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Abstract 
In recent years, environmental impacts of waste foundry sand have received 

much attention in the foundries of European countries due to the large quantity of 

waste sand, especially green sand that is used around 75% of the total sand in 

foundries. The additional reasons are possible large environmental impacts and 

stricter environmental regulations for achieving net-zero emissions by 2050 in the 

EU. Thermal reclamation is one of the effective methods to reclaim waste foundry 

sand for reusing in foundries. Despite its advantages, thermal reclamation 

consumes a large amount of energy. Greenhouse gas emissions of thermal 

reclamation should be assessed following the EU environmental regulations. 

The thesis aims to evaluate the greenhouse-gas emission reduction potential of 

Finn Recycling’s thermal sand reclamation by comparing the reclamation 

emissions to the emissions of virgin sand processes in Finland, the Czech Republic, 

Germany, Italy, and Sweden. An additional thesis aim is to propose solutions for 

emission reduction based on the calculated results. Therefore, this thesis used a life 

cycle assessment (LCA) method with global warming impact to calculate 

greenhouse gas (GHG) emissions of virgin sand and thermal reclamation processes 

of waste green sand in five countries before comparing the results. 

Based on the results, the thermal reclamation processes have GHG emission 

reduction potential over the virgin sand processes in all countries. This is mainly 

because their virgin sand processes produced high emissions from sand excavation 

and processing as well as long-distance transport. In addition, reclaiming sand 

emitted the highest emission in the reclaimed-sand system. Therefore, this process 

should be focused on reducing GHG emissions and increasing the reclaimer 

efficiency. The proposed solutions could be using a greener fuel source or electricity 

in the furnace, optimizing the combustion parameter, as well as implementing 

advanced technology like microwave reclamation. This study would help develop 

the sand reclaimer and environmental management for sustainability in the 

foundry. 

Keywords  waste foundry sand, green sand, life cycle assessment, global warming, 

greenhouse gas emissions, thermal reclamation, sand reclamation 
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1 Introduction 
 

Environmental impacts of waste foundry sand have recently been 

considered in many European foundries due to the high quantity of waste 

sand, potential substantial environmental impacts, and stronger 

environmental regulations for reaching net-zero emissions by 2050 in the EU 

[1]. 

European foundries have produced a considerable amount of waste 

foundry sand. The EU foundry industry globally ranks third for ferrous 

casting and second for non-ferrous casting [2]. Typically, 600-1200kg of 

sand is consumed per ton of casting [3]. All the sand becomes sand waste, 

which accounts for 60-85% of all solid waste [4]. Most of the waste foundry 

sand is disposed of at the landfill, while a small amount of sand is reused in 

other applications [5], such as civil construction [6] and brick manufacturing 

[7]. 

Abundant green sand has resulted in waste foundry sand. Foundries use 

green sand to make a mould, around 75% of the total sand used in foundries 

[5]. Green sand is a mixture of 85-95% silica sand, bentonite, water, and 

other additives [8]. After the casting process, the waste of green sand is 

passed through the preliminary operations, which are shaking out and 

magnetic separation [9]. However, the quality of this sand still does not meet 

the high quality of foundry sand to reuse due to the remaining binder on sand 

grains. 

To reduce disposing of sand and maximize the quality of reclaimed sand, 

additional sand reclamation is required to remove the leftover binder from 

the sand grains. Currently, mechanical and thermal reclamation processes 

are widely used in foundries [10]. Several studies are devoted to the efficiency 

of the sand reclamation process. They presented that the thermal 

reclamation can remove the leftover binder more thoroughly [10], [11]. 

Despite its advantages in good efficiency of reclaiming sand, as well as 

reduction of resource depletion and emissions from landfill, it is necessary to 

know the greenhouse-gas emissions of the thermal reclamation process, in 

accordance with the EU environmental regulations, to achieve net-zero 

emissions by 2050. Particularly, the thermal reclamation process seems to 

consume much more energy and resources to reclaim sand [9]. Several 

studies examined environmental impacts of the thermal sand reclamation 

process. In [9], it presented that in the case of long-distance transportation, 

adding a secondary sand reclamation process can be better in 8 out of 10 

environmental impacts compared to using only a primary sand process in the 

US. Global warming impact is one of the eight impacts. Kekäläinen [12] 

calculated the GHG emissions from reclaiming alkaline phenolic no-bake 

(APNB) sand in the reclaimer developed by Finn Recycling. He also 

compared it with that of the virgin process by using LCA. However, these 

studies have been conducted in different regions, countries, sand types, or 
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technology in thermal reclaimers. These factors can affect the emissions of 

greenhouse gases directly. To obtain a more accurate result, it is required to 

collect the data and define a new scope to be suitable for the interested 

process. 

In this project, we are collaborating with Finn Recycling, which is a 

Finnish company developing its own thermal reclamation technology. This 

technology is also necessary to conform to EU regulations. The company has 

four targeted European countries: the Czech Republic, Germany, Italy, and 

Sweden. They are also top 10 largest productions of ferrous casting in Europe 

in 2020 [13]. 

The purpose of this thesis is to compare greenhouse-gas emissions of Finn 

Recycling’s thermal sand reclamation to the emissions of virgin sand 

processes for identifying the emission reduction potential in Finland, the 

Czech Republic, Germany, Italy, and Sweden. Another goal of the thesis is to 

propose measures for cutting emissions based on the calculated results. In 

order to achieve these goals, the thesis will employ a life cycle assessment 

(LCA) method with global warming’s impact to calculate GHG emissions of 

virgin sand and thermal sand reclamation processes before comparing the 

results obtained. 

The remainder of this thesis is divided into four chapters. Section 2 

reviews the literature on the virgin sand process, sand reclamation process, 

greenhouse gases, life cycle assessment, and emission reduction techniques. 

Section 3 presents research materials and methods to conduct LCA of virgin 

sand and thermal sand reclamation processes. Section 4 shows results and 

discussions of greenhouse-gas emissions from these two processes to 

evaluate the emission reduction potential and to propose solutions for 

reducing emissions. Finally, section 5 concludes all the results and offers 

further development. 
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2 Literature review 
 2.1 Virgin sand process 
 

Virgin sand is sand excavated from natural resources. It is processed to be 

suitable for each application, such as silica sand that is excavated and 

processed to use in foundries. The foundries typically use sand to make a 

mould for metal casting. After that, most of this used sand becomes waste 

foundry sand. 

In order to calculate the greenhouse gas emissions of the virgin sand 

process by using the life cycle assessment method, it is vital to understand a 

broad view of sand, the sand type related to the product life cycle of foundry 

sand, the virgin sand process, and the parameters underlying the virgin sand 

process. Therefore, this chapter is organized as follows. Section 2.1.1 

describes different sand types. Section 2.1.2 explains the virgin sand 

processes. 

 2.1.1 Type of sand 
 

2.1.1.1 Silica sand 

 

Silica sand is the most popular sand used in foundry sand [12]. It typically 

consists of silica (SiO2) of more than 95% to be used in foundries [14]. Sand 

with more than 98% silica content is classified as high-quality silica sand 

[12]. The higher percentage of silica results in higher foundry-sand quality. 

The high-quality sand has more fire resistance and friability. Apart from the 

silica content, the foundry contains a small number of other minerals, such 

as feldspar and garnet.  

There are several advantages and disadvantages of silica sand. The silica 

sand has a high melting point and hardness [12]. It also provides good 

mechanical and chemical resistance. The purer silica sand allows it to have a 

higher melting point of sand and better fire resistance. The disadvantage of 

silica sand is rapid volume expansion at 573 Celsius [12]. At this temperature, 

the phase transformation can be reversible from the low-temperature phase 

(α-quartz) to the high-temperature phase (β-quartz) [15]. However, this 

transformation enables silica sand to change its mass density, resulting in 

volume change within seconds. Due to the volume change accompanied by 

linear dilation of the sand mixture, the mould sharply increases the stress 

and expansion, leading to many casting defects. 
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2.1.1.2 Foundry sand 

 

Foundry sand is required to have high quality and specific properties. Only 

some sand can be used as foundry sand to make a mould. The foundry sand 

must have good cleanliness, limited grain size distribution, and excellent 

mechanical and thermal properties [12]. Furthermore, chemical purity and 

grain shape are also crucial for foundry-graded sand [16]. Foundry sand can 

be categorized into two main groups based on the binder type used in metal 

casting: green sand and chemically bonded sand [8]. 

Green sand is most commonly used as foundry sand. In iron and steel 

foundries, green sand is dominated around 70% of all castings [17]. The green 

sand is a mixture of natural materials. It consists of high-quality silica sand 

85-95%, bentonite clay (4-10%), a carbonaceous additive (2-10%), and water 

(2-5%) [8]. The composition of green sand has different properties for 

making a good mould. Silica sand can withstand high temperatures while 

clay binder holds all sand together. The carbonaceous protects the casting 

surface from burning. In addition, water forms a solid mould shape. The 

amount of water is one of the important factors in specifying mould strength 

[12]. The mould could have no strength without the water. With too much 

water, the strength of mould is reduced since water reduces the bond 

strength. 

To make a green sand mould, green sand is delivered to a mould maker 

machine [7]. Then, the mould is pressed by the pattern of casting product to 

create a shape in which the metal liquid will be poured into this mould 

afterward. The disadvantages of green sand mould are loose tolerance and 

additional machining required to the cast part for the desired shape with 

good surface finishing. 

Handling of foundry sand affects sand reclamation. Some foundries use 

the same sand type for mould and core in the metal casting industry [12]. 

This helps to reclaim sand easier since no sorting step is required when 

demolishing the mould. On the other hand, some foundries use different 

sand for mould and core. The core typically needs higher fire resistance 

properties because its surface is surrounded by high-temperature molten 

metal. This can affect the additional processes to prepare sand before 

entering the sand reclamation process. 

  

2.1.1.3 Waste foundry sand 

 

The current amount of waste foundry sand is significant. In several 

countries, one ton of ferrous casting uses 600-1200 kg of fresh sand [3]. 

While in Poland, one ton of casting uses 1000 kg of sand. After being used, 

most of this sand is not reused in the foundry. It becomes waste foundry sand. 

Instead, some of the waste sand is sent to the landfill while others are sent to 

use in other applications. 
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The type of metal casting is relevant to the hazard of waste foundry sand. 

Spent foundry sand from iron, steel, and aluminium foundries is classified as 

non-hazardous waste or rarely hazardous [18]. This is because the foundry 

sand waste is not corrosive, ignitable, toxic, and non-inert waste [6]. On the 

other hand, sand produced by brass and bronze foundries is often classified 

as hazardous waste [4], [18], [19] since it has a high level of heavy metal, such 

as cadmium, lead, copper, and zinc, during metal casting operation [19].  

Waste foundry sand can be classified as both inert and non-inert. The 

waste foundry sand is relatively inert because its chemical composition is 

tested, and the result showed that this sand mostly consists of inert materials, 

which are silica sand and iron oxide. The sand is tested to check the pH level 

and contaminants. Then, its results are compared to that of soil as an 

indicator. Both are clean at a similar level [9]. In [6], it is classified as non-

inert because the amount of aluminium, barium, total chrome, iron, 

manganese, and nitrate is higher than the maximum amount limited by 

ABNT NBR 10004. However, it does not provide the type of foundry that 

waste sand is produced. 

Waste foundry sand has various methods to end its life. The end-of-life 

process consists of five methods: recycling, combustion, landfilling, 

composting, and anaerobic digestion [20]. Typically, waste of foundry sand 

has two main destinations: disposing at the landfill and reusing in other 

applications [5]. In European ferrous foundries, around 25-30% of waste 

sand is reused in other applications while the rest is disposed of at landfills. 

For disposal at a landfill, it is necessary to realize the type of waste foundry 

sand before disposing. Spent foundry sand should be examined for its 

material properties and composition to manipulate this waste sand 

appropriately [7]. Hazardous waste and non-hazardous waste are required to 

dump at different types of landfills depending on waste categories. For 

example, hazardous waste must be discarded at the hazardous landfill.  

Waste foundry sand can be reused in many applications. It is used in civil 

construction [6], brick manufacturing [7], soil-related applications [21], 

construction fill, concrete, topsoil mix, and asphalt [22]. The properties and 

composition of sand directly affect handling the sand. For instance, after 

breaking up the mould, most sand can be used in concrete and cement 

applications while sand dust can only be used for cement manufacturing [6]. 

There are several benefits of reusing sand in other applications. It can 

significantly lower carbon emissions. For example, the usage of foundry silica 

sand can reduce carbon emissions by around 20000 tons [6]. Spent foundry 

sand can benefit the environment and economy. It can reduce energy 

consumption, water consumption, and greenhouse gas emissions [21]. 

Reusing sand can also save energy utilized in mining virgin material and 

minimize the cost. 

Regarding end-of-life emissions, the emissions from toxicity waste are 

significant and cannot be neglected [23]. This can be applied to waste 
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foundry sand obtained from brass and bronze foundry. However, this type of 

sand is not included in this thesis. 

 2.1.2 Virgin sand process 
 

Virgin sand process mainly consists of two processes: mining and 

processing of silica sand. Raw silica sand can be obtained from many sources, 

such as riverbeds, beaches, dunes, local sand hills, and mountains. However, 

it is mostly obtained from open-pit mines [24]. The raw silica sand needs to 

be mined and processed before being used. 

Open-pit mining is one type of surface mining that allows us to mine the 

mineral and stones near the surface of the earth without digging tunnels [25]. 

To do open-pit mining, all the trees in the sand deposits area are cut. Topsoil 

and rock layers are then removed to access sandstones, which are the original 

sources of silica sand. After that, the sandstones are broken into smaller 

pieces by the explosion. These sandstones are excavated using backhoes or 

front-end loaders before trucks transport them to process the sand [26]. 

To obtain the virgin silica sand, we can clearly see the environmental 

impacts of open mining. The open-pit mining requires exploding the area and 

using heavy machinery to obtain valuable materials [25]. It causes many 

environmental issues, such as water and air pollution, landscape and habitat 

destruction, as well as large resource consumption. It also has some risks 

from erosion and flooding in the pit after being done with mining. For air 

pollution, it causes a high density of dust while mining. It is also dangerous 

to the respiratory system of humans when breathing dust with heavy metal. 

In the blasting process, explosives used emit fumes that cause smog and acid 

rain. Malfunction mining equipment and human error can cause a fire hazard 

in the mining, which emits a large amount of toxic gas. For water pollution, 

the leachate of heavy metal and acid leaks into water sources. This pollutes 

the water, thus killing aqua life and destroying habitat. 

Apart from mining, there are some fundamental methods to process the 

sand, such as crushing, sizing, removing unwanted particles, and drying [27]. 

Crushing breaks sandstone lumps into sand grains before sieving out to get 

specific sand size. Then, impurities are eliminated from the sand. Several 

methods can remove unwanted particles depending on the sand quality and 

application needed, including washing, electrostatic, and flotation. Lastly, 

the sand is dried. It is sometimes dried at a sand processing plant or foundry 

[27]. This will affect the amount and payload to transport the sand. 

The processing of sand used is different depending on sand applications. 

Frac sand is used for well digging in the oil and gas industry. Although some 

specific properties of sand might be different from foundry sand, frac sand 

requires high quality and a percentage of SiO2 similar to foundry sand. The 

crusher machine crushes the sandstone chunk into individual sand grains 

[26]. At this step, unsuitable-sized sand is sieved out. After that, the 
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remaining sand grains are washed to remove unwanted silt and clay particles. 

Wastewater from the process is then sent to another tank for treatment. The 

processed sand is stockpiled. This sand can be sorted into different grain 

sizes and dried both on-site and off-site. 

Regarding the processing of glass-graded silica sand, this silica sand is 

similar to foundry sand since it requires chemically pure sand, at least 95% 

of silica content. The basic processing operation of the glass-graded silica 

sand is washing and sizing [27]. It includes sieve washing, attrition 

scrubbing, hydro cyclone classifying, and dewatering the sand. Furthermore, 

more complex processes are added in addition to washing and sizing to 

remove more sand impurities, such as electrostatic and magnetic 

concentration, flotation, and gravity concentration. Lastly, a portion of the 

wet sand is dried at the sand process plant, while others are delivered to be 

dried at the foundry.  

Grbeš presented that sand excavation and processing produces a 

significant environmental impact from fossil fuel consumption, electricity 

consumption, chemical usage, and water usage [27]. Their endpoints affect 

human health, resource, and ecosystem damage. In addition, more complex 

processes, such as electrostatic separation, flotation, and gravity 

concentration, tend to generate worsen environmental impacts. 

 2.2 Sand reclamation process 
 

To calculate greenhouse-gas emissions of the thermal reclamation 

process, the overview of sand reclamation and the working principle of 

thermal reclamation are necessary to identify the inputs and outputs of a 

thermal-reclaimed sand system. Furthermore, property, usage, and 

proportion of reclaimed sand are essential to define the sand proportion for 

calculation. Therefore, this chapter is organized as follows. Section 2.2.1 

describes the type of sand reclamation process. Section 2.2.2 presents the 

characteristics and properties of reclaimed sand. Section 2.2.3 explains the 

usage of reclaimed sand. 

 2.2.1 Type of sand reclamation process 
 

Sand reclamation denotes a process of treating the sand for reusing in 

other applications. There are many methods to classify the type of sand 

reclamation process. These studies [3], [4], [9] presented that the sand 

reclamation process has primary and secondary reclamation processes. The 

primary process cleans and prepares sand before entering secondary sand 

reclamation to remove more remaining binders. 

The primary process has different detailed steps to handle sand. However, 

their common purpose is to prepare sand before reclaiming it in a secondary 

step. They have similar processes like demoulding and separating sand out 
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of metal and other contaminants. Then, the sand chunk is broken into sand 

grains to obtain suitable sand sizes [3], [9]. This sand can be pretreated with 

chemicals [12]. Sometimes, it can also enter the mechanical separation step 

again [11]. 

The second reclamation process removes the remaining binder coating on 

sand grains using various methods. After the binder is removed, sand dust is 

taken out from the process [3]. The remaining sand is divided into different 

groups depending on its grain size and uniformity. Ghormley [9] presented 

three types of secondary reclamation processes: mechanical, thermal, and 

microwave reclamation processes. To improve quality of reclaimed sand, 

some reclaimed processes are combined, such as a combination of wet 

mechanical and thermal methods, a combination of thermal and dry 

mechanical methods, and a combination of wet, dry, and thermal methods 

[3]. 

Besides, some papers focus only on energy methods in the reclamation 

process without mentioning primary and secondary methods. The 

reclamation processes can be classified into many patterns of energy 

methods. Some studies divided them into mechanical, thermal, chemical 

reclamation, and other process types [28]. Another research offered three 

sand reclamation processes for core operations: dry mechanical reclamation, 

wet mechanical reclamation, and thermal reclamation [29]. Typically, 

mechanical and thermal reclamation processes are widely used to reclaim 

waste foundry sand. 

Mechanical reclamation uses friction to remove binder adhered to sand 

[30]. The friction is often generated by contacting between sand with high 

speed or pressure, brush, and grinding wheel. This mechanic process can be 

divided into two types: wet and dry mechanical reclamation. In the wet 

reclamation process, sand grain is rubbed against one another to eliminate 

any remaining binder in the water. This method provides good-quality 

reclaimed sand since almost all binder is removed [12]. It also works well 

with green sand. However, sludge or wastewater from the process can cause 

environmental problems and require a high cost to treat. Dry mechanical 

reclamation uses dry friction to remove the binder. 

The thermal reclamation process uses high-temperature heat, around 800 

Celsius, to burn off any leftover binder on the sand [9]. Broadly-used 

technology of thermal reclamation is fluidized bed technology [17]. The 

fluidized bed technology heats the sand using hot air circulated inside the 

reactor [31].  

For efficiency, the reclaimed sand has only a little binder left, which is 

better than mechanical reclamation [9]. Thermal reclamation increases the 

efficiency of getting rid of the dead clay in green sand [28]. 
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2.2.2 Characteristic and property of reclaimed sand 
 

2.2.2.1 Characteristic of reclaimed sand 

 

Reclaimed sand can both decrease and increase sand properties. 

Practically, this sand cannot be reused to make mould and core indefinite 

time as presented in theory because the sand still has remained organics 

binder and other fines, such as iron oxide and sand particles. These 

remaining particles lower the sand property. As a result, virgin sand is added 

while the sand waste is removed at the same amount [9]. On the other hand, 

some research claimed that reclaimed sand has higher properties [10]. 

Reclaimed sand from the thermal process has a lower thermal expansion, 

which increases mould stability. Furthermore, it can reduce amount of 

binder used. The rubbing between sand reduces the sharpness of the original 

sand grain. So, more rounded sand grains can reduce the binder used due to 

reducing the ratio of surface to volume. It also helps reduce defects in gas by 

preventing gas formation. 

Green sand has fair quality after the thermal sand reclamation process. 

The reclaimed green sand still has burned bentonite attached to the sand 

grain. This burned bentonite is caused by heat deactivating the active 

bentonite. This research [11] suggested bringing this reclaimed sand pass 

through mechanical treatment to remove burned bentonite for better sand 

quality.  

 

2.2.2.2 Important property of reclaimed sand used in foundry 

 

Reclaimed sand has various properties to be examined before reusing it as 

foundry sand. Loss on ignition (LOI) is a common property to be checked 

while other properties differ depending on the literature source and sand 

type. 

Strength and LOI are two properties of sand to examine the quality of 

reclaimed sand [29]. Less LOI and more sand strength indicate a good ability 

for reuse. The LOI is a percentage of the weight change of a sample before 

and after a lengthy igniting phase. It allows for the elimination of all volatile 

compounds [30]. To ensure good quality of reclaimed sand, its LOI should 

be less than 0.3% [11]. The lower LOI leads to a greater number of times that 

sand could be reclaimed [30]. This property allows for making mould with 

better strength. It reported that the LOI of reclaimed sand from the 

mechanical and thermal reclamation processes are 0.5-1.5% and 0.1-0.3%, 

respectively. This can be implied that reclaimed sand from thermal 

reclamation has higher quality than that from mechanical reclamation.   

In [11], various properties are inspected in the quality of sand depending 

on the sand types. Electrical conductivity, pH, grain distribution, and loss of 

ignition are tested to guarantee the quality of ester-cured alkaline phenolic 
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sand. On the other hand, only grain distribution and loss on ignition are 

tested with green sand and furan-bonded sand.  

Furthermore, the properties of reclaimed sand should be similar to those 

of high-quality virgin sand [16]. High chemical purity, grain size, shape, and 

distribution are the required specifications to use in metal casting and 

glassmaking. 

  2.2.3 Usage of reclaimed sand 
 

Reclaimed sand is currently used in foundries. The foundries mix 

reclaimed sand, virgin sand, and other substances to make moulds varying 

on sand casting and type of foundry sand. For example, in the case of the 

Phenolic Urethane No Bake (PUNB) sand system, its mould mixture uses 

virgin sand, reclaimed sand, resin, catalyst, and iron oxide [9]. The 

proportion of reclaimed sand and virgin sand is decided based on the 

compromise between mould strength and the surface finish of the casting. In 

recent years, foundries have tended to use a higher ratio of reclaimed sand. 

The amount of usable reclaimed sand depends on the types of the 

reclamation process [9]. When adding the shake-out process, foundries can 

use 75% or 80% of reclaimed sand. Implementation of primary attrition and 

magnetic separation can increase the reclaim ratio to 80%. Apart from the 

benefits of the primary reclamation process, the quantity of reclaimed sand 

will increase when adding the secondary reclamation. This helps to decrease 

the amount of virgin sand and sand disposal. 

Besides, the quantity of reclaimed sand can be different when considering 

the reclamation process in tandem with the sand type [12]. When reclaiming 

the APNB sand with the thermal process, the reclaimed sand rate is 

approximately 95%, and its characteristic is relatively similar to virgin sand. 

This sand has more alkaline compared to virgin sand. It is suitable for APNB 

sand. 

 2.3 Greenhouse gas 
 

As this thesis focuses on calculating greenhouse gas emissions, it is 

important to understand the overview of greenhouse gases, their effects on 

global warming, and global warming potential (GWP), which allows 

emissions from different greenhouse gases to be comparable. This knowledge 

will be helpful in understanding and interpreting the calculated emission 

results. This chapter presents various types of greenhouse gases in Section 

2.3.1. The effects of greenhouse gases and GWP values are shown in Section 

2.3.2. 

Greenhouse gas (GHG) is a gaseous substance that absorbs and emits light 

at particular wavelengths in the infrared spectrum [32]. The surface, 

atmosphere, and clouds of the earth emit this infrared radiation. 
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2.3.1 Type of greenhouse gas 
 

In recent years, the Kyoto protocol has defined seven gases as greenhouse 

gases: carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), 

hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), sulfur hexafluoride 

(SF6), and nitrogen trifluoride (NF3) [33]. These seven gases can be 

classified as non-fluorinated and fluorinated. The non-fluorinated gases 

consist of carbon dioxide, methane, and nitrous oxide [34]. Both natural and 

human activities can cause these gases. The fluorinated gases are the 

remaining greenhouse gases obtained from only human activities. The 

fluorinated gases have more potential to contribute to global warming. 

Carbon dioxide (CO2) has the highest amount of gas in the atmosphere, 

which causes climate change [35]. Human action is the main cause of carbon-

dioxide emission. The main human activity that emits CO2 is the combustion 

of fossil fuels, which are coal, natural gas, and oil, for energy and 

transportation. CO2 accounts for 93-95% of GHG emissions produced from 

transportation [19]. It also comes from burning solid waste and biological 

materials, as well as chemical reactions directly. However, other greenhouse 

gases have much more global warming potential compared to CO2. Their 

effect on global warming is higher than CO2 with the same amount of gas, 

leading to longer environmental impacts [32]. There are many methods to 

reduce CO2 [35]. Less fossil fuel usage can reduce CO2 effectively. In 

addition, carbon capture and sequestration (CCS) is one of the effective 

methods to reduce emitting of CO2 from coal- and gas-fired power plants, as 

well as industrial processes.  

Methane (CH4) is one of the short-lived greenhouse gases. It has more 

potential to cause global warming, around 25 times as much as carbon 

dioxide [35]. Methane is another greenhouse gas emitted from natural and 

human activities sources. Human activities cause around 50-65% of total 

methane emissions in the world. They consist of three main activities: 

agriculture, industrial, and household. Agriculture activities typically play an 

important role in emitting CH4, such as the digestive process of livestock, 

fermentation of animal manure, and land management and usage. In the 

industrial section, the production and transport of coal, natural gas, and oil 

can significantly produce methane, especially from natural gas, due to its 

primary component. In the household, wastewater treatment and 

municipality waste landfill cause methane as well. Natural wetland releases 

methane significantly in nature. To reduce methane in an industry sector, 

methane can be reduced by maintaining the equipment relevant to producing 

and transporting oil and natural gas to prevent methane leakage. In the coal 

mine, capturing and using methane as energy can decrease methane levels 

[35].  

Nitrous oxide (N2O) has more potent global warming, around 268 times 

as much as carbon dioxide. It can live in the air for around 114 years before 
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being removed by sinking or chemical reaction [35]. N2O is also released 

from two sources: human activities and nature. Human activities account for 

40% of total N2O emissions. It is typically relevant to agriculture, fuel 

combustion, industrial processes, and waste treatment. Agriculture activities 

include soil management, synthetic nitrogen fertilizers, as well as land usage 

and management. One of the industrial processes emitting high N2O is the 

production of nitric acid and adipic acid to make fiber. In the foundry, 

nitrogen oxide (NOx) occurs from the high temperature of combustion in the 

furnace and the nitrogen oxidation [4]. In the general diesel combustion 

process, NOx consists of 95% of nitric oxide (NO), almost 5% of nitrogen 

dioxide (NO2), and a small amount of nitrous oxide (N2O). In nature, N2O 

is part of the nitrogen cycle in the earth. To reduce nitrous oxide in industry, 

it is suggested to implement the technology to reduce N2O from fossil fuel 

combustion and to use more greenery fuel. To produce nitric acid and adipic, 

the equipment should be set up to remove N2O and other pollutants before 

releasing them into the atmosphere [35]. 

Fluorinated gases consist of 4 gases: hydrofluorocarbons (HFCs), 

perfluorocarbons (PFCs), sulfur hexafluoride (SF6), and nitrogen trifluoride 

(NF3). The fluorinated gases have more potential to contribute to global 

warming even though it is not often to find these gases [35]. Although 

fluorinated gases are released in small amounts, these gases greatly impact 

global warming. This can be explained by thousands to ten thousand of GWP 

value. Moreover, fluorinated gases have long lifetimes in the atmosphere. It 

can sometimes last for thousands of years. Many of these fluorinated gases 

can be eliminated from the atmosphere only by sunlight in the far upper 

atmosphere. They are all synthetic which emitted almost all from human 

activities: household, commercial, and industry sectors. For example, it 

emits from refrigerants and other processes, such as aluminium and 

semiconductor manufacturing. To reduce the fluorinated gases in industry, 

it could be done by implementing technology to recycle or remove the gases. 

Other alternative gases could be used.  

  2.3.2 Greenhouse-gas effect on climate change 
 

Greenhouse gases are the main contributor to climate change and global 

warming. Their molecules absorb light, thus creating the bond between light 

photons and the molecules. This prevents some lights from returning to 

space and heats the atmosphere [36]. This heat increases the temperature of 

the earth, resulting in global warming. This situation is one of the factors 

contributing to climate change, which is a gradual alternation of the typical 

weather patterns that come to characterize local, regional, and global 

climates on the earth [37]. Natural processes resulting from global warming 

can also affect climate change, such as cyclical ocean patterns and volcano 

activity. 
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There are three major factors that greenhouse gases affect climate change: 

the concentration of greenhouse gases, the lifetime of the gases, and their 

impact on the atmosphere [35]. The higher emission level of greenhouse 

gases results in higher atmospheric concentrations. The GHGs have different 

periods of time to stay in the atmosphere. It can be ranged from a couple of 

years to thousands of years. When a long time passes, all greenhouse gases 

can be thoroughly mixed and spread to be almost the same all over the world, 

no matter where the emission source locates. GHG has various impacts on 

global warming of the atmosphere. The impact of greenhouse gases can be 

estimated using Global Warming Potential (GWP) [38]. 

Global warming potential (GWP) describes the radiative forcing impact of 

a certain GHG compared to an equivalent unit of carbon dioxide in the mass-

based unit over a certain period. The GWP converter allows comparing the 

global warming impacts by multiplying it with a mass of different greenhouse 

gases to the unit of carbon dioxide equivalent (CO2eq) [38]. Gases with 

higher GWP absorb more energy and make the earth warmer.  

In IPCC, GWP is provided in different assessment report (AR) versions 

and over different periods of time. At present, there are five versions of AR. 

The most recent version is AR5. Although AR5 has been published for a 

while, the emissions are often converted using AR4 or older versions. Table 

1 shows the GWP values for the accumulated impact over 100 years of the ten 

most prominent greenhouse gases in five ARs. Each AR will have three-time 

horizons, 20, 100, and 500 years. Table 2 presents GWP and GTP values with 

three different time horizons of AR4. One characteristic of time horizon is 

that the gas with a shorter lifetime than CO2 will have more potent weight in 

case of a shorter time horizon. For example, methane can last for 12 years 

while CO2 has a 150-year lifetime. The methane has a potent of 25 and 72 in 

periods of 100-year and 20-year horizons, respectively [39]. 

 

Table 1: GWP factors for 100-years impact of the ten most prominent green-

house gases in AR1-AR5 [40]. 
Substance AR1  

(1990) 

AR2  

(1995) 

AR3  

(2001) 

AR4  

(2007) 

AR5  

(2013) 

Carbon dioxide, fossil (CO2) 1 1 1 1 1 

Methane, fossil (CH4) 21 21 23 25 28 

Methane, biogenic (CH4) 18.25 18.25 20.25 22.25 25.25 

Dinitrogen monoxide (N2O) 290 310 296 298 265 

HCFC-141b 440 - 700 725 782 

HFC-134a 1200 1300 1300 1430 1300 

HCFC-22 1500 - 1700 1810 1760 

HCFC-142b 1600 - 2400 2310 1980 

CFC-11 3500 - 4600 4750 4660 

CFC-12 7300 - 10600 10900 10200 

Sulfur hexafluoride - 23900 22200 22800 23500 
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Table 2: GWP and GTP values for three IPCC time horizons (20, 100, and 

500 years) [39]. 
Common 

name  

(chemical 

formula) 

Lifetime 

(years)  
GWP GTP 

20-

year 

100-

year 

500-

year 

20-

year 

100-

year 

500-

year 

Carbon dioxide 

(CO2) 

150 1 1 1 1 1 1 

Methane (CH4) 12 72 25 7.6 57 12 4 

Nitrous oxide 

(N2O) 

114 289 298 153 303 322 265 

Sulphur 

hexafluoride 

(SF6) 

3200 16300 22800 32600 17500 23400 28000 

Black carbon 0.020 1600 460 140 470 77 64 

 

Emission accounting and reporting systems have GWP as an important 

factor [41]. When deciding or creating the strategy to focus on greenhouse-

gas reduction, GWP enables selecting greenhouse gas to reduce among other 

greenhouse gases. 

There are several advantages and disadvantages of using GWP with 20- 

and 100-year time horizons [41]. Some claims that using a 20-year GWP 

outweighs other higher GWP because it helps to reduce short-term global 

warming faster and extends the time to reduce long-lived greenhouse gases. 

We can see that a large quantity of emissions is reduced in the short term. On 

the other hand, using a 20-year GWP can cause a larger burden by delaying 

reducing long-term gas, which will be sent to the next generation. It will 

require more intensive and advanced measures to tackle emission issues. For 

instance, CO2 can cause warming for hundreds of years if we start to reduce 

it late. Furthermore, it presented that a 100-year time is a good compromise 

between the short-term and long-term, especially when considering the 

impact. In addition, United Nations Framework Convention on Climate 

Change (UNFCCC) accepted 100-year GWP in greenhouse gas accounting 

standards.  

  2.4 Life cycle assessment (LCA) 
 

In order to calculate greenhouse gas emissions to assess the global 

warming impacts of the virgin sand and thermal reclamation processes, it is 

crucial to understand the fundamentals and steps in the life cycle assessment 

method. In addition, the review of LCA research conducted in sand 

reclamation can be used as guidelines to do our LCA and check how 

reasonable the calculated results are. This chapter is organized as follows. 

Section 2.4.1 describes the LCA methodology with four steps. Section 2.4.2 
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explains the strengths and limitations of LCA. Finally, Section 2.4.3. presents 

LCA research relevant to sand reclamation. 

 2.4.1 Method of life cycle assessment 
 

LCA denotes a methodology to assess the quantitative result of 

environmental impact by considering all relevant processes in a service or 

product life cycle, which can start from resource extraction to the disposal 

phase [42]. This life cycle assessment is a part of ISO 14040, which is part of 

the environmental management standard, ISO 14000. LCA considers more 

than the process that we are interested in, but it expands to cover upstream 

and downstream impacts. Therefore, LCA allows us to understand the 

environmental impact of products and processes more completely. 

There are four steps to conduct LCA: goal and scope definition, inventory 

analysis, impact assessment, and life cycle interpretation. There are 

interactions between these steps, as shown in Figure 1. LCA is an iterative 

process. Interpretation must be made during all other steps over the whole 

process to refine them [9]. 

 

 
 

Figure 1: Life Cycle Assessment Framework [9]. 

 

2.4.1.1 Defining goal and scope 

 

Defining goal and scope is the fundamental step for doing LCA. It requires 

clearly defining the objective, system boundary, and functional unit of each 

product system [42]. Assumptions and limitations should also be stated at 
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this step. Creating a system boundary enables us to analyse the actual life 

cycle of a product with relevant processes. It is necessary to indicate the 

functional unit used in all inputs and outputs. 

There are four standard types of boundary systems: gate-to-gate, cradle-

to-gate, cradle-to-grave, and cradle-to-cradle [42]. Gate-to-gate considers 

only one of all manufacturing processes, such as waste disposal. This type can 

be called partial LCA. Cradle-to-gate evaluates the effects of the product life 

cycle, starting from material extraction to the product leaving the factory. 

Cradle-to-grave is a full option of LCA, which evaluates the environmental 

impact from material extraction until end-of-life emissions. Lastly, cradle-

to-cradle is a special type of cradle-to-grave. It also includes the recycling 

process, in which the waste of products is recycled to produce the same 

product. 

  

2.4.1.2 Life cycle inventory (LCI) 

 

Life cycle inventory (LCI) is a step to collect and prepare data to create 

reference flows of the product system to achieve the goal [42]. The data can 

be acquired from many sources, such as direct sources and representative 

data from industry standards or LCI databases. These inputs and outputs 

must be converted to correspond to a functional unit to add to the reference 

flow. Apart from collecting and preparing data, data quality and uncertainty 

should be recorded. 

Data collection for LCI can be conducted in two methods: direct emission 

from a process and gathering activity data and emission factors of processes 

[43]. Direct emission can be measured or modeled from a process via direct 

monitoring, stoichiometric equation balancing, and mass balance. For the 

indirect method, the emission can be calculated by multiplying the activity 

data with the emission factor.  

Activity data are the quantitative measurement of the degree of activity 

that generates greenhouse-gas emissions [43]. It is possible to measure, 

model, or compute the activity data. The two types of activity data are process 

and financial activity data. Process activity data are quantitative 

measurements of a process that generates the emission. They can be inputs 

and outputs of a product's life cycle. Examples of process activity data are 

energy, mass, volume, area, distance, and time. Financial activity data are 

financial measurements of a process producing GHG emissions. It measures 

financial transactions of the relevant process.  

Emission factor is greenhouse-gas emission per unit of activity data [43]. 

It can be presented in a type of gas, such as CH4/liter of fuel, or presented in 

the unit of CO2 equivalent. Furthermore, the emission factor can include 

emissions from either one process or many processes. 

Interestingly, there are two methods to calculate emission factors for 

transportation: energy-based and activity-based methods[44]. For the 
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activity-based method, this calculation approach is suitable to use by 

chemical companies. These companies do not own their vehicles, but they 

hire a logistic company to transport goods. Therefore, they often cannot 

access energy and fuel consumption. The data they could receive are the load 

and distance of transportation. The estimated carbon emission is calculated 

using the activity-based method: 

𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

= 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑙𝑜𝑎𝑑(𝑡𝑜𝑛) 𝑥  𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑘𝑚)𝑥 𝐶𝑂2𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (
𝑘𝑔𝐶𝑂2

𝑡𝑜𝑛 − 𝑘𝑚
) . (1) 

For the energy-based method, it was claimed that the energy-based 

method could provide the emission result with the highest accuracy because 

the fuel values are converted to carbon emission directly using actual fuel 

consumption and standard emission conversion [44]. These data are 

typically confidential in the logistics company. The amount of carbon 

emission is defined by  

𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

= 𝐹𝑢𝑒𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛(𝑙𝑖𝑡𝑒𝑟) 𝑥  𝑓𝑢𝑒𝑙 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (
𝑘𝑔𝐶𝑂2

𝑙𝑖𝑡𝑒𝑟
) . (2) 

It is necessary to choose the appropriate emission factor for the transpor-

tation used. Many factors could be considered, such as modes of freight 

transportation, vehicle type, power source, and load of vehicles.  

 

2.4.1.3 Life cycle impact assessment (LCIA) 

 

Life cycle impact assessment (LCIA) aims to evaluate the level of 

environmental impact to obtain the important consequences affecting the 

product system [42]. This step analyzes the LCI result, which contains all 

inputs and outputs in the product system to obtain environmental impacts. 

To assess the impact, we need to classify the type of impact, define 

characterization, and provide weight to each impact. 

There are many impact methodologies used to evaluate environmental 

impacts, such as Eco-indicator99, ReCiPe, TRACI [45], and IPCC [46]. Eco-

indicator99 develops endpoint methods (damage approach). It covers three 

endpoint impacts: human health, ecosystem equality, and resource 

depletion. ReCiPe is developed based on Eco-indicator 99 and CML 2002. It 

includes both midpoint and endpoint approaches in a framework [45]. The 

ReCiPe has 18 midpoints and 3 endpoints. TRACI is developed by the US 

EPA, which focuses on the midpoint [45]. It has seven impact categories: 

Ozone Depletion, Climate Change, Acidification, Eutrophication, Smog 

Formation, Human Health Impacts, and Ecotoxicity. IPCC methodology is 

developed to calculate and report national greenhouse gas emissions and 

removal for IPCC and UNFCCC parties. This approach includes the creation 

of emission factors related to an emission source of a particular greenhouse 

gas to the level of the activity causing the emission.  
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Some pieces of literature use different methodologies based on region 

validity and problem-oriented impact. Ghormley [9] presented three 

impacts: TRACI, ReCiPe, and Eco-indicator99 in evaluating the 

environmental impact of processes. The TRACI is selected since it is valid in 

the USA that his research is focused while ReCiPe and Eco-indicator99 are 

appropriate for the European region. Another paper evaluated the 

environmental impacts of source-separated municipal waste using three 

impact methods: IPCC 2007, Ecological footprint, and ReCiPe 2008 [47]. 

This research examined how different methods and global warming affect the 

results. The result showed that IPCC 2007 provides a large difference from 

the other two methods because it focuses only on the impact of global 

warming. Therefore, it is essential to select suitable impact methods to 

evaluate our data 

 

2.4.1.4 Interpreting the result 

 

For interpretation, results are examined and evaluated to ensure their 

compatibility with the goal-and-scope definition, as well as the completeness 

of the study [48]. This phase consists of two main steps: identifying the 

significant concerns and evaluating the results.  

The identification step analyses all previous results to determine the 

section that needs to be improved for better environmental impact [42]. At 

this step, we could identify steps in the product life cycle that mostly affect 

the environment, the most significant factors, and the detrimental 

environmental potential. The evaluation step is aimed at increasing the 

reliability of the study by checking the completeness of information, 

sensitivity of result, as well as consistency of method and goal [48]. 

 2.4.2 Strength and limitation of LCA 
 

There are several strengths of using LCA. The LCA enables us to see the 

overview of possible environmental impacts in all related activities [42]. It 

also helps to indicate the processes that make the most significant impact on 

the environment. Furthermore, it provides calculated environmental results 

in the functional unit, which allows for comparing the environmental 

performance of two products with similar functions. In addition, resources 

can be efficiently managed when applying LCA. 

While many benefits of LCA are mentioned, there are some limitations 

that we should consider. LCA requires a high cost, a long time to complete, 

and many data [42]. There are uncertainties in inventory analysis and impact 

assessment. The result might be different when conducting LCA on the same 

topic later. 
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2.4.3 Research in LCA related to sand reclamation 
 

A few studies have been devoted to studying the environmental impacts of 

the sand reclamation process. Dalquist and Gutowski [49] studied the 

environmental impacts of the metal casting process, which includes the sand 

reclamation process. As this research focused on metal casting, a functional 

unit is a ton of metal casting parts. This does not enable us to compare to the 

result of sand reclamation, whose functional unit is a ton of sand. Moreover, 

this study showed the energy consumption of different unit processes instead 

of actual emissions. This is because emission values vary significantly due to 

the large range of emissions from energy sources to generate electricity. The 

emissions of electricity from renewable sources and fossil fuels are far 

different. For energy consumption, total energy consumption was around 

3200-4400 kWh/ton of casting while the sand recycling process consumed 

energy around 300kWh/t. This can be realized that the sand recycling 

process is slightly significant to the metal casting process. For material usage, 

this paper showed that 0.25-0.5 tons (sand) per ton of casting is disposed to 

landfill. 

Another LCA research compared the environmental impacts of four sand 

reclamation processes: primary reclamation, primary and secondary 

reclamation process with mechanical, thermal, and microwave process [9]. 

It studied a mid-sized ferrous foundry in the United States, far away from the 

sand site. Many environmental impacts were evaluated by using the TRACI 

methodology (18 midpoints and 3 endpoints). Global warming is one of its 

midpoint impacts evaluated. The result presented that adding a secondary 

reclamation process consumes more energy, but it can reduce environmental 

impact in eight out of ten impact categories, including global warming 

impact. Interestingly, the thermal reclamation process consumes more 

energy and has a better environmental impact than the mechanical process. 

Change of transportation is distance contributing the largest change to 

almost all environmental impact including global warming. This paper also 

offered some solutions to reduce the environmental impacts by moving the 

foundry to be nearer the sand source and using more energy-efficiency 

vehicles to transport sand, such as rail and upgraded trucks. In addition, 

changing to greener electricity sources make a small impact due to much 

smaller electricity consumption than transportation. Nevertheless, this 

research compared the LCA results between many models by considering 

only important processes and canceling some indirect processes out of the 

system boundary in order to reduce the study time. It presented that the 

results from a single model would not benefit from using it when considered 

individually. This concept can be applied to our thesis that we will compare 

virgin sand and sand reclamation process and neglect some indirect 

processes. 
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Besides, this researcher continued to study about LCA of the sand 

reclamation process. They compared the environmental impacts of four sand 

handling processes: primary and secondary reclamation processes with 

mechanical, thermal, and microwave processes by varying source and waste 

reduction factors [30]. A similar foundry has been studied. The results 

showed that if the sand source and foundry are at the same place, adding 

sand reclamation process will not benefit in environmental impact. Cleaner 

energy sources to generate electricity used in foundry have a small impact on 

emission reduction. Also, locating the foundry near the sand source is the 

most effective way to reduce the environmental impact of the sand handling 

process. This outcome can be used to examine with our emission results that 

transportation distances to obtain virgin sand vary depending on the 

countries.  

Kekäläinen [12] focused on the comparison of greenhouse gas emissions 

between the virgin sand process and the thermal reclamation process in 

Finland. This study focused on alkaline phenolic no-bake (APNB) and was 

conducted under specific scope and conditions. The scope of these two 

processes is cradle-to-grave without considering the foundry usage phase. 

The sand source is far away from foundries, around 2500 km. It was assumed 

to use the flotation and wet method in sand processing. The sand used in the 

reclamation process is mixed sand with an 80:20 ratio of reclaimed sand to 

virgin sand. Only global warming impact is assessed. The result showed that 

the sand reclamation process emits carbon dioxide around 46% less than the 

virgin sand process.  2.5 Emission reduction techniques 
 

According to a second thesis aim, it is to propose solutions to reduce 

greenhouse gas emissions in processes. The main focus is the scope of the 

thermal reclamation process. Therefore, it is necessary to review the 

emission reduction techniques relevant to the thermal reclamation process. 

This chapter is divided into three sections: emission reduction techniques in 

the combustion process of reclaimer, electricity, and transportation. 

 2.5.1 Emission reduction techniques in combustion and furnace 
 

Although the thermal reclamation process does not directly relate to the 

foundry process, it can apply the solution to reduce greenhouse gas emissions 

from the combustion process and furnace due to furnace usage. Regarding 

direct emission reduction, a guideline is presented to reduce greenhouse 

gases in the foundry, including the combustion process and furnace [4]. The 

combustion process mainly emits CO2 and NOx. 

CO2 can be reduced by regulating energy consumption and increasing 

energy efficiency to combust [4]. Energy consumption can be controlled to 
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reduce CO2 using many methods, including oxygen enrichment, air blasting, 

preheating, and automatic combustion control. In addition, the fuel used in 

combustion should have a low ratio between carbon content to the calorific 

value, such as natural gas (CH4). Combustion of natural gas emits around 

60% less carbon than coal. To increase energy efficiency, the furnace should 

have a good insulator to reduce heat loss. A suitable ratio of air and fuel 

should also be regulated to reduce O2 excess.  

As N2O is part of NOx, a reduction of NOx can reduce N2O. It is 

recommended to modify the process, add abatement equipment, and 

implement the technology to prevent and control NOx pollution in the 

combustion process [4]. To modify the process, the air and fuel ratio should 

be minimized in the combustion process. Oxygen-enriched combustion 

process should also be implemented. It should use low NOx burners and 

install secondary controls for furnaces, such as a catalytic incinerator. 

Denitrification of exhaust gases can remove NOx from flue gas [50]. The 

Selective Catalytic Reduction (SCR) process is one of the most effective 

methods to remove NOx, with over 90% efficiency. SCR reactors will directly 

connect after combustion (high-dust arrangement) or downstream of the flue 

gas absorber (tailend arrangement). 

Microwave reclamation is claimed to be more energy efficient and provide 

better environmental impact [51]. Sand is heated by absorbing the microwave 

energy directly to burn the remaining binder on the sand. This method can 

save energy usage and provide high energy efficiency. It can also reduce the 

step of breaking sand lump in sand preparation because a microwave can go 

through the sand lump and reach the required temperature. This reclamation 

is implemented in the rotary structure, which helps break the lump into the 

sand grain. The quality of reclaimed sand is high using microwave 

reclamation. 

 2.5.2 Emission reduction techniques in electricity  
 

Electricity production can be reduced emissions by using electricity 

generated from greener resources or renewable energy. Generating 

electricity from renewable energy emits little to zero greenhouse gases into 

the atmosphere [31]. However, upstream and downstream of this process 

should be considered because building renewable power plants and 

components consumes extremely much material and energy. 

Existing electric technology can be upgraded to conserve energy and 

minimize CO2 emissions [52]. It can be done by using highly efficient 

technologies to replace outdated equipment. The controls, operations, and 

maintenance procedures should be enhanced to use these electricity 

machines more efficiently. 
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2.5.3 Emission reduction techniques in transportation 
 

Many methods exist to reduce transportation emissions without focusing 

on specific vehicles [44]. A greener mode of transportation can be applied by 

selecting transportation with the lowest emission factors. For example, rail 

transportation emits less GHG emissions than road transportation. 

Electricity vehicle has lower emission factor compared to diesel vehicle. 

However, it needs to trade off between performance, driving efficiency, and 

charging time. The company could improve the logistic plan, maximize the 

carrying capacity of vehicles, optimize distance, use solutions that increase 

energy efficiency, and decrease the carbon intensity of fuels.  

Heavy-duty truck is the most widely used in transportation. Emission 

reduction of the truck would create considerable impacts. Different 

technology adoption by each truck manufacturer affects the amount of CO2 

emission. Currently, there are zero-emission and low-emission trucks in the 

market, but they are designed to be pilot models. Their impact on reducing 

emissions has not affected the total emissions from all trucks due to the small 

number of these types of trucks. In the EU, most trucks still use conventional 

powertrains and internal combustion engines [38]. To decrease the emission 

level based on existing technology, vehicle performance, fuel type, and truck 

capacity need to be considered. 

Vehicle performance is important for reducing emissions in the truck [38]. 

There are many vehicle specifications related to emissions, such as energy 

efficiency, aerodynamics, carbon emission, tire rolling resistance, 

powertrain, and lightweight technology. To limit the emissions effectively, 

many factors need to be considered simultaneously. For example, while 

having the maximum air drag, a DAF-brand truck emits less CO2 than the 

basic value due to better energy efficiency. 

Energy efficiency is claimed to be one of the easiest and most economical 

ways to tackle the climate change. Better engine efficiency enables the vehicle 

to consume less energy but moves at the same distance. As a result, less 

energy use will reduce carbon emissions directly. The truck manufacturers 

use advanced technology to increase energy efficiencies, such as waste heat 

recovery systems, turbocharging, and cylinder deactivation [38]. Currently, 

most heavy-duty diesel vehicles have an energy efficiency of up to 45%. There 

are still gaps to improve [53]. 

Aerodynamics enables a truck to reduce air drag by having streamlined 

spoilers on the truck cab [53]. It can reduce fuel consumption by up to 10%. 

It is actually important because Scania truck manufacturing makes good 

aerodynamic trucks, which become the top rank in the smallest amount of 

emission and even less energy efficiency [38].  

Types of fuel in the truck also play an important role in emissions. 

Recently, diesel and natural gas have been used in heavy-duty trucks. Most 

heavy-duty natural gas vehicles (NGVs) release fewer GHG emissions than 
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diesel trucks while the engine efficiency of diesel trucks is higher [38], [54]. 

However, with advanced technology, some diesel trucks release less GHG 

emissions than NGVs.  

The capacity of trucks can reduce carbon emissions greatly in both weight 

and volume. Long combination vehicles can reduce greenhouse gas 

emissions by up to 32% compared to single-trailer vehicles. They increase 

freight load factors.   
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3 Research materials and method 
 

To calculate and compare the results of greenhouse gas emissions from 

the virgin sand process and reclaiming green sand using thermal reclamation 

in specified countries: Finland, the Czech Republic, Germany, Italy, and 

Sweden, the knowledge from the literature review is combined to conduct life 

cycle assessments for obtaining the results. This chapter will present the life 

cycle assessments of virgin sand and reclaimed sand without interpreting the 

results that will be presented in the next chapter. This chapter is organized 

as follows. Section 3.1 describes the background of Finn Recycling’s 

reclaimer. Section 3.2 presents the life cycle assessment of the virgin sand 

process in Finland and four industrialized European countries. Section 3.3 

provides the life cycle assessment of thermal sand reclamation in the Finnish 

scenario and the industrialized European countries. Finally, section 3.4 

compares the emission results of virgin and thermal reclamation processes. 

  3.1 Background of Finn Recycling reclaimer 
 

The modular sand reclaimer of Finn Recycling is shown in Figure 2. It 

combines two reclamation methods: mechanical and thermal reclamation 

[17]. It presents that thermal reclamation uses heat to remove binder 

attached to the sand grains. It also purifies the sand using the reversible 

volume expansion property of quartz. In mechanical, sand grains are rubbed 

against one another to remove the remaining clay. To see the reclaimer in 

more detail, Figure 3 provides the three-dimensional model of Finn 

Recycling’s reclaimer. 

 
Figure 2: Finn Recycling’s modular sand reclaimer [55]. 
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Figure 3: 3D CAD model of Finn Recycling’s modular sand reclaimer. 

 

Finn Recycling’s reclaimer has various steps involved in reclaiming sand, 

as illustrated in Figure 4. The waste foundry sand is separated from residual 

metal by using a magnetic separator. The separated metal is collected to be 

reused in a foundry. The waste foundry sand is heated by the combustion of 

propane or natural gas, which causes heat up to 800 Celsius. At this 

temperature, furan and phenolic resin is totally burned off the sand. In the 

cooling drum, the sand is cooled. It is also removed the binder attached to 

the sand grains by the rubbing of sand.  Then, the sand passes through a 

dense mesh in the drum to be filtered the coarse material out. While 

reclaiming the sand, the exhaust gas and dust are collected and separated 

before discharging. 
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Figure 4: Process chart of Finn Recycling’s sand reclaimer. 

 

Operational data are collected using process measurement and 

automation systems. They measure the important parameters, which are the 

temperature of the drum furnaces, the amount of flue gas, the power of the 

gas burner, and the amount of sand fed into the process.  

For the efficiency of Finn Recycling thermal reclamation, it can reclaim up 

to 97% of sand. The remaining sand, around 3%, is discarded by the 

guideline.  

 3.2 LCA of virgin sand 
 3.2.1 Goal and scope definition 

 

The objective is to evaluate greenhouse-gas emissions of virgin sand 

processes in Finland, the Czech Republic, Germany, Italy, and Sweden. The 

product system to be investigated in this assessment is virgin foundry sand 

used in the five mentioned countries. The virgin sand is silica sand. This sand 

is later sent to the foundry before mixing with other compositions to become 

green sand.  

The product system consists of inputs, outputs, and unit processes in the 

system boundary. The inputs are silica sand and fuel for transporting to the 

foundry and disposal area. The outputs are disposed sand and air emissions. 

The product system of the virgin sand is shown in Figure 5. This system is 

analyzed from cradle-to-grave, which starts from sand mining to sand 

disposal. However, the process of sand usage at the foundry is neglected. The 

significant unit processes are sand excavation and processing, transportation 

to the foundry, and transportation to disposal. 
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Figure 5: Product system of virgin sand. 

 

The virgin sand processes are relatively similar in all five countries. The 

processes start when silica sand is excavated and processed with the flotation 

and dry method to be foundry sand. This foundry sand is sent from the sand 

supplier to the foundries. Transportation used at this step is varied 

depending on the country. After the foundries use sand to make moulds for 

metal casting, this sand is transported to disposal by trucks. 

The functional unit is one ton of sand delivered to use at the foundry. This 

functional unit enables us to compare emissions between product systems of 

virgin sand and thermal-reclaimed sand that have several different unit 

processes and different amounts of sand at each unit step. For example, in 

the sand reclamation scope, 85% of waste foundry sand is reclaimed. 

However, it is disposed of and added virgin sand to be 100% foundry sand. 

In virgin sand scope, 100% sand is applied in all unit processes. However, 

these two product systems have a common amount of foundry-graded sand 

before being sent and used in the foundry.  

Regarding assumptions and limitations, the virgin sand process is broad 

but specific. Therefore, we need to limit the scope appropriately due to 

limited data. The assumptions shown below enable us to understand the 

scope and limitations used to get results. 

1. Although 'cradle to grave' is used for this assessment, the process of sand 

usage at the foundry is not included in the scope because this process has 

limited data and is out of Finn Recycling scope to obtain data. In addition, 

the data are also assumed to use the same in all countries. 

2. This assessment considers only emissions from the main unit processes 

in virgin sand processes. The small step is excluded.  

3. Despite the fact that this thesis considers cradle-to-grave scope, end-of-

life emissions are not studied but the emissions will be considered from raw 

material extraction to transporting waste foundry sand to disposal. After 

disposal,  the waste foundry sand is typically reused in other applications and 

at landfills, where the waste sand can be used as one of the construction 



35 

 

materials. Therefore, when the next users reuse waste foundry sand in their 

processes, the emissions should be considered under their scopes. 

4. As waste green sand is obtained from ferrous foundries, it is classified 

as inert and non-hazardous material. 

5. The residual binder is mostly part of waste foundry sand. However, 

emissions of the binder are not considered in this study due to its complexity. 

6. The virgin sand is disposed of 100% sand after being used.        

7. Sand is one type of bulk goods.  

8. This assessment does not consider the uncertainty of data. 

9. One-way transportation is used in barges and trains while trucks use 

round-trip transportation. 

 3.2.2 Inventory analysis  
 

To conduct an inventory analysis, we need to collect all inputs and outputs 

of all unit processes in the product system following the defined objective and 

scope. The product system of virgin sand consists of three main unit pro-

cesses: excavating and processing sand, transporting virgin sand from sand 

supplier to foundry, and transporting disposed sand from foundry to dis-

posal.  

 

3.2.2.1 Excavating and processing sand 

 

Raw silica sand is excavated and processed with other inputs before 

producing the processed silica sand and emissions, which focus only on 

emissions to air. Figure 6 shows the unit process of excavating and processing 

sand. The input in this unit process is raw silica sand. As the defined 

functional unit is per ton of sand delivered to use at the foundry (t(sand*)), 

the amount of raw silica sand and processed silica sand is 1 t (sand)/t (sand*) 

since it is assumed that there is no loss of sand during the process. The 

outputs are emissions to air and silica sand after processing. Actually, there 

are more inputs and outputs in excavation and processing sand shown in the 

literature [27]. These inputs and outputs are parts of complex steps in several 

unit processes, which might be too detailed to show in this unit process 

focusing on the sand. Therefore, we decided to show in simplified version 

related to the main sand process. 

 

 
Figure 6: The unit process of excavating and processing sand. 
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Emissions to air from sand excavation and processing are calculated using 

an emission factor of this process and the amount of silica sand used. The 

emission factor of sand excavating and processing is provided using the 

climate change impact of the ReCiPe methodology, with 75.2 kgCO2eq per 

ton of produced silica sand [27]. Its scope of life cycle assessment is cradle-

to-gate in silica sand production. The emissions are collected from sand 

mining, transportation between the sand mine and factory to process, sand 

processing in flotation and dryer option, and transporting from the 

processing plant to the usage site (100km). The sand processing with this 

alternative consists of sand washing and sizing, electrostatic and magnetic 

separation, flotation, loading, and drying. As emission factor data of the sand 

process are relatively limited, we could not find the country-specific data and 

raw gas data for all five targeted countries. Therefore, all countries use 

similar data. 

After collecting and calculating the input and outputs, the inventory data 

for excavating and processing sand are obtained and shown in Table 3. 

 

Table 3: Inventory data for excavating and processing sand. 
Input Raw input Input [per 

t(sand*)] 
Output Output [per 

t(sand*)] 
All 5 countries    

Raw silica sand 1 1 t (sand)  Emission to air 75.2 
kgCO2eq 

   Processed  
silica sand 

1 

 

3.2.2.2 Transporting sand to foundry 

 

Transporting consumes fuel before vehicles generate emissions into the 

air. Figure 7 shows the unit process of transporting sand from the sand 

supplier to the foundry. This unit process has diesel fuel as an input and 

emissions to air as an output. The amount of diesel fuel is not directly 

measured, but it is calculated using transportation distance and fuel 

economy. Transportation distance between the sand supplier and the 

foundry is collected and estimated by Finn Recycling as shown in Appendix 

A. Finland uses a barge and a heavy-duty truck while Italy uses a train and a 

heavy-duty truck. The Czech Republic, Germany, and Sweden use only 

heavy-duty trucks to transport the sand. All vehicles consume diesel. For fuel 

economy, it is mainly based on the vehicle type and loading conditions. The 

load condition consists of two important factors: load factors (LF) and empty 

trip factor (ET) [56]. LF is a percentage of load carried to maximum load 

capacity in each vehicle. Typically, an LF of 100% is used in the case that 

vehicles carry bulk goods. As carrying bulk goods allows the vehicle to meet 

the maximum load capacity before volume capacity, the vehicle can carry a 

full load for each trip (100%). ET is a percentage of empty-running distance 
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to loaded distance. We decided to choose the fuel economy that has 

conditions close to the real conditions given by Finn Recycling as shown in 

Appendix A. However, in case that data are not available, we will use the 

default conditions for fuel economy values since the data sources mostly do 

not provide the calculation method behind the values. For the fuel economy 

of the trucks, the default value is selected under the assumption that LF and 

ET are 100% and 60%, respectively [56], [57]. Also, it is assumed that the 

maximum payloads to carry bulk goods are 12 tons for 12-24t gross vehicle 

weight (GVW) trucks and 26 tons for 24-40t GVW trucks. According to 

activity data in Appendix A, 24-ton, 42-ton, and 48-ton trucks are used to 

deliver sand from sand suppliers to foundries. The fuel economy of "Lorry 

12-24t GVW (Diesel) bulk goods" applies for 24-ton trucks while the fuel 

economy of "Lorry 24-40t GVW (Diesel) bulk goods" applies for 42-ton and 

48-ton trucks.  

For a train consuming diesel, the default fuel economy of the train is 

selected from CLECAT [57] but its assumptions are obtained from an original 

source, EcoTransIT 2010 [56]. The fuel economy is obtained from a 1000-

ton train, an average-sized train for freight transportation in Europe. It also 

uses the assumption that load factor (LF) and ET are 100% and 80%, 

respectively.  

 

 
Figure 7: The unit process of transporting sand to the foundry. 

 

The emission-to-air of transportation is calculated by using an activity-

based method. As Finn Recycling and foundries typically do not use their own 

vehicles and transportation data are obtained in distance and weight of 

goods, the activity-based method seems to be a suitable method. This method 

requires emission factor (per ton-km), distance (km), and weight (ton) in the 

calculation. To calculate emission to air in functional unit (ton of sand 

delivered into foundry), weight is the amount of sand, 1 t (sand)/t (sand*).   

There are three main emission factors classified based on the type of 

vehicles and energy sources used in this unit process: emission factors of the 

barge (diesel), train (diesel), and heavy-duty truck (diesel). All emission 

factors are from the website and literature [57], [58]. For the train and truck, 

their emission scopes are limited to only the combustion of fuel. The 

upstream production of each fuel will not be included since diesel is not the 

raw material of our sand process. Instead, it is a direct part of the logistics 

company. Therefore, we decide to neglect the emissions from upstream 

production. For the barge, due to the lack of data, it is inevitable to use an 

emission factor with a scope of well-to-wheel (WTW). This scope includes 
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emissions from upstream production to vehicle consumption. Therefore, the 

emissions from the barge might be somewhat more than the actual value 

under our scope. 

Emission factors of transportation are selected based on various 

conditions of five countries. According to the activity data of five countries, 

the emission factor of marine uses "barge (diesel) bulk good" for transporting 

from Belgium to Finland with a 2500-ton ship. This is because a barge is a 

common vehicle used in this area, and sand is bulk good. This emission factor 

is in the unit of kgCO2eq/t-km. Emission factors of heavy-duty trucks 

(diesel) and trains (diesel) are collected from the UNFCCC website, which 

provides national environment data and reports submitted by each country. 

It allows us to obtain different emission factors depending on the country. 

The emission factors are given in energy-based units of three different raw 

gases: Carbon dioxide (tCO2/TJ), methane (tCH4/TJ), and nitrous oxide 

(tN2O/TJ). To present emission values in LCI, they need to be converted 

from energy-based units to activity-based units (kgCO2/t-km, kgCH4/t-km, 

and kgN2O/t-km) by using many parameter values, as shown in Appendix B. 

The parameters include 100-year GWP conversion factor, Net Calorific Value 

(NCV), fuel density of diesel, and fuel economy. The equations used to 

calculate the emissions are shown in Appendix C. 

Table 4 shows the inventory data for transporting sand to the foundry. 

These inputs and outputs are gathered and calculated to present in a 

functional unit. 

 

Table 4: Inventory data for transporting sand to foundry. 
Input Raw input Input 

[per 
t(sand*)] 

Out-
put 

Output  
[per t(sand*)] 

Finland     

Marine fuel (die-
sel) 

Distance 2300 
km 

- GHG 
emis-
sion 

66.7 kgCO2eq 

Truck fuel (diesel) Distance 600km 12.0 liter  CO2 32.245 kgCO2 

   CH4 0.00025 kgCH4 

   N2O 0.00097 kgN2O 

Czech Republic     

Truck fuel (diesel) Distance 400km 11.6 liter  CO2 31.231 kgCO2 

   CH4 0.00039 kgCH4 

   N2O 0.00103 kgN2O 

Germany     

Truck fuel (diesel) Distance 600km 17.4 liter  CO2 47.154 kgCO2 

   CH4 0.00007 kgCH4 

   N2O 0.00256 kgN2O 

Italy     
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Input Raw input Input 
[per 
t(sand*)] 

Out-
put 

Output  
[per t(sand*)] 

Train fuel (diesel) Distance 940 km 7.52 liter  CO2 20.275 kgCO2 

   CH4 0.001 kgCH4 

   N2O 0.008 kgN2O 

Truck fuel (diesel) Distance 200 km 5.8 liter  CO2 15.645 kgCO2 

   CH4 0.00044 kgCH4 

   N2O 0.00071 kgN2O 

Sweden     

Truck fuel (diesel) Distance 500 km 10.0 liter  CO2 26.362 kgCO2 

   CH4 0.00004 kgCH4 

   N2O 0.00205 kgN2O 

 

3.2.2.3 Transporting sand to disposal 

 

Vehicles deliver waste foundry sand to dispose of the sand at the disposal 

area. They also use fuel and produce emissions into the air. Figure 8 shows 

the unit process of transporting sand from the foundry to disposal. The 

inputs are diesel fuel and waste foundry sand. The outputs are disposed sand 

and emissions to air. The amount of waste sand and disposed sand is 1 t 

(sand)/t (sand*) since it is assumed that all used foundry sand is disposed of. 

The amount of diesel fuel is determined by using transportation distance and 

fuel economy. As given by Finn Recycling, heavy-duty trucks deliver sand 

dust to disposal for 50 km in all countries, but the gross vehicle weight of the 

trucks is not specified. 24-ton trucks are assumed to use in all countries due 

to their popular usage for freight transportation in our most countries. 

Consequently, the fuel economy of 24-ton trucks is selected and acquired 

from CLECAT online report [57]. The assumptions and conditions behind 

this fuel-economy value are mentioned in the above section. 

 

 
Figure 8: The unit process of transporting sand to disposal. 

 

The air emissions of the heavy-duty trucks are also calculated using an 

activity-based method to acquire the greenhouse gases per ton-km. The 

method and parameters used are similar to those of the transport-to-foundry 

case except for transportation distance and fuel economy. These two 

parameters have new values in accordance with transport-to-disposal data. 

The scope of emissions is the operation of trucks, which can also be called the 

combustion of diesel. 
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After calculating the inputs and outputs to show in the functional unit, the 

inventory data for transporting sand to the disposal are shown in Table 5. 

 

Table 5: Inventory data for transporting sand to disposal. 
Input Raw input Input 

[per 
t(sand*)] 

Out-
put 

Output  
[per t(sand*)] 

Finland     

Truck fuel (diesel) Distance 100km 2.90 liter CO2 7.793 kgCO2 

   CH4 0.00006 kgCH4 

   N2O 0.00024 kgN2O 

Czech Republic     

Truck fuel (diesel) Distance 100km 2.90 liter CO2 7.808 kgCO2 

   CH4 0.00010 kgCH4 

   N2O 0.00026 kgN2O 

Germany     

Truck fuel (diesel) Distance 100km 2.90 liter CO2 7.859 kgCO2 

   CH4 0.00001 kgCH4 

   N2O 0.00043 kgN2O 

Italy     

Truck fuel (diesel) Distance 100km 2.90 liter CO2 7.822 kgCO2 

   CH4 0.00022 kgCH4 

   N2O 0.00035 kgN2O 

Sweden     

Truck fuel (diesel) Distance 100km 2.90 liter CO2 7.645 kgCO2 

   CH4 0.00001 kgCH4 

   N2O 0.00060 kgN2O 

 3.2.3 Impact assessment 
 

This study chooses global warming impact as specified in the defining 

objective and scope. IPCC methodology is used to evaluate the global-

warming impact because it provides the Assessment Report (AR) with global 

warming potential (GWP). GWP allows us to derive greenhouse gas 

emissions in a kilogram of carbon equivalent (kgCO2eq) unit. In this thesis, 

100-year GWP in AR5(2013) version is selected. This is because the most 

recent version of AR5 can represent the actual impact. In addition, the paper 

presented that 100-year is a good compromise between the short and long 

terms, especially when considering the impact [41]. However, according to 

the life cycle inventory (LCI) in the previous section, some air emissions are 

provided in kgCO2eq/t (sand*), such as emissions from sand excavation and 

processing as well as emissions from marine transportation. It means that 

they are already assessed in global warming impact.  
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Apart from the above outputs, the inputs and remaining outputs of LCI 

are assigned to the global warming impact, which relates to greenhouse 

gases. Our LCI results show no fluorinated gases are released in the virgin 

sand process. CO2, CH4, and N2O are assigned to the GWP impact category. 

After that, these inputs and outputs are quantified their global warming 

impact by multiplying with the characterization factor to convert into 

kgCO2eq unit. In our case, raw gases emitted from heavy-duty trucks and 

trains (diesel) need to be classified and characterized. According to the 

AR5(2013), methane has a characterization factor of 28, meaning that 

methane contributes 28 times more than carbon dioxide over a 100-year 

period. N2O has a characterization factor of 265. The converted values of 

different gases are summed up for each process. The equations used in the 

calculation are shown in Appendix D. 

 3.3 LCA of reclaimed sand 
 3.3.1 Goal and scope definition 
 

The LCA goal is to evaluate greenhouse-gas emissions of thermal sand 

reclamation processes in Finland, the Czech Republic, Germany, Italy, and 

Sweden. The emissions are assessed in two scenarios: actual case (waste 

foundry sand (WFS): disposed sand (DS): virgin sand (VS): = 

0.85:0.05:0.20) and ideal case (WFS: DS: VS = 1:0:0). 

The product system of thermal-reclaimed green sand in five European 

countries is studied in this assessment. The product system consists of 

inputs, outputs, and unit processes in the system boundary, which is shown 

in Figure 9. The system inputs are waste green sand, virgin sand after 

processing, electricity, liquefied petroleum gas (LPG), and fuel. The outputs 

are emissions to air, foundry sand, and disposed sand. This product system 

is analyzed from cradle-to-grave. The important unit processes are 

reclaiming sand, transporting sand dust to disposal, and adding virgin sand. 

 

 
Figure 9: Product system of thermal-reclaimed sand 
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The thermal reclamation process relates to three types of sand: waste 

foundry sand, virgin sand, and disposed sand. First, waste foundry sand 

(WFS) enters the sand reclaimer. This sand is then heated by burning LPG in 

a rotating drum and cooled down in another drum. The burning process 

releases the emissions to air (flue gas). While the drum is rotating, sand 

unintentionally attacks each other in the drums. This attack can remove 

bentonite residues from the sand grains. However, it also generates some 

sand dust, which does not meet the requirement of foundry sand. Therefore, 

this disposed sand (DS) or sand dust is sieved out. This sand dust is 

transported to discard at disposal. After that, the virgin sand (VS) is added to 

the reclaimed sand to get the total amount of sand and required properties 

as the foundries need. All machines in the modular sand reclaimer consume 

electricity. 

For the proportion of sand type, all inputs and outputs related to the 

thermal reclaimer will use X%, which are waste foundry sand, electricity 

consumed, LPG, flue gas and emissions to air. Y% uses for fuel consumed by 

vehicles, the amount of discarded sand, and air emissions relevant to 

transporting to disposal. Z% uses for the amount of virgin sand added and its 

air emissions. When running on a cycle, the total sand is sent to use as 

foundry sand, with X%-Y%+Z%. This sand reclamation process and sand 

proportion can be applied similarly in all countries. However, small details 

are different in transportation.  

The actual and ideal cases can use a similar product system even if the 

proportion of sand is different. With the ratio WFS: DS: VS = 1: 0: 0, the unit 

processes of transporting sand and adding virgin sand are not included in the 

ideal case. Hence, only reclaiming sand is taken into account. As for the 

proportion of an actual case (WFS: DS: VS = 0.85: 0.05: 0.20), all unit 

processes are considered, but the X, Y, and Z variables will be replaced by 

0.85, 0.05, and 0.20, respectively. 

The functional unit of the reclaimed-sand system is similar to that of the 

virgin sand case, which is one ton of sand delivered to use at the foundry 

(t(sand*)). This is due to the fact that LCA enables us to compare two product 

systems when using a similar functional unit. 

For assumptions and limitations, we need to appropriately limit the sand 

reclamation process's scope by defining the assumptions as shown below. 

The assumptions can be divided into two groups. The first seven assumptions 

are common to those used in the virgin sand system. The others are only 

applied to the product system of reclaimed sand. 

1. Although 'cradle to grave' is used for this assessment, the process of sand 

usage at the foundry is not included in the scope. 

2. As end-of-life emissions are not studied in this thesis, emissions of sand 

dust will be counted until the sand is transported to disposal. The supporting 

reasons are used similarly to those of the virgin case.  
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3. As waste green sand is obtained from ferrous foundries, it is classified 

as inert and non-hazardous material. 

4. The residual binder is mostly part of waste foundry sand and sand dust. 

However, the emissions of the binder are too complicated to study for this 

thesis scope. 

5. In transportation, barges and trains use one-way distance. Trucks use 

round-trip distance. 

6. Sand is classified as bulk good.  

7. The uncertainty of data is not taken into account in this assessment. 

8. When considering emissions of waste foundry sand used in sand 

reclamation, emissions from virgin sand, which is a previous life cycle of the 

waste foundry sand, are not included in the life cycle of the reclaimed sand. 

This assumption is accepted by SFS-EN ISO 14040 since the waste becomes 

a raw material for a new product. 

9. This assessment considers only emissions from the main processes in 

the thermal reclamation process. The small steps are excluded, such as 

adding an additive to the reclaimer. 

10. In the case of the thermal-reclaimed sand system, no sand is discarded 

after foundries use.               

11. There are no end-of-life emissions in the product system of reclaimed 

sand since it is assumed that all reclaimed sand can be reclaimed countless 

times. However, during reclaiming sand, the sand dust is separated from 

reclaimed sand and disposed of because this sand does not meet the required 

properties of foundry sand. 

12. There is no transportation between the foundry and the location of the 

reclaimer since we assume that the modular reclaimer is at the foundry.  

13. As emissions from the reclaimer are conducted and measured in 

Finland, these measurement values are also applied to other countries. 

14. As LPG is one of the important raw materials in the thermal 

reclamation process, emissions from the LPG upstream process are 

significant to consider. In our case, upstream production is included but the 

process of transporting LPG to the foundry is neglected because we could not 

gather the transportation information of LPG in all five countries.  

15. In adding virgin sand, a small amount of electricity might be used to 

mix reclaimed sand with virgin sand. This amount of electricity will be 

neglected since the information on electricity consumption obtained is for 

the whole process. 

 3.3.2 Inventory analysis  
 

To conduct inventory analysis, all inputs and outputs of all unit processes 

are collected and provided in the functional unit. The product system of 

thermal reclaimed sand consists of three main unit processes: reclaiming 

sand, transporting sand dust to disposal, and adding virgin sand. As stated 
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in the goal and scope section, there are both actual and ideal scenarios to be 

evaluated. The ideal scenario considers 100% waste foundry sand. Therefore, 

the inventory data of the ideal case will show only a unit process named 

reclaiming sand. The actual case will present all three unit processes. 

 

3.3.2.1 Reclaiming sand 

 

Waste foundry sand (WFS) is reclaimed thermally in the sand reclaimer 

by heating up to 800 Celsius to remove the leftover binder. The heat is 

generated from the burning of LPG in a rotating drum. The sand is then 

cooled down and reclaimed mechanically in another drum to remove more 

binder. The reclaimed sand at this step includes both final reclaimed sand 

and sand dust, which will be disposed of later. During the burning process, 

air emissions (flue gas) are emitted. All machines used to reclaim sand 

consume electricity, such as a motor to rotate the furnace during reclaiming 

sand. Figure 10 and Figure 11 show the unit process of reclaiming sand in the 

actual and ideal cases, respectively. 

 

 
Figure 10: The unit process of reclaiming sand in the actual case (WFS 85%). 

 

 

 
Figure 11: The unit process of reclaiming sand in the ideal case (WFS 100%). 

 

There are several inputs and outputs in the reclaiming sand. The inputs 

are waste foundry sand, electricity, and LPG. There are two outputs: 

reclaimed sand and air emissions (including flue gas). In the actual case, the 

defined functional unit is per ton of sand delivered to the foundry (t (sand*)). 

The amount of waste green sand and reclaimed sand is 0.85 t (sand)/t 

(sand*). This number is calculated by assuming that five percent of total sand 

is disposed of and virgin sand is added with twenty percent. As 85 percent of 

total sand is used for waste foundry sand, this percentage is also applied to 
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the amount of electricity, LPG, and emissions to the air. In the ideal case, 1 t 

(sand)/t (sand*) is used for waste green sand. Similarly, 100 percent applies 

to other inputs and outputs of this unit process. The amount of electricity and 

LPG consumed is shown in Appendix A. It is provided by Finn Recycling.  

Air emissions from the reclaimer process come from three main sources: 

flue gas, LPG, and electricity. Flue gas is directly measured from the Finn 

Recycling reclaimer by the specialized company. The major emissions of the 

flue gas are produced from LPG combustion. The flue gas consists of many 

gases and particles, including CO2, NOx (N2O), CO, SO2, Particles, 

formaldehyde, BTEX, and VOCs. They are mostly provided in different units, 

such as kg/h, 𝑚𝑔/𝑁𝑚3, and 𝑁𝑚3/𝑠. To present data in the LCI, carbon 

dioxide (CO2) was calculated by using the volume flow of flue gas, percentage 

of substance, density of the substance, and sand rate. Other emitted gases 

and particles are calculated using emission flow and sand rate. According to 

the assumption, the reclaimer emissions are measured in Finland. These 

measurement values are also used in the other four countries. 

Emissions to air from LPG upstream process are calculated from an 

emission factor and the amount of LPG used in the reclaiming process. 

Emissions of LPG combustion are not considered at this point to prevent 

double emission counting since the flue gas already includes it. As emission 

factor data of the LPG upstream production are relatively limited, country-

specific data are not found for each country. Therefore, all countries use 

similar data, which is greenhouse gas emissions from the upstream chains of 

propane or butane used in Europe [59]. Propane and butane are the main 

components of LPG. 

Electricity produces air emissions from electricity production. Machines 

consuming electricity do not release any emissions during the reclaiming 

operation. The emissions are calculated from an emission factor and the 

amount of electricity consumption. The emission factors are obtained from 

the Carbonfootprint website in a unit of kgCO2eq. Each factor represents 

greenhouse-gas emissions from mixed sources that generate electricity in 

each country. Five countries have different values of emission factors. 

Table 6 shows the inventory data of sand reclaiming used amount of 85% 

of total sand in the actual case. The inventory result of 100% sand in the ideal 

case is shown in Table 7. It will be observed that the ratio is directly 

proportional to input and output data. 

 
Table 6: Inventory data of sand reclaiming used 85% of total sand. 
Input Raw 

input 
Input [per 
t(sand*)] 

Output Output  
[per t(sand*)] 

All 5 coun-
tries 

    

Waste 
foundry sand 

  0.85 t (sand) Reclaim sand 0.85 t (sand) 

LPG  8.500 kgLPG CO2 72.371 kgCO2 
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Input Raw 
input 

Input [per 
t(sand*)] 

Output Output  
[per t(sand*)] 

   NOx  
(N2O) 

0.066 kgNOx 
(0.001 kgN2O) 

   CO 0.098 kg 

   SO2 0.063 kg 

   Particulate mat-
ter 

0.002 kg 

   Formaldehyde 0.00001 kg 

   BTEX 0.0009 kg 

   VOCs 0.005 kg 

   GHG emission 
(LPG Upstream 
production) 

4.871 kgCO2eq 

Finland     

Electricity  10.625 kWh GHG emission 1.447 kgCO2eq 

Czech Re-
public 

    

Electricity  10.625 kWh GHG emission 5.787 kgCO2eq 

Germany     

Electricity  10.625 kWh GHG emission 4.023 kgCO2eq 

Italy     

Electricity  10.625 kWh GHG emission 3.597 kgCO2eq 

Sweden     

Electricity  10.625 kWh GHG emission 0.126 kgCO2eq 

 

 

Table 7: Inventory data of sand reclaiming used 100% of total sand. 
Input Raw 

input 
Input [per 
t(sand*)] 

Output Output  
[per t(sand*)] 

All 5 coun-
tries 

    

Waste 
foundry sand 

  1 t (sand) Reclaim sand 1 t (sand) 

LPG  10.000 kgLPG CO2 85.143 kgCO2 

   NOx  
(N2O) 

0.078 kgNOx 
(0.001 kgN2O) 

   CO 0.115 kg 

   SO2 0.074 kg 

   Particulate mat-
ter 

0.002 kg 

   Formaldehyde 0.00001 kg 

   BTEX 0.0011 kg 

   VOCs 0.005 kg 

   GHG emission 
(Upstream pro-
duction) 

6.088 kgCO2eq 
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Input Raw 
input 

Input [per 
t(sand*)] 

Output Output  
[per t(sand*)] 

Finland     

Electricity  12.500 kWh GHG emission 1.703 kgCO2eq 

Czech Re-
public 

    

Electricity  12.500 kWh GHG emission 6.808 kgCO2eq 

Germany     

Electricity  12.500 kWh GHG emission 4.733 kgCO2eq 

Italy     

Electricity  12.500 kWh GHG emission 4.232 kgCO2eq 

Sweden     

Electricity  12.500 kWh GHG emission 0.149 kgCO2eq 

 

3.3.2.2 Transporting sand dust to disposal  

 

In the actual case, after reclaiming 85% sand, 5% sand dust is collected to 

be disposed of. Therefore, the remaining amount of reclaimed sand is around 

80%. The sand dust is transported to discard at disposal by vehicles. The ve-

hicles consume fuel and produce air emissions. Figure 12 shows the unit pro-

cess of transporting sand from the foundry to disposal. All data collection and 

calculation methods are similar to those used in transporting to disposal in 

the virgin sand system. However, the only difference is the proportion of dis-

carded sand. This step uses 5% of the total sand. This percentage also applies 

to all other inputs and outputs, thus leading to different inventory results. 

Table 8 shows the LCI of inputs and outputs in transporting sand dust to 

disposal using the amount of 5% of total sand. 

 

 
Figure 12: The unit process of transporting sand dust to disposal. 

 
Table 8: Inventory data of transporting sand (5% of total sand) to disposal. 
Input Raw input Input 

[per 
t(sand*)] 

Out-
put 

Output  
[per t(sand*)] 

Finland     

Truck fuel (diesel) Distance 100km 0.145 liter CO2 0.390 kgCO2 

   CH4 0.000003 kgCH4 

   N2O  0.000012 kgN2O 

Czech Republic     

Truck fuel (diesel) Distance 100km 0.145 liter  CO2 0.390 kgCO2 



48 

 

Input Raw input Input 
[per 
t(sand*)] 

Out-
put 

Output  
[per t(sand*)] 

   CH4 0.000005 kgCH4 

   N2O 0.000013 kgN2O 

Germany     

Truck fuel (diesel) Distance 100km 0.145 liter CO2 0.393 kgCO2 

   CH4 0.000001 kgCH4 

   N2O 0.000021 kgN2O 

Italy     

Truck fuel (diesel) Distance 100km 0.145 liter CO2 0.391 kgCO2 

   CH4 0.000011 kgCH4 

   N2O 0.000018 kgN2O 

Sweden     

Truck fuel (diesel) Distance 100km 0.145 liter CO2 0.382 kgCO2 

   CH4 0.000001 kgCH4 

   N2O 0.000030 kgN2O 

 

3.3.2.3 Adding virgin sand 

 

After reclaiming sand and disposing of sand dust,  80% reclaimed sand is 

gained. Then, 20% virgin sand is added to meet the expected foundry sand 

property and obtain 100% sand. This amount of sand allows the product 

system of reclaimed sand to be comparable with the virgin sand system 

equally. After that, the whole amount of sand (100%) is later used to make a 

mould at the foundry. Figure 13 shows the unit process of adding virgin sand. 

 

 
Figure 13: The unit process of adding virgin sand. 

 

In adding virgin sand, the inputs are reclaimed sand and virgin sand after 

processing. The output is foundry sand. Although mixing reclaimed sand 

with virgin sand consumes electricity, the amount of electricity is neglected 

due to little amount. No air emissions from electricity occur in this unit 

process. Nevertheless, there are significant emissions from processes to 

obtain virgin sand: mining and processing virgin sand, as well as transporting 

virgin sand to the foundry. Since this virgin sand process is not directly 

relevant to the unit process of adding virgin sand, the calculation of relevant 

emissions is done separately using parameters presented in Appendix B and 
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the equations shown in Appendix C. In addition, based on the proportion of 

virgin sand, 20% is applied in the calculation of emissions. The inventory 

data for adding 20% virgin sand are shown in Table 9. 

 

Table 9: Inventory data of adding 20% virgin sand. 
Input Raw 

input 

Input [per 

t(sand*)] 

Output Output  

[per t(sand*)] 

All countries       

Reclaim sand   0.80 t (sand) Foundry sand 1.0 t (sand) 

Virgin sand 

(VS) 

  0.20 t (sand) GHG emission 

(Excavate and 

process sand) 

15.04 kgCO2eq 

Finland         

      GHG emission (VS 

TF Marine) 

13.34 kgCO2eq 

      CO2 (VS TF Truck) 6.449 kgCO2 

      CH4 (VS TF Truck) 0.00005 kgCH4 

      N2O (VS TF Truck) 0.00019 kgN2O 

Czech 

Republic 

        

      CO2 (VS TF Truck) 6.246 kgCO2 

      CH4 (VS TF Truck) 0.00008 kgCH4 

      N2O (VS TF Truck) 0.00021 kgN2O 

Germany         

      CO2 (VS TF Truck) 9.431 kgCO2 

      CH4 (VS TF Truck) 0.00001 kgCH4 

      N2O (VS TF Truck) 0.00051 kgN2O 

Italy         

      CO2 (VS TF Train) 4.055 kgCO2 

      CH4 (VS TF Train) 0.00023 kgCH4 

      N2O (VS TF Train) 0.00160 kgN2O 

      CO2 (VS TF Truck) 3.129 kgCO2 

      CH4 (VS TF Truck) 0.00009 kgCH4 

      N2O (VS TF Truck) 0.00014 kgN2O 

Sweden         

      CO2 (VS TF Truck) 5.272 kgCO2 

      CH4 (VS TF Truck) 0.00001 kgCH4 

      N2O (VS TF Truck) 0.00041 kgN2O 
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3.3.3 Impact assessment 
 

To assess the global warming impact of thermal-reclaimed sand, the 

methodology used is similar to that used in the virgin sand process. A 100-

year GWP from IPCC AR5 is utilized to convert all greenhouse gas emissions 

from LCI inventory data to be in the unit of kgCO2eq/t (sand*). In our life 

cycle inventory (LCI) data, some emissions are already provided in 

kgCO2eq/t(sand*), such as emissions from electricity, LPG upstream 

production, and marine transportation of virgin sand added. In contrast, 

some emissions are presented in kilograms of raw gases per functional unit, 

such as most emissions from transportation and flue gas. Greenhouse gases 

in these raw gases will be selected and multiplied with the GWP values of 

each gas, thus resulting in comparable results. The equations used in the 

calculation are shown in Appendix D. 

Besides, only CO2 in flue gas will be reviewed to assess the impact of global 

warming. The flue gas consists of many gases and particles: CO2, NOx (N2O), 

CO, SO2, particles, formaldehyde, BTEX, and VOCs [60]. As only global 

warming impact is assessed, the CO2 and N2O are classified to this impact. 

However, we focus only on CO2 as a greenhouse gas emission due to its large 

quantity and possibly insignificant amount of N2O in the flue gas. Based on 

the diesel combustion process information, nitrous oxide (N2O) has less than 

1% in nitrogen oxides (NOx). Moreover, since Finn Recycling uses propane 

as fuel, there might be some errors in using the diesel combustion 

information. To illustrate clearly, the emission values are calculated based on 

100% sand. The result shows that 1% N2O emission from flue gas is 0.199 

kgCO2eq/t (sand*), while carbon emission from flue gas is 85.143 kgCO2eq/t 

(sand*). This CO2 emission in the flue gas is calculated using the volume flow 

of flue gas, percentage of CO2, and density of CO2. 
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4 Result and Discussion 
 

To examine the emission reduction potential of thermal reclamation, this 

chapter presents and compares the emission results of virgin and reclaimed 

sand processes in the specified countries, as well as proposes the idea of 

reducing emissions. The emission results and discussion are part of the 

interpretation step in the life cycle assessment. Section 4.1 describes the 

result and discussion of emissions from the virgin sand process in five 

countries. Section 4.2 presents the results and discussion of emissions 

produced from the thermal reclamation of waste green sand in five countries. 

Section 4.3 compares the emissions from virgin sand and thermal 

reclamation processes to find the emission reduction potential and propose 

solutions for reducing emissions.   

 4.1 Result and discussion of virgin sand process 4.1.1 Result 
 

Table 10 illustrates greenhouse gas emissions of virgin sand processes in 

five different countries. The five countries include Finland, the Czech 

Republic, Germany, Italy, and Sweden. The emissions are measured in a 

kilogram of carbon dioxide equivalent per ton of sand delivered to use in the 

foundry (kgCO2eq/t (sand*)). Overall, Finland produced the highest level of 

total greenhouse-gas (GHG) emissions at 182.266. 

There are two major parts in the emissions: sand excavation and 

processing, as well as transportation. As for sand excavation and processing, 

all countries emitted GHG equally at 75.2 due to the same data reference. 

This is the highest amount of gas released in all countries except Finland. 

Regarding transportation, including transporting to foundry and disposal, 

Finland and Germany had higher emissions, which are 107.066 and 55.806, 

respectively. Most of the GHG in Finnish transportation came from marine 

transportation, at 66.700. As for Italy, emissions from a train (diesel) 

accounted for 22.426, which are almost equal to those from a truck. For the 

rest of the countries, trucks emitted GHG in the range of 34 and 56. 
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Table 10: greenhouse gas emissions of virgin sand process in five different 

countries.  
 Virgin sand 
process 

Detail Total Emission [kgCO2eq/t (sand*)] 

   Finland Czech 

Republic 
Germany Italy Sweden 

Excavate and 
process sand 

 75.200 75.200 75.200 75.200 75.200 

Transport to 
foundry 

Marine 66.700 0.000 0.000 0.000 0.000 

Transport to 

foundry 
Train(diesel) 0.000 0.000 0.000 22.426 0.000 

Transport to 

foundry 

Heavy-duty 

truck (diesel) 
32.510 31.514 47.833 15.845 26.907 

Transport to 

disposal 

Heavy-duty 

truck (diesel) 
7.857 7.878 7.972 7.922 7.803 

Total  182.266 114.592 131.006 121.393 109.910 

 

As transportation plays an important role in the virgin sand process, it can 

be useful to understand how vehicle types participate in the emissions of each 

country. Figure 14 illustrates the greenhouse gas emissions of virgin sand 

processes that transportation emissions are grouped by vehicle type. In 

Finland, transportation emissions were moderately more than emissions 

from the sand process. Other countries discharged greenhouse gases from 

sand processing as the majority. Marine emissions were approximately 60% 

of total transportation. The remainder of transporting emissions was 

produced from heavy-duty trucks. In Italy, it used a train and a heavy-duty 

truck to transport the sand. Their emissions are almost similar. The rest of 

the countries used only trucks. Germany emitted the most, followed by the 

Czech Republic and Sweden. Their average emissions were around 35% of 

total emissions. 
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Figure 14: GHG emissions of virgin sand process grouped by vehicle type in 

all five different countries. 

 

Figure 15 presents greenhouse-gas emissions of the virgin sand process 

grouped by process type in all five countries. According to the graph, Finnish 

transport to foundry generated more GHGs than the sand process, around 

24. On the other hand, other countries emitted greenhouse gases from sand 

processing as the majority. Transporting to disposal emitted almost the same 

quantities of greenhouse gases in all countries, around 8. They were far fewer 

than those of transporting to the foundry, ranging from 19 to 91. 

 

 
Figure 15: GHG emissions of virgin sand process grouped by process type in 

all five different countries. 
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4.1.2 Discussion 
 

In the virgin sand process, sand excavation and processing produced the 

largest emissions in the Czech Republic, Germany, Italy, and Sweden. 

According to the source [27], it showed many alternative methods of sand 

excavation and processing for foundry-graded sand. The sand excavation 

method used is similar in all alternatives but each alternative has different 

sand processing methods. The “flotation and dry” alternative was selected by 

Finn Recycling, which emitted the highest emissions among other methods 

[27]. Its sand processing includes sand washing and sizing, electrostatic and 

magnetic separation, flotation, loading, drying, and 100-km transporting. 

The high emission value of this method can be due to high energy and 

resource consumption. Although this process is not part of Finn Recycling, it 

should be improved due to its largest quantity of emissions. We might select 

the processing sand method that emits fewer emissions but provides good 

sand quality. 

The significant differences in total emissions among the five countries 

come from the transportation section. The research [30] showed that 

transportation plays an important role in greenhouse-gas emissions in the 

case of long-distance transportation. This is in agreement with a Finnish case 

that emitted the highest quantity of total emissions with the longest distance 

(2900 km). Apart from a distance, vehicle type is also important for emission 

values due to their emission factors. This case can be seen in the Italian case 

that used a train. This distance from the sand supplier to the foundry in Italy 

is 1340km while other countries’ distances are about 400-700 km. However, 

transportation in Italy generated emissions close to other countries except 

for Finland. This may be caused by the lower emission factor of a train and 

shorter distance compared to Finland. 

Selecting parameter values from secondary sources, such as websites and 

literature, can cause some errors in the emission results. These parameter 

values obtained sometimes deviate from values in reality. It is important to 

consider these errors to understand more insight and use data carefully. In 

this thesis, it is mainly caused by limited information, leading to using 

parameter values differing in countries, years, conditions, or assumptions 

from the actual ones. We can show three different cases: the emission factor 

of sand excavation and processing, the well-to-wheel scope of barge 

emission, and the fuel economy of the truck and train. In sand excavation 

and processing, the emission factor obtained from the literature already 

included 100km transportation. As a result, this emission could be larger 

than that of the actual case, which focused only on the sand-related process. 

As for the barge emission factor, although tank-to-wheel is an actual 

condition, we decided to use well-to-wheel scope instead due to acquired 

data. While the tank-to-wheel focuses on vehicle operation, the well-to-wheel 

includes emissions from raw material excavation to operation. This wider 
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scope of well-to-wheel results in higher emissions than the actual value. 

Lastly, the fuel-economy conditions of trucks and trains are moderately 

different from the conditions that Finn Recycling provided. This can affect 

the value of fuel economy, thus resulting in a slight change in the emission 

value. As mentioned in the method section, the truck and train deliver with a 

full load, similar to the given information. However, their empty trip factors 

(ET) differ from those used in the actual case. For the truck, ET of the default 

value is 60%, while 100% should be used to follow real conditions. In the 

train, it currently uses 80% ET, but the actual ET should be 0%. This 

discussion of error can be applied to a case of thermal reclamation due to 

common data used. It also affects the result of emission reduction potential 

since the potential is calculated from virgin and reclaimed sand processes. 

 4.2 Result and discussion of thermal reclamation 4.2.1 Result of actual case 
 

Table 11 presents the GHG emissions of thermal reclamation processes in 

the actual case of five different countries. The sand ratio, waste foundry sand 

(WFS): disposed sand (DS): virgin sand (VS) = 0.85:0.05:0.20, is applied to 

this actual case. The emission values are shown in kgCO2eq/t (sand*). As can 

be seen from Table 11, all countries generated emissions from combustion in 

the furnace as the first rank, at 72.371. Emissions from the reclaimed sand 

system of these five countries were slightly different. Their values were in the 

range of 98-113. While Finland emitted the highest greenhouse gases at 

113.964. Sweden produced the lowest greenhouse gases at 98.180. Emission 

values of electricity production relatively varied depending on the countries, 

but they are small. Sweden produced the lowest electricity emissions, at 

0.126. The Czech Republic had 45 times emission more than Sweden. 

Regarding LPG, the emission level of upstream production was 4.871 in all 

countries due to the same amount of LPG usage and an emission factor.  

For transporting sand dust to disposal, emissions in this process were 

slightly different over these five countries. The average of transportation to 

disposal was 0.394. Emissions of virgin sand added were significant although 

the amount of virgin sand is 20% of total sand. It is interesting that emissions 

from the process of new sand added significantly affected Finland at 34.882. 

Excavation and processing of virgin sand produced emissions of 15.040 in all 

countries. Emissions from transporting virgin sand to the foundry ranged 

between 5 and 20 in all countries. 
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Table 11: Greenhouse-gas emissions of thermal reclamation process in five 

countries (actual case). 
 Sand 
reclamation 

process 

Detail Total Emission [kgCO2eq/t (sand*)] 

   Finland Czech 
Republic 

Germany Italy Sweden 

Process in 

reclaimer 

flue gas  72.371 72.371 72.371 72.371 72.371 

Electricity 

(production) 
 1.447 5.787 4.023 3.597 0.126 

LPG (upstream 
production) 

 4.871 4.871 4.871 4.871 4.871 

Transport to 

disposal 

Heavy-duty 

truck (diesel) 
0.393 0.394 0.399 0.396 0.390 

Excavate and 
process sand 

 15.040 15.040 15.040 15.040 15.040 

Transport to 

foundry 

Marine 

(diesel) 

13.340 0.000 0.000 0.000 0.000 

Transport to 
foundry 

Train (diesel) 0.000 0.000 0.000 4.485 0.000 

Transport to 

foundry 

Heavy-duty 

truck (diesel) 
6.502 6.303 9.567 3.169 5.381 

Total  113.964 104.765 106.270 103.929 98.180 

 

GHG emissions of the actual thermal reclamation process grouped by 

vehicle type are presented in Figure 16. Transportation took only a small part 

in the sand reclamation process due to the small amount of sand (25%) 

delivered. Heavy-duty trucks emitted slightly different greenhouse gases 

among five countries. Their emissions were small, less than 9% of total 

emissions. Large emissions were only from marine in Finland. Their 

emission proportion was relatively similar to those of the virgin sand process. 

Marine emissions were six-tenth of total transportation while emissions of a 

train accounted for half of this total transport emissions. 
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Figure 16: GHG emissions of thermal reclamation process grouped by vehicle 

type in all five different countries (actual case). 

 

Figure 17 presents greenhouse-gas emissions of actual thermal 

reclamation processes grouped by process type in all five countries. As can 

be observed in the figure, emissions from furnace combustion, virgin-sand 

added process, and transporting disposed sand to disposal were ranked in 

the first, second, and fifth places, respectively. In the virgin-sand-added 

process, Finland had a relatively unique pattern in which emissions from 

transporting to the foundry were more than those from the sand process. 

Transporting to the foundry produced much more GHG pollution than 

transporting to disposal in all countries.  

Apart from transportation emissions, electricity production produced 

small greenhouse-gas emissions, especially in Finland and Sweden. 

Upstream production of LPG emitted slightly more GHG emissions than 

electricity production in all countries except the Czech Republic. 
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Figure 17: GHG emissions of thermal reclamation process grouped by pro-

cess type in all five different countries (actual case). 

 4.2.2 Result of ideal case 
 

The GHG emission results for thermal reclamation in the ideal case are 

provided in Table 12. This ideal case uses the sand ratio, WFS:DS:VS = 1:0:0. 

With this ratio, the results presented only emissions relevant to reclaiming 

sand. As compared between Table 11 and Table 12, the actual and ideal cases 

had similar emission proportions of thermal reclaimer, electricity, and LPG. 

Nevertheless, the emissions of the ideal case were higher due to the increased 

ratio of this unit process. For example, LPG emissions increased from 4.871 

to 5.730. The reclaimer generated the highest level of GHGs at 85.143. With 

minor differences in electricity emissions among the five countries, total 

GHG pollution from thermal reclamation was also slightly different. While 

the Czech Republic emitted the highest greenhouse gases at 97.681, Sweden 

produced the lowest greenhouse gases at 91.021. 
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Table 12: Greenhouse gas emissions of thermal reclamation process in five 

countries (ideal case). 
 Sand 
reclamation 

process 

Detail Total Emission [kgCO2eq/t (sand*)] 

   Finland Czech 
Republic 

Germany Italy Sweden 

Process in 

reclaimer 

flue gas  85.143 85.143 85.143 85.143 85.143 

Electricity 

(production) 
 1.703 6.808 4.733 4.232 0.149 

LPG (upstream 
production) 

 5.730 5.730 5.730 5.730 5.730 

Total  92.576 97.681 95.606 95.105 91.021 

 4.2.3 Discussion 
 

Carbon dioxide is emitted the most among other greenhouse gases in the 

product system of reclaimed sand. Many unit processes in the thermal-

reclaimed sand system combusted fossil fuel to use as energy, such as 

burning LPG in the reclaimer and burning diesel in transportation. The LCI 

results showed that more than 90% of total GHG is carbon dioxide. The result 

is in line with [35], which states that CO2 emits the most in the combustion 

process. 

Based on the results, we can see that the proportion of sand is important 

to the emission results. Emissions from processes related to waste foundry 

sand are high, which is mostly due to the high percentage of sand and high 

emissions from the process. Emissions from the sand reclaimer's process are 

the highest among emissions of other processes, accounting for 80% of the 

total emissions. It can be due to large LPG combustion in thermal 

reclamation and the high proportion of waste foundry sand (85%). These 

emission results are consistent with those in [30], which presented that 

natural gas emitted the largest portion of greenhouse gases in the thermal 

reclamation process. 

The electricity emissions might vary depending on the country due to 

different sources to generate electricity. Although emissions from electricity 

in the thermal reclamation processes are relatively small in all countries, it is 

interesting to consider because the results showed that the quantities of 

emissions seem to be inversely proportional to the percentage of renewable 

energy used for electricity generation significantly. For example, the Czech 

Republic used fossil fuel to generate electricity, with the second highest 
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percentage among the five countries. Its emission factor of electricity is the 

highest. On the other hand, Sweden used almost 98% of renewable energy 

and nuclear to produce electricity, Swedish emission factor is the lowest. The 

Czech Republic's emissions are 45 times higher as many as those of the 

Swedish. This case will be more significant due to future trends in the 

increase of electricity consumption, especially when most countries generate 

electricity more from renewable sources. 

There is a small quantity of emissions from virgin sand added. It can be 

due to a small percentage of sand (20%) although there are significant 

emissions from processes related to virgin sand added, especially in sand 

excavation and processing. This process uses the flotation and dry method to 

process sand. This method consumes lots of energy and resource, which can 

lead to high emission values. Distance and vehicle type significantly affect 

transportation emissions. 

Emissions from disposing of sand are considerably smaller than emissions 

from virgin sand added. It is due to the small percentage of sand (around 5%) 

and small emissions from transporting to disposal, which have a short 

distance. 

The actual case produces higher emissions than the ideal case. This might 

cause by the higher total amount of sand used to calculate the emissions in 

the actual case. While emissions of 100% sand are calculated to obtain the 

expected sand outcome in the ideal case, the actual case uses 110% of sand to 

calculate the emissions since 5% of sand is reclaimed before being discarded. 

Another reason could be that large process emissions with a high sand 

proportion result in much larger emissions. In the actual case, both processes 

in reclaimer and virgin sand added emit high pollution. With 85% WFS and 

20% VS, it is unsurprising that the actual case has higher emissions 

compared to the ideal case. 

 4.3 Emission reduction potential 4.3.1 Result 
 

To obtain the emission reduction potential of the thermal reclamation 

process, we need to determine the emission difference between the virgin 

sand and the thermal reclamation process. It enables us to see how much the 

thermal reclamation process could reduce emissions compared to the virgin 

sand process.  

Figure 18 compares the GHG emissions of virgin sand processes and 

thermal reclamation processes in the actual and ideal cases, classified by the 

process type. More detailed emissions can be seen in Appendix E. Overall, 

the virgin sand system produced the highest emissions in all five countries. 

The actual case of sand reclamation came in second place, followed by the 

ideal case. However, there was a minor emission difference between the real 

and ideal cases.  
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In the virgin sand processes, it can be seen that most emissions were 

generated from sand excavation and processing. While in thermal 

reclamation processes, including the actual and ideal cases, the majorities are 

emissions from the process in the reclaimer. Although some virgin sand was 

added in the thermal reclamation process, it did not affect total emissions 

due to the small amount added. Even though transportation is quite 

important in the virgin sand process, it is not significant in the thermal 

reclamation process because of no transportation between the sand 

reclaimer and foundry, as well as the short distance to disposal. 

 

 
Figure 18: GHG emissions of virgin sand and two thermal reclamation pro-

cesses grouped by process type in all five different countries. 

 

The emission reduction potential of all five countries in percentage is 

illustrated in Figure 16. This percentage is calculated by dividing the emission 

reduction potential by the emissions of the virgin sand process in each 

country. Then, the result is multiplied by 100. From Figure 19, it can be 

clearly seen that all countries have emission reduction potential of thermal 

sand reclamation processes in both actual and ideal cases. They also have 

similar patterns of results, in which Finland had the largest emission 

reduction potential and Germany took second place. In addition, the 

reclamation in Italy benefited moderately. Sweden had more slight potential 

than the Czech Republic. 
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Figure 19: Percentage of emission reduction potential in all five different 

countries. 

 4.3.2 Discussion 
 

Generally, all countries have slight differences in emissions from thermal 

reclamation. This is mainly because all countries use the similar emission 

produced from sand reclaimer, which is the highest greenhouse-gas emission 

of the reclaimed sand system. Similarly, the virgin sand process also has 

small emission differences among all countries due to the same high emission 

from sand excavation. However, the difference is a bit bigger than 

reclamation since transportation plays a larger part. The transportation data 

vary depending on the country. 

As the virgin sand and thermal-reclaimed sand processes mostly use 

similar emission data over five countries, transport is one of the most 

significant factors affecting the difference in emission reduction potential 

among the five countries. Since the transport data, which are distance and 

vehicle type, vary depending on the country's condition. For example, 

Finland can benefit significantly from using the thermal reclamation process. 

Its transportation distance is far longer than other countries. It also uses a 

barge and heavy-duty truck, and their emission factors are high.  

Current data used significantly affect the emission results. Many 

parameters related to emission calculation are used similarly among all five 

countries due to limited data, such as emission factors of excavation and 

processing sand as well as emission from the reclaimer. Moreover, in case the 

emission data cannot be collected from primary sources, the emission factors 
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are typically obtained from the literature and websites. These sources are 

often classified the emission factors based on the continent or region. 

Therefore, our five targeted countries, which are in Europe, might use similar 

European data. These can lead to a small difference in the total emissions of 

virgin sand and thermal reclamation processes over the five countries. 

Therefore, more actual data should be collected to improve the accuracy of 

the result.  

The potential of thermal reclamation for reclaiming green sand can be 

increased by widening the emission gap between virgin sand and thermal 

reclamation processes. As emissions from the virgin sand process should not 

exceed the current level, the solution could be reducing more emissions in 

thermal reclamation to increase the potential. This is because direct emission 

from the reclaimer is the highest emission in the thermal reclamation process 

in all five countries. 

Based on our emission results from the reclaimed sand system, it indicates 

that we should focus on reducing emissions from the process in the reclaimer 

due to its largest amount. Furthermore, combustion in the furnace of the 

reclaimer is observed to be a significant part of emissions. Actually, Finn 

Recycling realized the importance of global warming. They are exploring 

more eco-friendly fuels, such as bio-propane, biogas, and renewable diesel. 

The usage of greener fuel is in line with our proposed solution. Furthermore, 

we will offer more existing technologies, such as using electricity to heat the 

furnace. In addition, the result presented that carbon dioxide was emitted 

the most among other greenhouse gases in sand reclamation. CO2 could be 

reduced by oxygen enrichment, preheating, and automatic combustion 

control [4]. The automatic control can help to optimize the combustion 

parameters for better sand quality and energy efficiency. The furnace should 

also have an excellent insulator to reduce heat loss. 

The microwave reclamation is more energy efficient and provides better 

environmental impact [51]. It uses microwave energy to be absorbed directly 

by sand. This step causes heat to burn the remaining binder on the sand. 

However, it seems to be an option that cannot implement easily since the core 

technology is changed, which largely affects the current reclaimer. 
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5 Conclusions 
 

Environmental issues of waste foundry sand have considerably been 

concerned in recent years, especially green sand accounting for 75% of the 

total sand in foundries [5]. As a result, a thermal reclamation process has 

been implemented to reuse the waste foundry sand effectively. However, this 

process consumes a lot of energy and resources, which seems to affect GHG 

emissions significantly, thus leading to more difficulty in achieving net-zero 

emissions for the EU. Finn Recycling, a thermal-reclaimer manufacturer and 

our collaborative partner in this project, also pays attention to these 

environmental issues. Therefore, this thesis determined the emissions 

related to thermal reclaimed sand and emissions of virgin sand processes in 

Finland, the Czech Republic, Germany, Italy, and Sweden using a life cycle 

assessment (LCA) method with global warming impact. After that, the results 

were compared to examine the emission reduction potential of the thermal 

reclamation processes. In addition, measures to reduce greenhouse gas 

emissions were offered based on the obtained results. 

According to the results of previous research [9], [12], this thesis 

hypothesis is that thermal reclamation processes have the emission 

reduction potential over virgin sand processes in all countries. However, the 

reduction potential might differ depending on the conditions in each country. 

In this thesis, emissions of the thermal reclamation process are calculated 

based on the actual case (With sand ratio WFS:DS:VS = 0.85:0.05:0.20) and 

ideal case (With sand ratio WFS:DS:VS = 1:0:0). However, both results are 

totally consistent with this hypothesis in all countries. 

 5.1 Findings 
 

1. Ideal case has more emission reduction potential than the actual case.  

2. There are similar potential patterns between ideal and actual cases. 

Finland benefits the most from implementing thermal reclamation, followed 

by Germany and Italy. Sweden has slightly more potential than the Czech 

Republic, which is ranked in last place. 

3. As all countries use several common emission data in the virgin sand 

and sand reclamation processes, transportation significantly affects the 

figures of emission reduction potential, especially transport distance. 

4. In the virgin sand process, sand excavation and processing dominate 

the overall greenhouse gas emissions, except in Finland. Finland produced 

the majority of emissions from the transportation of new sand to the foundry. 

It is moderately more than sand excavation and processing. There are small 

impacts from transporting to disposal due to the short distance. 
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5. Regarding thermal reclamation, the process in the reclaimer 

contributes the majority impact on the thermal reclamation processes in all 

countries. 

6. In the thermal reclamation process, the global warming impact of 

electricity is small. The value could vary greatly among the five countries due 

to the sources to generate electricity. Sweden and Finland have far lower 

electricity emission factors due to a higher proportion of renewable energy 

sources. 

7. The thermal reclamation process can reduce the considerable amount 

of natural sand to be excavated since the sand can be reclaimed to use even 

if some of the sand might be unusable and discarded. 

8. Carbon dioxide is emitted the most among other greenhouse gases in 

the process of thermal reclamation. 

 5.2 Recommendation 
 

The life cycle assessment of virgin and reclaimed sand cannot individually 

represent the full life cycle. Therefore, the comparison of these LCAs can only 

be used since the usage phase of foundry sand is neglected, and some 

assumptions are defined. 

To reduce GHG emission significantly in thermal reclamation process, it 

would be recommended to use greener fuel sources, use electricity to heat the 

furnace, and optimize the combustion parameters. The combustion 

optimization is expected to provide good quality and quantity of sand, have 

high energy efficiency, as well as minimize the emission. Furthermore, we 

could implement advanced technology like microwave reclamation to heat 

sand with microwave energy instead of combustion. This method is claimed 

to be energy efficient and provide good reclaimed sand. This will be useful in 

developing sand reclaimers and environmental management for 

sustainability in the foundry. 

 5.3 Future research development 
 

1. The result showed that all countries have the emission reduction 

potential of the thermal reclamation process over the virgin sand process. 

Only Finland has significant potential. Therefore, there are some gaps that 

we could improve the Finn Recycling's thermal reclaimer to be more 

environmentally friendly.  

2. More environmental impact categories relevant to the thermal 

reclamation process should be assessed to understand its environmental 

impacts better, such as nature preservation, land use, and resource depletion. 

Particularly when defining the environmental strategy or deciding to 

implement the new technology, considering only global warming might not 

be sufficient since it is only one of many problem-oriented impacts. 
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3. The results could be more accurate when using the most actual 

parameters and conditions by collecting data directly from primary sources, 

such as direct monitoring, stoichiometric equation balancing, and mass 

balance in the process. In case the data are gathered from secondary sources, 

such as literature or websites, it is important to select the emission factors 

that their assumptions and conditions are closer to those of reality.  

4. For system boundaries, this research does not include emissions of 

additives added in the thermal reclamation process, such as sand binder 

catalysts and iron oxide additives. The emission from these chemicals can be 

significant. 
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 Activity data 
 

Table A1: Transportation information from  sand supplier to foundry in five 

European countries 
Scenario Distance 

(km) 

Type of 
transport  

Weight Source of sand Destination  

Czech 

Republic 

200 Truck 24 ton H-GLOST, Czech Northern and 

eastern part of Czech 

Germany 300 Truck 24 ton Quarz Werke, 
Haltern, Germany 

German foundries 

Italy 940+ 

100 

Train+ 

Truck 

1000 
ton + 
24ton 

Quarz Werke, 

Haltern, Germany 

Milan/ Northern 

Italy foundry cluster 

Sweden 250 Truck 42ton Sibelco, Sweden Gothenburg/souther

n industrial area 

Finland 2300+ 
300 

Ship+ 
Truck 

2500 
ton + 

48ton 

Sibelco, Belgium Kemiö 
port/Foundries in 

Southern Finland 

 

Table A2: Transportation information from foundry to the disposal of five 

European countries 
Scenario Distance 

(km) 
Type of 
transport 

Weight Source of sand Destination  

Czech 

Republic 
50 Truck  - 

Northern and 

eastern part of 
Czech 

disposal 

Germany 50 Truck  - German foundries disposal 

Italy 50 Truck  - 

Milan/ Northern 
Italy foundry 
cluster 

disposal 

Sweden 50 Truck  - 
Gothenburg/sout
hern industrial 

area 
disposal 

Finland 50 Truck  - 
Kemiö 
port/Foundries in 

Southern Finland 
disposal 
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Table A3: Detail of transportation  

Vehicle type Fuel Trip Load carrying  

Barge (Ship) - One-way Full load 

Train Diesel One-way Full load 

Truck Diesel Round-trip Full load+ empty load 

 

Table A4: LPG and electricity consumption used in the thermal reclamation 

in the ideal case (full capacity). 

Parameters Value Unit 

Electricity 12.5 kWh/t (sand) 

LPG 10 kgLPG/t (sand) 
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 Parameters relevant to emission calculations 
 Parameters relevant to virgin sand process 
 
Table B1: Emission factors and related parameters before calculation in virgin 
sand process 

 Process name Our parameter  Year  Value Unit Ref 

Sand excavation & 
processing  

 (Flotation and dry) 2009
-2012 

75.2 kgCO2eq/t 
(sand) 

27 

Transport sand to 
foundry 

          

Transportation (Marine), 
diesel 

Barge (Diesel) bulk good  2012 0.029 kgCO2eq/t
-km 

57 

Transportation (Rail), 
diesel 

          

---Net Calorific Value    2019 0.04331 TJ/t 61 

---Emission factor of 
Train (Diesel) [CO2] 

Train(diesel) Finland 2019 73.100 tCO2/TJ 58 

Train(diesel) Czech Republic 2019 74.100 tCO2/TJ 58 

Train(diesel) Germany 2019 74.027 tCO2/TJ 58 

Train(diesel) Italy  2019 73.648 tCO2/TJ 58 

Train(diesel) Sweden 2019 72.010 tCO2/TJ 58 

---Emission factor of 
Train (Diesel) [CH4] 

Train(diesel) Finland 2019 0.00413 tCH4/TJ 58 

Train(diesel) Czech Republic 2019 0.00415 tCH4/TJ 58 

Train(diesel) Germany 2019 0.00086 tCH4/TJ 58 

Train(diesel) Italy  2019 0.00421 tCH4/TJ 58 

Train(diesel) Sweden 2019 0.00425 tCH4/TJ 58 

---Emission factor of 
Train (Diesel) [N2O] 

Train(diesel) Finland 2019 0.00118 tN2O/TJ 58 

Train(diesel) Czech Republic 2019 0.02860 tN2O/TJ 58 

Train(diesel) Germany 2019 0.00056 tN2O/TJ 58 

Train(diesel) Italy  2019 0.02904 tN2O/TJ 58 

Train(diesel) Sweden 2019 0.00057 tN2O/TJ 58 

---Fuel Density    - 0.00085 t/l 61 

---Fuel economy  Train(diesel) bulk good 2012 0.008 l/t-km 57 

Transportation (Rail), 
Electricity 

Train (Electricity) bulk 
goods 

2012 0.013 kgCO2eq/t
-km 

57 

Transportation (Truck), 
diesel 

          

---Net Calorific Value    2019 0.04331 TJ/t 61 

---Emission factor of 
heavy-duty truck (Diesel) 
[CO2] 

Heavy Duty Truck (Diesel) 
Finland 

2019 73.400 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Czech Republic 

2019 73.543 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Germany 

2019 74.027 tCO2/TJ 58 
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 Process name Our parameter  Year  Value Unit Ref 

Heavy Duty Truck (Diesel) 
Italy 

2019 73.682 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Sweden 

2019 72.010 tCO2/TJ 58 

---Emission factor of 
heavy-duty truck (Diesel) 
[CH4] 

Heavy Duty Truck (Diesel) 
Finland 

2019 0.00057 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Czech Republic 

2019 0.00093 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Germany 

2019 0.00010 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Italy 

2019 0.00208 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Sweden 

2019 0.00011 tCH4/TJ 58 

---Emission factor of 
heavy-duty truck (Diesel) 
[N2O] 

Heavy Duty Truck (Diesel) 
Finland 

2019 0.00222 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Czech Republic 

2019 0.00242 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Germany 

2019 0.00401 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Italy 

2019 0.00333 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Sweden 

2019 0.00561 tN2O/TJ 58 

---Fuel Density    - 0.00085 t/l 61 

---Fuel economy  Lorry 12-24 t GVW (Die-
sel)bulk goods 

2012 0.029 l/t-km 57 

---Fuel economy  Lorry 24-40 t GVW (Die-
sel)bulk goods 

2012 0.020 l/t-km 57 

Transport sand to 
disposal* 

          

Transportation (Truck), 
diesel 

          

---Net Calorific Value    2019 0.04331 TJ/t 61 

---Emission factor of 
heavy-duty truck (Diesel) 
[CO2] 

Heavy Duty Truck (Diesel) 
Finland 

2019 73.400 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Czech Republic 

2019 73.543 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Germany 

2019 74.027 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Italy 

2019 73.682 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Sweden 

2019 72.010 tCO2/TJ 58 

---Emission factor of 
heavy-duty truck (Diesel) 
[CH4] 

Heavy Duty Truck (Diesel) 
Finland 

2019 0.00057 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Czech Republic 

2019 0.00093 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Germany 

2019 0.00010 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Italy 

2019 0.00208 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Sweden 

2019 0.00011 tCH4/TJ 58 
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 Process name Our parameter  Year  Value Unit Ref 

---Emission factor of 
heavy-duty truck (Diesel) 
[N2O] 

Heavy Duty Truck (Diesel) 
Finland 

2019 0.00222 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Czech Republic 

2019 0.00242 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Germany 

2019 0.00401 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Italy 

2019 0.00333 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Sweden 

2019 0.00561 tN2O/TJ 58 

---Fuel Density   - 0.00085 t/l 61 

---Fuel economy  Lorry 12-24 t GVW (Die-
sel)bulk goods 

2012 0.029 l/t-km 57 
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Parameters relevant to sand reclamation process 
Table B2. Emission factors and related parameters before calculation in sand 
reclamation process 

 Process name Our parameter  Year  Value Unit Ref 

Reclaiming sand 
[Waste foundry 
sand] 

          

Emission to air (flue 
gas) 

          

CO2           

---Volume flow of flue 

gas (at 101.3 kPa, 0℃, 
dry)  

  2022 1.900 Nm^3/s 60 

---CO2 content    2022 1.700 % 60 

---Sand rate    2022 2.700 t/h 60 

---Density of CO2 (at 
101.3 kPa, 0C) 

  - 1.977 kg/m^3 62 

NOx           

---NOx    2022 0.210 kg/h 60 

---Sand rate    2022 2.700 t/h 60 

N2O           

---Percentage of N2O in 
NOx  

  2022 1.000 % 60 

CO           

---CO    2022 0.310 kg/h 60 

---Sand rate    2022 2.700 t/h 60 

SO2           

---SO2    2022 0.200 kg/h 60 

---Sand rate    2022 2.700 t/h 60 

Particulate matter           

---Particulate matter    2022 0.005 kg/h 60 

---Sand rate    2022 2.700 t/h 60 

Formaldehyde           

---Formaldehyde    2022 0.030 g/h 60 

---Sand rate    2022 2.700 t/h 60 

BTEX           

---BTEX    2022 2.900 g/h 60 

---Sand rate    2022 2.700 t/h 60 

VOCs           

---VOCs   2022 14.800 g/h 60 

---Sand rate    2022 2.700 t/h 60 

Electricity [Waste 
foundry sand] 

Electricity (Production fuel 
mix factor) Finland 

2019 0.136 kgCO2eq/kWh 63 

Electricity (Production fuel 
mix factor) Czech Republic 

2019 0.545 kgCO2eq/kWh 63 

Electricity (Production fuel 
mix factor) Germany 

2019 0.379 kgCO2eq/kWh 63 
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 Process name Our parameter  Year  Value Unit Ref 

Electricity (Production fuel 
mix factor) Italy 

2019 0.339 kgCO2eq/kWh 63 

Electricity (Production fuel 
mix factor) Sweden 

2019 0.012 kgCO2eq/kWh 63 

LPG (Upstream 
production) [Waste 
foundry sand] 

    0.573 kgCO2eq/kg 
(LPG) 

 59 

Transport sand to 
disposal 
[Disposed sand] 

     

Transportation (Truck), 
diesel 

          

---Net Calorific Value    2019 0.04331 TJ/t 61 

 Heavy Duty Truck (Diesel) 
Finland 

2019 73.400 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Czech Republic 

2019 73.543 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Germany 

2019 74.027 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Italy 

2019 73.682 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Sweden 

2019 72.010 tCO2/TJ 58 

 Heavy Duty Truck (Diesel) 
Finland 

2019 0.00057 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Czech Republic 

2019 0.00093 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Germany 

2019 0.00010 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Italy 

2019 0.00208 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Sweden 

2019 0.00011 tCH4/TJ 58 

 Heavy Duty Truck (Diesel) 
Finland 

2019 0.00222 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Czech Republic 

2019 0.00242 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Germany 

2019 0.00401 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Italy 

2019 0.00333 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Sweden 

2019 0.00561 tN2O/TJ 58 

---Fuel Density    - 0.00085 t/l 61 

---Fuel economy  Lorry 12-24 t GVW 
(Diesel)bulk goods 

2012 0.029 l/t-km 57 

Sand excavation & 
processing [Virgin 
sand added] 

 (Flotation and dry) 2009-
2012 

75.2 kgCO2eq/t 
(sand) 

27 

Transport sand to 
foundry [virgin 
sand added] 

          

Transportation (Ma-
rine), diesel 

Barge (Diesel) bulk good  2012 0.029 kgCO2eq/t-
km 

57 
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 Process name Our parameter  Year  Value Unit Ref 

Transportation (Rail), 
diesel 

          

---Net Calorific Value    2019 0.04331 TJ/t 61 

---Emission factor of 
Train (Diesel) [CO2] 

Train(diesel) Finland 2019 73.100 tCO2/TJ 58 

Train(diesel) Czech Re-
public 

2019 74.100 tCO2/TJ 58 

Train(diesel) Germany 2019 74.027 tCO2/TJ 58 

Train(diesel) Italy  2019 73.648 tCO2/TJ 58 

Train(diesel) Sweden 2019 72.010 tCO2/TJ 58 

---Emission factor of 
Train (Diesel) [CH4] 

Train(diesel) Finland 2019 0.00413 tCH4/TJ 58 

Train(diesel) Czech Re-
public 

2019 0.00415 tCH4/TJ 58 

Train(diesel) Germany 2019 0.00086 tCH4/TJ 58 

Train(diesel) Italy  2019 0.00421 tCH4/TJ 58 

Train(diesel) Sweden 2019 0.00425 tCH4/TJ 58 

---Emission factor of 
Train (Diesel) [N2O] 

Train(diesel) Finland 2019 0.00118 tN2O/TJ 58 

Train(diesel) Czech Re-
public 

2019 0.02860 tN2O/TJ 58 

Train(diesel) Germany 2019 0.00056 tN2O/TJ 58 

Train(diesel) Italy  2019 0.02904 tN2O/TJ 58 

Train(diesel) Sweden 2019 0.00057 tN2O/TJ 58 

---Fuel Density    - 0.00085 t/l 61 

---Fuel economy  Train(diesel) bulk good 2012 0.008 l/t-km 57 

Transportation (Rail), 
Electricity 

Train (Electricity) bulk 
goods 

2012 0.013 kgCO2eq/t-
km 

57 

Transportation (Truck), 
diesel 

          

---Net Calorific Value    2019 0.04331 TJ/t 61 

---Emission factor of 
heavy-duty truck (Die-
sel) [CO2] 

Heavy Duty Truck (Diesel) 
Finland 

2019 73.400 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Czech Republic 

2019 73.543 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Germany 

2019 74.027 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Italy 

2019 73.682 tCO2/TJ 58 

Heavy Duty Truck (Diesel) 
Sweden 

2019 72.010 tCO2/TJ 58 

---Emission factor of 
heavy-duty truck (Die-
sel) [CH4] 

Heavy Duty Truck (Diesel) 
Finland 

2019 0.00057 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Czech Republic 

2019 0.00093 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Germany 

2019 0.00010 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Italy 

2019 0.00208 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Sweden 

2019 0.00011 tCH4/TJ 58 

Heavy Duty Truck (Diesel) 
Finland 

2019 0.00222 tN2O/TJ 58 
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 Process name Our parameter  Year  Value Unit Ref 

---Emission factor of 
heavy-duty truck (Die-
sel) [N2O] 

Heavy Duty Truck (Diesel) 
Czech Republic 

2019 0.00242 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Germany 

2019 0.00401 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Italy 

2019 0.00333 tN2O/TJ 58 

Heavy Duty Truck (Diesel) 
Sweden 

2019 0.00561 tN2O/TJ 58 

---Fuel Density    - 0.00085 t/l 61 

---Fuel economy  Lorry 12-24 t GVW (Die-
sel)bulk goods 

2012 0.029 l/t-km 57 

---Fuel economy  Lorry 24-40 t GVW (Die-
sel)bulk goods 

2012 0.020 l/t-km 57 
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 Calculation of LCI inputs and outputs 
Sand proportion is a ratio of amount of sand used in each unit process to 

amount of sand delivered to use at foundry. The unit is provided in t (sand)/ 

t (sand*).  

As the virgin sand processes use 100% of virgin sand in all processes of the 

system boundary. Its sand proportion is 1 t (sand)/ t (sand*). 

In the sand reclamation process, there are three types of sand used in each 

unit processs: waste foundry sand (WFS), disposed sand (DS), and virgin 

sand (VS).  Their portions vary to achieve good properties of foundry sand. 

 

𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛

=   
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑎𝑛𝑑 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑒𝑎𝑐ℎ 𝑝𝑟𝑜𝑐𝑒𝑠𝑠

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑎𝑛𝑑 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑡𝑜 𝑢𝑠𝑒 𝑎𝑡 𝑓𝑜𝑢𝑛𝑑𝑟𝑦
(

𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) ∙ 

In case of virgin sand process 

𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑣𝑖𝑟𝑔𝑖𝑛 𝑠𝑎𝑛𝑑 =
100

100
= 1.00  (

𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 

In sand reclamation process 

𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑤𝑎𝑠𝑡𝑒 𝑓𝑜𝑢𝑛𝑑𝑟𝑦 𝑠𝑎𝑛𝑑 =
85

100
= 0.85  (

𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 

𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑖𝑠𝑝𝑜𝑠𝑒𝑑 𝑠𝑎𝑛𝑑 =
5

100
= 0.05  (

𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 

𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑣𝑖𝑟𝑔𝑖𝑛 𝑠𝑎𝑛𝑑 𝑎𝑑𝑑𝑒𝑑 =
20

100
= 0.20  (

𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 

LCI inputs 
Amount of fuel (For fuel of heavy-duty truck (diesel) and train (diesel)) 

𝐹𝑢𝑒𝑙 (
𝑙

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

= 𝐹𝑢𝑒𝑙 𝑒𝑐𝑜𝑛𝑜𝑚𝑦 (
𝑙

𝑡 ∙ 𝑘𝑚 
) ∙ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑘𝑚) 

∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (
𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 

Amount of electricity  

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 (
𝑘𝑊ℎ

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

= 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 (
𝑘𝑊ℎ

𝑡(𝑠𝑎𝑛𝑑) 
) ∙  𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (

𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 

Amount of LPG  

𝐿𝑃𝐺 (
𝑘𝑔𝐿𝑃𝐺

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) = 𝐿𝑃𝐺 (

𝑘𝑔𝐿𝑃𝐺

𝑡(𝑠𝑎𝑛𝑑) 
) ∙  𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (

𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 
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LCI outputs  
 

Calculation of emission from sand excavation and processing 
The amount of greenhouse-gas emission (kgCO2eq/t (sand*)) in excavating 
and processing sand is calculated by 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (
𝑘𝑔𝐶𝑂2𝑒𝑞

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

= 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (
𝑘𝑔𝐶𝑂2𝑒𝑞

𝑡 (𝑠𝑎𝑛𝑑)
)

∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (
𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
). 

Calculation of transportation emission (Marine) 
The amount of greenhouse-gas emission (kgCO2eq/t (sand*)) emitted from 

transportation (Marine) is defined by 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (
𝑘𝑔𝐶𝑂2𝑒𝑞

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

= 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (
𝑘𝑔𝐶𝑂2𝑒𝑞

𝑡 ∙ 𝑘𝑚
) ∙  𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑘𝑚) 

∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (
𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
). 

Calculation of transportation emission (Train (electricity)) 
The amount of greenhouse-gas emission (kgCO2eq/t (sand*)) in transpor-
tation (Train (electricity)) is defined by 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (
𝑘𝑔𝐶𝑂2𝑒𝑞

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

= 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (
𝑘𝑔𝐶𝑂2𝑒𝑞

𝑡 ∙ 𝑘𝑚
) ∙  𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑘𝑚)

∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (
𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
). 

Calculation of transportation emission (Train (diesel) and 
Heavy-duty truck (diesel))  
As the emission factors of train (diesel) and heavy-duty truck (diesel) is 
given in different gases: tCO2/TJ, tCH4/TJ, tN2O/TJ unit, the below equa-
tions are presented using the CO2. However, CH4 and N2O can also use the 
same equations by replacing CO2 with CH4 or N2O. 
 
In the first step, it is converted to volume-based emission factor: 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑏𝑎𝑠𝑒𝑑 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (
𝑘𝑔𝐶𝑂2

𝑙
)

= 𝑁𝐶𝑉 (
𝑇𝐽

𝑡
) ∙ 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (

𝑡𝐶𝑂2

𝑇𝐽
) ∙  𝑓𝑢𝑒𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (

𝑡

𝑙
)

∙  
1000

1
 (

𝑘𝑔

𝑡
). 

Then, volume-based emission factor is changed to distance-based emission 
factor by multiplying fuel economy: 
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𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑎𝑠𝑒𝑑 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (
𝑘𝑔𝐶𝑂2

𝑡 ∙ 𝑘𝑚 
)

= 𝑉𝑜𝑙𝑢𝑚𝑒 𝑏𝑎𝑠𝑒𝑑 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (
𝑘𝑔𝐶𝑂2

𝑙
)

∙  𝑓𝑢𝑒𝑙 𝑒𝑐𝑜𝑛𝑜𝑚𝑦 (
𝑙

𝑡 ∙ 𝑘𝑚
). 

The amount of gas emission (kgCO2/t (sand)) in transportation is defined 
by 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (
𝑘𝑔𝐶𝑂2

𝑡 (𝑠𝑎𝑛𝑑)
) = 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (

𝑘𝑔𝐶𝑂2

𝑡 ∙ 𝑘𝑚
) ∙  𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑘𝑚). 

With sand proportion, the amount of gas emission (kgCO2/t (sand*)) is cal-
culated by 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (
𝑘𝑔𝐶𝑂2

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

=  𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (
𝑘𝑔𝐶𝑂2

𝑡 (𝑠𝑎𝑛𝑑)
) ∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (

𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
). 

 
Calculation of electricity production emission 
The amount of greenhouse-gas (kgCO2eq/t (sand*)) released from electric-
ity production is defined by 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (
𝑘𝑔𝐶𝑂2𝑒𝑞

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

= 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (
𝑘𝑔𝐶𝑂2𝑒𝑞

𝑘𝑊ℎ
) ∙ 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 (

𝑘𝑊ℎ

𝑡 (𝑠𝑎𝑛𝑑)
)

∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (
𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
). 

Calculation of LPG upstream production emission  
The amount of greenhouse-gas (kgCO2eq/t (sand*)) emitted from LPG up-
stream production is determined by 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (
𝑘𝑔𝐶𝑂2𝑒𝑞

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

= 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (
𝑘𝑔𝐶𝑂2𝑒𝑞

𝑘𝑔 𝐿𝑃𝐺 
) ∙ 𝐿𝑃𝐺 (

𝑘𝑔 𝐿𝑃𝐺

𝑡 (𝑠𝑎𝑛𝑑)
)

∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (
𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
). 

 

Calculation of air emission from process in the reclaimer 

Emission of CO2  

The calculation method to change from CO2 content (%) to CO2 

(𝑘𝑔𝐶𝑂2/𝑡(𝑠𝑎𝑛𝑑 ∗)) is shown below.  

 

First, volume flow of carbon dioxide (CO2) (𝑁𝑚3/𝑠) is derived from carbon 

oxide content in flue gas at 101.3 kPa, 0℃ dry, 𝑁𝑚3/𝑠) by using  
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𝐶𝑂2  (
𝑁𝑚3

𝑠
) =

𝐶𝑂2 (𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 %)

100
∙ 𝐹𝑙𝑢𝑒 𝑔𝑎𝑠 (

𝑁𝑚3

𝑠
) . 

Volume flow of carbon dioxide is converted from per seconds to per hour:  

𝐶𝑂2  (
𝑁𝑚3

ℎ
) =  𝐶𝑂2  (

𝑁𝑚3

𝑠
) ∙  

3600

1
 (

𝑠

ℎ
). 

Carbon dioxide is changed the unit from 𝑁𝑚3/ℎ to 𝑁𝑚3/𝑡𝑜𝑛 by multiplying 

the inversion of sand rate: 

𝐶𝑂2  (
𝑁𝑚3

𝑡 (𝑠𝑎𝑛𝑑)
) =  𝐶𝑂2  (

𝑁𝑚3

ℎ
) ∙  

1

𝑆𝑎𝑛𝑑 𝑟𝑎𝑡𝑒
 (

ℎ

𝑡 (𝑠𝑎𝑛𝑑)
). 

Emission of carbon dioxide is calculated by using  

𝐶𝑂2 (
𝑘𝑔𝐶𝑂2

𝑡 (𝑠𝑎𝑛𝑑)
) =  𝐶𝑂2  (

𝑁𝑚3

𝑡 (𝑠𝑎𝑛𝑑)
) ∙  𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐶𝑂2  (

𝑘𝑔

𝑚3
). 

With sand proportion, the amount of carbon emission (kgCO2/t (sand*)) is 

defined by 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (
𝑘𝑔𝐶𝑂2

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

=  𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (
𝑘𝑔𝐶𝑂2

𝑡 (𝑠𝑎𝑛𝑑)
) ∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (

𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
). 

Emission of NOx  

𝑁𝑂𝑥  (
𝑘𝑔𝑁𝑂𝑥

𝑡(𝑠𝑎𝑛𝑑 ∗)
)

= 𝑁𝑂𝑥 (
𝑘𝑔𝑁𝑂𝑥

ℎ 
) ∙

1

𝑠𝑎𝑛𝑑 𝑟𝑎𝑡𝑒 
(

1

𝑡 (𝑠𝑎𝑛𝑑)
ℎ

)

∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (
𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 

Emission of 𝑁2𝑂 

𝑁2𝑂 (
𝑘𝑔𝑁2𝑂

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

= 𝑁𝑂𝑥 (
𝑘𝑔𝑁𝑂𝑥

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) ∙

𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑜𝑓𝑁2𝑂 𝑖𝑛 𝑁𝑂𝑥

100
(

𝑁2𝑂

𝑁𝑂𝑥
)

∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (
𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 
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Emission of CO  

𝐶𝑂 (
𝑘𝑔𝐶𝑂

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

= 𝐶𝑂 (
𝑘𝑔𝐶𝑂

ℎ 
) ∙

1

𝑠𝑎𝑛𝑑 𝑟𝑎𝑡𝑒 
 (

1

𝑡 (𝑠𝑎𝑛𝑑)
ℎ

)

∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (
𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 

Emission of 𝑆𝑂2  

𝑆𝑂2 (
𝑘𝑔𝑆𝑂2

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

= 𝑆𝑂2 (
𝑘𝑔𝑆𝑂2

ℎ 
) ∙

1

𝑠𝑎𝑛𝑑 𝑟𝑎𝑡𝑒 
 (

1

𝑡 (𝑠𝑎𝑛𝑑)
ℎ

)

∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (
𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 

Emission of particulate matter (PM) 

𝑃𝑀 (
𝑘𝑔𝑃𝑀

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

= 𝑃𝑀 (
𝑘𝑔𝑃𝑀

ℎ 
) ∙

1

𝑠𝑎𝑛𝑑 𝑟𝑎𝑡𝑒 
 (

1

𝑡 (𝑠𝑎𝑛𝑑)
ℎ

)

∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (
𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 

Emission of Formaldehyde (FD) 

𝐹𝐷 (
𝑘𝑔𝐹𝐷

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

= 𝐹𝐷 (
𝑔𝐹𝐷

ℎ 
) ∙

1

1000
(

𝑘𝑔

𝑔 
) ∙

1

𝑠𝑎𝑛𝑑 𝑟𝑎𝑡𝑒 
(

1

𝑡 (𝑠𝑎𝑛𝑑)
ℎ

)

∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (
𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 

Emission of BTEX 

𝐵𝑇𝐸𝑋 (
𝑘𝑔𝐵𝑇𝐸𝑋

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

= 𝐵𝑇𝐸𝑋 (
𝑔𝐵𝑇𝐸𝑋

ℎ 
) ∙

1

1000
(

𝑘𝑔

𝑔 
) ∙

1

𝑠𝑎𝑛𝑑 𝑟𝑎𝑡𝑒 
(

1

𝑡 (𝑠𝑎𝑛𝑑)
ℎ

) 

∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (
𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 
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Emission of VOCs 

𝑉𝑂𝐶𝑠 (
𝑘𝑔𝑉𝑂𝐶𝑠

𝑡 (𝑠𝑎𝑛𝑑 ∗)
)

= 𝑉𝑂𝐶𝑠 (
𝑔𝑉𝑂𝐶𝑠

ℎ 
) ∙

1

1000
(

𝑘𝑔

𝑔 
) ∙

1

𝑠𝑎𝑛𝑑 𝑟𝑎𝑡𝑒 
(

1

𝑡 (𝑠𝑎𝑛𝑑)
ℎ

)

∙ 𝑆𝑎𝑛𝑑 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (
𝑡 (𝑠𝑎𝑛𝑑)

𝑡 (𝑠𝑎𝑛𝑑 ∗)
) 
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 Calculation in impact assessment 
To assess the global warming impact, it is necessary to convert the unit of 

each greenhouse gas to kgCO2eq by multiplying with GWP value of each gas. 

 

𝐶𝑂2  (
𝑘𝑔𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛
) = 𝐶𝑂2  (

𝑘𝑔𝐶𝑂2

𝑡𝑜𝑛
) . 1 

𝐶𝐻4  (
𝑘𝑔𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛
) = 𝐶𝐻4  (

𝑘𝑔𝐶𝐻4 

𝑡𝑜𝑛
) . 28 

𝑁2𝑂 (
𝑘𝑔𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛
) = 𝑁2𝑂 (

𝑘𝑔𝑁2𝑂

𝑡𝑜𝑛
) ∙ 265 

 

Total greenhouse-gas emissions are sum of all greenhouse gases in unit of 

kgCO2eq. In this thesis, there are only three main greenhouse gases: CO2, 

CH4 and N2O that mentioned. Total greenhouse-gas emissions can be calcu-

lated by 

𝑇𝑜𝑡𝑎𝑙 𝐺𝐻𝐺 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

=  𝐶𝑂2  (
𝑘𝑔𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛
) + 𝐶𝐻4  (

𝑘𝑔𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛
) + 𝑁2𝑂 (

𝑘𝑔𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛
).  
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 Result of emission reduction potential 
Table E1: GHG emissions of virgin sand and actual thermal reclamation pro-

cesses in all five different countries.  
Process Total Emission [kgCO2-eq/t (sand)] 

  Finland Czech Republic Germany Italy Sweden 

  Virgin Reclaim Virgin Reclaim Virgin Reclaim Virgin Reclaim Virgin Reclaim 

Process in 
reclaimer 

 
72.37 

 
72.37 

 
72.371 

 
72.371 

 
72.371 

Electricity 

(production) 
 1.45  5.79  4.023  3.597  0.126 

LPG (Upstream 

production) 

 
4.87 

 
4.87 

 
4.871 

 
4.871 

 
4.871 

Excavate and 
process sand 

75.20 15.04 75.20 15.04 75.20 15.04 75.20 15.04 75.20 15.04 

Transport to 
foundry 

99.21 19.84 31.51 6.30 47.83 9.57 38.27 7.65 26.91 5.38 

Transport to 
disposal 

7.86 0.39 7.88 0.39 7.97 0.40 7.92 0.40 7.80 0.39 

TOTAL 182.27 113.96 114.59 104.77 131.01 106.27 121.39 103.93 109.91 98.18 

 

Table E2: GHG emissions of virgin sand and ideal thermal reclamation pro-

cesses in all five different countries.  
Process Total Emission [kgCO2-eq/t (sand)] 

  Finland Czech Republic Germany Italy Sweden 

  Virgin Reclaim Virgin Reclaim Virgin Reclaim Virgin Reclaim Virgin Reclaim 

Process in 
reclaimer 

 
85.14 

 
85.14 

 
85.14 

 
85.14 

 
85.14 

Electricity 
(production) 

 1.70  6.81  4.73  4.23  0.15 

LPG (Upstream 
production) 

 
5.73 

 
5.73 

 
5.73 

 
5.73 

 
5.73 

Excavate and 

process sand 
75.20  75.20  75.20  75.20  75.20  

Transport to 

foundry 
99.21  31.51  47.83  38.27  26.91  

Transport to 
disposal 

7.86  7.88  7.97  7.92  7.80  

TOTAL 182.27 92.58 114.59 97.68 131.01 95.61 121.39 95.10 109.91 91.02 

 
 


