theoretical capacity to produce sulfuric acid from odorous gases at 

pulp mill is then 6-21 kg H2SO4/ADt. In Finland, about 8 million tons of pulp is produced 

annually (Metsäteollisuus 2022), meaning theoretically 49 000-171 000 t H2SO4 could be 

manufactured yearly. 

 

Another limiting factor in the use of elemental sulfur is the estimated shortage of by-product 

elemental sulfur from the oil and gas industries. In the sulfuric acid production process, ele-

mental sulfur is used as a support sulfur input and its benefits are in the higher produced 

sulfuric acid yield. The process also consumes less some of the needed materials such as 

process water and steam per sulfuric acid ton. However, when elemental sulfur is not used, 

other inputs like compressed air and electricity are needed less per ton of sulfuric acid. The 

process with elemental sulfur also has an additional process step where the sulfur is pre-

treated. 

 

If additional sulfur input is needed, replacing the elemental sulfur from refineries could be a 

solution. Pulp mills produce sulfurous wastewater where sulfur can be recovered from. Be-

cause recovery methods like Claus and amine-process are energy-intensive and cause 
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corrosion, biological recovery has gained interest. (Hajdu-Rahkama & Puhakka 2022, 1.) 

Biological sulfur recovery can be done with two-step process the sulfur compounds are re-

duced to H2S with sulfur reducing bacteria and then oxidized to S (Janssen et al. 2009, 1335; 

Hajdu-Rahkama & Puhakka 2022, 1). Another method is oxidation of sulfur compounds 

with chemolithoautotrophic sulfur oxidizing bacteria (Hajdu-Rahkama & Puhakka 2022, 1). 

The sulfur recovered from pulp mill wastewater could be used for replacing the elemental 

sulfur from refineries. The properties of biologically recovered sulfur, however, are not com-

pletely like inorganically produced sulfur (Janssen et al. 2009, 1341). The recovery rate of 

sulfur from wastewater is affected by the organic composition of the wastewater (Hajdu-

Rahkama & Puhakka 2022, 5). The suitability of biologically produced sulfur for the pro-

duction of sulfuric acid should be further studied. 

 

In this study, the energy production was selected to contain mainly biobased energy. The 

differences between electricity production methods were studied by comparing black liquor 

combustion and grid electricity. As seen from the results, the usage of black liquor for elec-

tricity production decreased the impacts in most of the studied impact categories in compar-

ison to grid electricity. An uncertainty related to the use of black liquor comes from whether 

there is enough of energy for the production of sulfuric acid at a pulp mill. In this case, the 

pulp mill does not have paper production plant integrated and it was assumed the energy 

from black liquor would be sufficient for sulfuric acid plant because in some pulp mills 

energy is produced for external use in addition to the pulp mill itself (Mäki et al. 2021, 1). 

However, if the plant was an integrated pulp and paper production plant, it is not clear 

whether there would be enough energy production from just black liquor to cover the pro-

duction of sulfuric acid. 

 

The energy production in this study was not fully renewable as some fossil fuels were used: 

natural gas in mist control and startup as well as LPG as a startup fuel. Replacing these fossil 

fuels could reduce the environmental impacts in many impact category like seen in electricity 

production. Promising alternatives for fossil fuels are biofuels produced internally at pulp 

mills such as tall oil (Aro & Fatehi 2017, 470; Mäki et al. 2021, 4) and green methanol (Mäki 

et al. 2021, 4; Pio et al. 2022, 5403). Tall oil by-production from the Kraft pulping process 
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is already commercialized and crude oil and its purified fractions can be used as fuel (Aro 

& Fatehi 2017, 470). Green methanol can be produced at pulp mill from by-products or from 

stripper off gases (Pio et al. 2022, 5403). It is already used at pulp mills (ANDRITZ 2022) 

which is why it was used in this study. Raw pulp mill methanol contains nitrogen and sulfur 

which lead to emissions and in order to reduce these emissions, methanol purification has 

been developed (ANDRITZ 2022). Purified methanol could have been selected instead of 

LPG but due to a lack of information available on the environmental impacts of purified 

methanol, it was not used in this study. 

 

In addition to the selection of energy production method, optimizing the sulfuric acid pro-

duction process and the amount of energy and materials is important. Depending on the input 

and output values, the results show quite notable differences in the environmental impacts. 

At best the environmental impacts show to be lower in many impact categories in compari-

son to the production of sulfuric acid from elemental sulfur but higher amount of energy and 

materials consumption lead to higher potential impacts. It should also be considered that the 

environmental impacts during startup are higher due to the additional inputs, but whether or 

not it is significant depends on the frequency of the plant’s run downs and startups. 

 

In future research it would be beneficial to study how the sulfuric acid production plant 

affects the environmental impacts of a pulp mill. For that purpose, an LCA study of a whole 

pulp mill including the production of pulp and by-products should be done. By considering 

the whole pulp mill, it would be possible to study aspects like energy and chemical recovery 

as well as the sulfur cycle and Na/S balance. Sulfuric acid production reduces the need for 

removing sulfur from the pulping process and thus solid waste generation and ash dumping. 

The environmental benefits of these could be studied with a broader study. A comparison 

study could be conducted of a mill with and without sulfuric acid production in order to 

examine the benefits of sulfuric acid production. For example, there are possible benefits 

from utilizing the excess steam from the sulfuric acid process in pulp and paper production. 

It could also be studied whether the internal energy production from black liquor combustion 

would be enough for sulfuric acid production in addition to an integrated pulp and paper 

mill. 
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Studying the water related impacts of sulfuric acid production in more detail could also be 

relevant as the process uses considerably large amounts of water. This study took into ac-

count water depletion potential as water scarcity but by conducting a comprehensive water 

footprint assessment also water degradation footprint and water availability footprint could 

be studied. In water footprint study the water flows excluded from this study, such as cooling 

water or wastewater, could be examined. In this study, the production location was Finland 

where water consumption is considered not to be an issue but in locations where it is more 

critical, conducting a comprehensive water footprint assessment would be more relevant. 
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7.  Conclusions 

Production of sulfuric acid from odorous gases of Kraft pulp mill could be an alternative to 

the currently predominant production method that uses elemental sulfur from gas and oil 

refineries. As the production of fossil fuels is decreasing due to climate change mitigation, 

elemental sulfur can become shortage which is why alternative production methods are 

needed. Using CNCG as the sulfur input could be a promising alternative as the environ-

mental impacts are lower in most of the impact categories studied in this LCA in comparison 

to the production from elemental sulfur. Elemental sulfur can be used as an additional sulfur 

input with CNCG from pulp mill. However, the results of this study show that the environ-

mental impacts are lower for most of the studied impact categories when elemental sulfur is 

not used. Using additional sulfur input can be beneficial for higher product yield and lower 

impacts in terrestrial eutrophication and water depletion. For this purpose, elemental sulfur 

could be replaced with another sulfur input, possibly a side stream from the pulping process. 

 

Sulfuric acid production could also bring advantages to the pulping process itself as it can 

simultaneously act as a method for odorous gas treatment and sulfidity control. By replacing 

the typical sulfidity control method, ash dumping, with sulfuric acid production, advantages 

could be gained. These benefits are reduced solid waste ash production and landfilling, re-

duced need for sodium makeup chemical, savings and additional revenue. Integrating a sul-

furic acid plant to a pulp mill also supports the current development trend of side stream 

utilization in the pulping industry.  
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8.  Summary 

This thesis examined the environmental impacts of sulfuric acid production from concen-

trated non-condensable gases of Kraft pulping process by conducting a life cycle assessment 

study. The results of the life cycle assessment were compared to previous studies of sulfuric 

acid manufacturing. The theoretical part of this thesis was a literature review focusing on 

background information about sulfuric acid and Kraft pulping that supported the empirical 

part. The subjects presented were sulfuric acid market, sulfur in Kraft pulping and sulfuric 

acid production. The chapter regarding sulfur in Kraft pulping included information about 

the Kraft pulping process, its sulfur balance and non-condensable gases. The production 

process of sulfuric acid that was studied in the empirical part was introduced. In addition to 

the production at pulp mill, it was presented how sulfuric acid is produced in other industries. 

 

The empirical part consisted of the life cycle assessment study done based on the ISO 14040 

and 14044 LCA methodology. The product system was a WSA production plant at a non-

integrated softwood Kraft pulp mill. Two versions of the process were modelled, and their 

impacts compared to one another as well as to previous LCA studies of sulfuric acid produc-

tion. Startup of the plant and different electricity production methods were considered in 

different scenarios. The impact categories studied in the LCA were global warming poten-

tial, acidification potential, eutrophication potential, water depletion potential, abiotic re-

source depletion potential and human toxicity potential. 

 

The results of the study showed that the environmental impacts of the process without ele-

mental sulfur were lower in all impact categories other than terrestrial EP and WDP. The 

main contributors to the impacts depended on the process and scenario. Notable inputs were 

electricity and process water. Biggest contribution to the impacts of the process with addi-

tional sulfur input was in most impact categories the production of elemental sulfur. In the 

process without elemental sulfur, the largest contributors were the not as clear. Transporta-

tion, lime, natural gas for mist control and LPG had minimal impacts in all categories. In 

startup, steam, natural gas and caustic soda had notable impacts in many categories. 
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In comparison to two previous LCA studies of sulfuric acid production, the environmental 

impacts of this study were lower in most of the studied impact categories. The results of the 

process with only CNCG as the sulfur input were lower than the compared studies in every 

category except for terrestrial EP. GWP was notably lower than in the previous studies. For 

the process with additional elemental sulfur, the results also showed lower environmental 

impacts than the compared studies in impact categories other than HTP and GWP. The GWP 

however was lower than one of the studies but higher than the other. Overall, in comparison 

to sulfuric acid production from elemental sulfur, using CNCG from pulping process show 

lower environmental impacts in GWP, AP, freshwater EP, WDP, ADP and HTP.  
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Appendix 1: Figure of the GaBi model for the process with elemental sulfur. 
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Appendix 2: Figure of the GaBi model for the process without elemental sulfur. 
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Appendix 3: GaBi processes of the model for the process with elemental sulfur. 

Processes Last updated 

EU-28: Sulphur (elemental) at refinery 1.1.2020 

DE: Calcium hydroxide (Ca(OH)2; dry; slaked lime) 

(EN15804 A1-A3) 
1.1.2020 

EU-28: Sodium hydroxide (caustic soda) mix 100 % 1.1.2020 

EU-28: Compressed air (10 bar, high efficiency) 1.1.2020 

EU-28: Process water (ion exchange, surface water) 1.1.2020 

FI: Natural gas mix 1.1.2020 

FI: Thermal energy from natural gas 1.1.2020 

FI: Electricity from biomass (solid) 1.1.2020 

FI: Electricity grid mix 1.1.2020 

FI: Process steam from biomass (solid) 95 % 1.1.2020 

GLO: Truck, Euro 6, 20-26t gross weight / 17.3t payload ca-

pacity 
1.1.2020 

EU-28: Diesel mix at filling station 1.1.2020 
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Appendix 4: GaBi processes of the model for the process without elemental sulfur. 

Process Last updated 

EU-28: Sodium hydroxide (caustic soda) mix 100 % 1.1.2020 

EU-28: Compressed air (10 bar, high efficiency) 1.1.2020 

EU-28: Process water (ion exchange, surface water) 1.1.2020 

EU-28: Liquefied Petroleum Gas (LPG) (70 % propane, 30 % 

butane) 
1.1.2020 

EU-28: Thermal energy from LPG 1.1.2020 

FI: Thermal energy from biomass (solid) 1.1.2020 

FI: Electricity from biomass (solid) 1.1.2020 

FI: Electricity grid mix 1.1.2020 

FI: Process steam from biomass (solid) 95 % 1.1.2020 

GLO: Truck, Euro 6, 20-26t gross weight / 17.3t payload ca-

pacity 
1.1.2020 

EU-28: Diesel mix at filling station 1.1.2020 

 


