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Abstract: Based on the practice of magnesium production in China, a quantitative evaluation of the environment impact was carried 
out according to the theory and framework of life cycle assessment(LCA) study. The major gaseous pollutants including CO2, SO2, 
NOx, CH4, HF and particulates were calculated. The accumulative environmental performances of different energy use strategies and 
the characterization results, including abiotic depletion potential(ADP), global warming potential(GWP), acidification potential(AP) 
and human-toxicity potential(HTP) were compared. The results show that the direct emission of fuel combustion in the process is the 
major contributor to the pollutants emission of magnesium production. Global warming potential and acidification potential make the 
main contribution to the accumulative environmental impact. The different fuel use strategies in the practice of magnesium 
production cause much different impacts on the environmental performance. The accumulative environmental impact of coal burned 
directly is the highest, and that of producer-gas comes to the next, while that of coke-oven gas is the lowest. 
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1 Introduction 
 

Since 1990s, primary magnesium has had a rapid 
increase in its production in China and become the fifth 
domestic major nonferrous metal after aluminum, copper, 
lead and zinc[1]. By 2005, the production ability of 
primary magnesium reached 816 000 t, and the produc- 
tion of primary magnesium reached 467 600 t; mean- 
while, its export volume stayed at 353 100 t, accounting 
for 70% of the global output[2]. China is the largest 
primary magnesium producer in the world, and the 
Pidgeon process invented in 1940s in Canada is an 
important technique to produce primary magnesium in 
China. China is among the global countries that are 
richest in magnesium, whose major raw materials of the 
magnesium industry come from the resources of 
magnesite, dolomite, lake brines and seawater[3]. 
Compared with other structural materials, magnesium 
and magnesium alloys boast a number of advantages 
[4−6], such as low density, high specific strength, good 
thermoformability, and high performance of electro- 

magnetic shielding, so these outstanding features would 
make them possess both significant application value and 
broad application prospects. 

Magnesium production by the Pidgeon process has 
the advantages of short technical process, low investment 
input, quick completion of workshop and low production 
cost. But the process consumes large number of natural 
resources and leads to relatively severe environment 
pollution. The emission of air pollutants resulting from 
the fuel combustion process in particular has already 
attracted much attention from the local government and 
enterprises. 

Evaluating sustainable development of magnesium 
production requires methods and tools to measure and 
compare the environmental impacts. Life cycle 
assessment(LCA) is a systematic methodology that can 
be used for such purpose to identify and quantify the 
potential environmental impacts associated with a 
material, process, application or disposal during its entire 
life span. At present, the international LCA research on 
both the production of primary magnesium and the 
magnesium products is still at its initial stage, and what 
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environmental impacts caused by the extensive use of the 
magnesium products is not yet clear. A cradle-to-gate life 
cycle study was conducted using averaged data for 
magnesium production in China to calculate the global 
warming impact of Chinese magnesium ingots[7]. 
Followed the ISO14040 standard[8] (Environmental 
Management–Life Cycle Assessment–Principles and 
Framework), this work carries out environmental 
assessment based on the domestic practices of 
magnesium production, compares the characterization 
results and the accumulative environmental impacts of 
different energy use scenarios and discusses the adoption 
of “clean energy” and technological improvements that 
reduce these impacts. 
 
2 Life cycle assessment 
 
2.1 Goal and scope definition 

A goal and scope definition, such as a stage 
generally associated with the main issues of goal, scope, 
functional unit, system boundaries, is the first phase of a 
life cycle assessment. In this section, the purpose of 
applying the LCA is to investigate the environmental 
impacts of magnesium production. 

The Pidgeon process can be subdivided in four main 
subsystems: dolomite calcinations, briquette production, 
reduction of dolime, and refinement and ingot casting, as 
shown schematically in Fig.1. The system boundary 
(Fig.1) includes the Pidgeon process and the auxiliary 
subsystem (the thermal power plant supplies energy to 
the processes). Dolomite is the major raw material of 
magnesium production. The domestic dolomite reserves 
required by magnesium production are very rich, and 
mineral resources spread all over the country. The 
ensured reserves stayed at above 230×10−6 t by the end 
 

 

Fig.1 System boundary of magnesium production using 
Pidgeon process 

of 2 000[9]. The proportion of MgO in dolomite ore is 
usually at around 20%. Mining of dolomite ore is not 
included in this system. The environmental issue of ore 
from mining is considered in more detail later. 

The form of energy use included in LCA study is 
the gross energy consumption, which is the cumulative 
amount of primary energy consumed in all stages of 
magnesium production life cycle. The three 
representative practices of energy use in magnesium 
production process are selected, which are coal, producer 
gas and coke-oven gas(COG). China enjoys rich and 
widespread coal resources with relatively low price 
compared with petroleum and natural gas, so coal is the 
major fuel of magnesium production. The coal and gas 
co-firing and combustion is adopted in the process of 
magnesium production because the lower calorific value 
of producer gas and the limitations on the gas supply 
conditions for COG make them unable to totally replace 
coal powder at present. 

A functional unit of 1 t magnesium ingot is set in 
this paper. The primary objectives of this study are:    
1) Display quantitatively the environmental emissions 
directly (during combustion of the fossil fuels and 
processing) and indirectly (e.g. in the generation of 
electric power) and compare the environmental impacts 
of energy use in production practices; 2) Illustrate the 
accumulative environmental performances of magnesium 
production with the three scenarios and provide a 
suggestion about energy use strategy. 
 
2.2 Inventory analysis 

To assess the most accurate environmental impacts 
associated to China magnesium production, we mainly 
consider data from China Magnesium Association. The 
inventory of main resources and energy consumption of 
the three scenarios for the Pidgeon process are listed in 
Table 1. The gross energy consumption of the three 
practices calculated are 261, 247 and 171 GJ/t, 
respectively. 
 
Table 1 Inventory of main resources and energy consumption  
for 1 t Mg of three scenarios 

Input Scenario 1 Scenario 2 Scenario 3

Dolomite/(104kg·t−1) 1.50 1.05 1.00 

Ferrosilicon/(103kg·t−1) 1.20 1.10 1.08 

Fluorite/(102kg·t−1) 2.48 1.81 1.74 

Coal/(103kg·t−1) 11.90 3.36 2.28 

Producer gas/(m3·t−1) 0 3.14×104 0 

Coke oven gas/(m3·t−1) 0 0 6.42×103

Electric power/ 
(103kW·h·t−1) 

1.00 1.10 1.00 
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In order to present the results of the pollutants 
emission legibly, the indirect emission from the 
electricity generation and direct emission which includes 
the fuels combustion and processing are edited in the 
inventory. Life cycle emissions inventory of air 
pollutants of three scenarios for magnesium production is 
listed in Table 2. The major waste gases produced in the 
process include CO2, SO2, CH4, NOx, HF and 
particulates. 

The energy source used to generate the electricity 
consumed in magnesium production process also 
influences the environmental impact of that process. The 
emission factors of electric power plants in China are 
obtained from Ref.[10]. 

The estimation of CO2 emissions from fuel 
combustion in this study is based on energy consumption 
and emission factors by fuel type[11−12]. SO2 and NOx 
emission estimates depend on the energy consumption 
and emission factors from the corresponding references 
[13−14]. Particulates emission from the direct emission 
is mainly based on the operation conditions, combustion 
equipment and technology, dust catcher and fuels 
consumption[15]. HF emission estimate from the 
processing is based on the fluorite consumption, the 
content of CaF2 and emission factor[15]. 

The inventory results indicate that CO2 emission 
from Scenario 2 is increased by 14.7% compared with 
Scenario 1. The producer gas used as the main fuels of 
magnesium production will not reduce the CO2 emission. 
But the reduction purpose of SO2, NOx, and particulates 
emission is evident. The overall pollutants emission from 
Scenario 3 will be reduced clearly compared with 
Scenario 1 and Scenario 2. Especially, particulates from 
the direct emission of Scenario 1 will decrease by 49.5% 
and 65.4% compared with Scenario 2 and Scenario 3. 

2.3 Life cycle impact assessment 
According to the ISO 14044 standard[16], the 

impact assessment method consists of three steps: 
characterization, normalization and weighting. The 
problem-oriented approach, which was developed by the 
Institute of Environmental Sciences(CML) of Leiden 
University, is used to calculate the following 
environmental impact of the case study: abiotic depletion 
potential(ADP), global warming potential(GWP), 
acidification potential(AP) and human toxicity potential 
(HTP). 

The characterization factors of GWP, AP and HTP 
for the emissions are chosen from Ref.[17]. For the 
characterization factors of ADP, the model recommended 
by Ref.[18] is used to calculate the depletion potential of 
minerals extraction. The “antimony” is chosen as a 
reference. Based on the ensured reserves and extraction 
rate of coal, dolomite, fluorite and antimony in China[9], 
the characterization factors (antimony eq.) of coal, 
dolomite, and fluorite are calculated to be 4.81×10−8, 
2.64×10−3 and 1.35×10−2 kg/kg, respectively. According 
to Ref.[19], to produce 1 t ferrosilicon needs the materials 
of 1 820 kg silica and 220 kg scrap iron. Calculated by 
the same model, the characterization factors (antimony 
eq.) of silica and scrap iron are 1.18×10−4 and 5.20×10−6 

kg/kg. The characterized results of ADP, GWP, AP and 
HTP for the three scenarios are listed in Table 3. 

The normalization factors (World, mid 1995) for 
GWP, AP and HTP are chosen from Ref.[17], while the 
normalized value for depletion of abiotic resources is 
based on China resources situation in 2002, which is 1.24
×1014 kg antimony eq.[20]. The normalization results 
for three scenarios are listed in Table 4. 

In the final stage, the normalized results multiplied 
by a weighting factor represent the relative importance of 

 
Table 2 Air pollutants inventory of three scenarios (kg/t ) 

Scenario Emission Item CO2 SO2 NOx CH4 HF Particulates

Scenario 1 

Indirect emission Electric power 1.07×103 9.93 6.46 2.60 − 20.2 

Direct emission 
Fuels combustion 2.04×104 20.7 89.4 − − 75.9 

Processing 7.02×103 60.0 − − 34.4 111 

              Total 2.85×104 90.6 95.9 2.60 34.4 207 

Scenario 2 

Indirect emission Electric power 1.18×103 10.9 7.11 2.86 − 22.2 

Direct emission 
Fuels combustion 2.34×104 19.5 55.1 − − 92.6 

Processing 4.91×103 60.0 − − 25.1 1.80 

              Total 2.95×104 90.4 62.2 2.86 25.1 117 

Scenario 3 

Indirect emission Electric power 1.07×103 9.93 6.46 2.60 − 20.2 

Direct emission 
Fuels combustion 1.59×104 13.2 23.2 − − 62.8 

Processing 4.68×103 60.0 − − 24.1 1.80 

             Total 2.17×104 83.1 29.7 2.60 24.1 84.8 
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Table 3 Characterization results for Pidgeon process 

Impact category Scenario 1 Scenario 2 Scenario 3

ADP(Sb eq.)/ 
(kg· t−1) 4.32×101 3.04×101 2.90×101 

GWP(CO2 eq.)/ 
(kg·t−1) 2.85×104 2.96×104 2.17×104 

AP(SO2 eq.)/ 
(kg·t−1) 2.13×102 1.74×102 1.42×102 

HTP(1,4-DCB 
eq.)/(kg·t−1) 3.52×103 2.54×103 2.38×103 

 
Table 4 Normalization results for three scenarios 

Impact 
category 

Scenario 1/yr Scenario 2/yr Scenario 3/yr

ADP 3.48×10−13 2.45×10−13 2.34×10−13

GWP 7.38×10−10 7.66×10−10 5.62×10−10

AP 7.11×10−10 5.82×10−10 4.76×10−10

HTP 7.07×10−11 5.10×10−11 4.77×10−11

 
the total environmental impact. It enables an overall 
comparison of the three scenarios. The analytic hierarchy 
process(AHP), a matrix-based approach measuring 
impact priorities in a hierarchical structure[21−22], is 
used to determine the weight factors. The consistency 
testing shows that the results have a very high 
consistency. The calculated weights of ADP, GWP, AP 
and HTP are 0.088, 0.482, 0.272 and 0.158, respectively. 
The final single results of Scenario 1−3 were 5.60×10−10, 
5.36×10−10 and 4.08×10−10 yr, respectively. 
 
3 Interpretation 
 
3.1 Global warming potential(GWP) 

In this study, CO2 is the major gas to cause global 
warming impact. Global warming potential(GWP) of 

Scenario 2 is higher than that of Scenario 1. It is shown 
that adopting producer gas as major fuel for magnesium 
production cannot reduce the emission of greenhouse 
gases. While GWP of Scenario 3, which uses COG as 
major fuel for magnesium production, is decreased by 
20% compared with that of Scenario 1. It can effectively 
reduce global warming potential, but magnesium plant 
needs to be constructed near the coke plant, and the 
choice of the location is restricted. 

Fig.2 illustrates that from Scenario 1−3, GWP of 
fuel combustion respectively accounts for 72%, 79% and 
73% in their accumulative global warming potential. 
Therefore, fuels reduction and efficiency improvement 
are the basic points of controlling greenhouse gas 
emission. The reduction of greenhouse gases in dolomite 
calcination is also significant, but this seems to be 
difficult for the primary magnesium producer to use the 
Pidgeon process because of the composition of dolomite. 
 
3.2 Acidification potential(AP) 

The gases that contribute to acidification are mainly 
SO2 and NOx. SO2 is mainly generated from the 
dispersed sulphur oxidized on molten magnesium surface 
at high temperature (about 700 )℃  in the process of 
refinement and ingot casting. HF from magnesium 
production by reduction is another type of gas 
contributed to acidification. The total accumulative 
reductions of 18% and 33% are obtained for Scenario 2 
and 3, respectively. 

The AP resulting from the SO2 and NOx emission is 
decreased with the reduction of direct consumption of 
coal (Fig.2). The processes of gasification and coking of 
coal would help to reduce SO2 and NOx emission[12,23]. 
So the contribution of AP in the process of fuels 
combustion is decreased. While the contribution in the  

 

 

Fig.2 Contribution of GWP, AP and HTP in different processes 
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processing is increased because the quantity of sulphur 
used changes a little. 
 
3.3 Human toxicity potential(HTP) 

The emissions contributing to this impact category 
are mainly SO2, NOx, HF, and particulates. For three 
scenarios, HF from reduction in the processing, taking an 
average 93% in the cumulative human toxicity potential 
(Fig.2), poses to a large environmental threat to human 
health. The total cumulative reductions of 28% and 33% 
are achieved for Scenario 2 and 3, respectively. 
 
3.4 Abiotic depletion potential(ADP) 

The depletion of abiotic resources includes the coal, 
dolomite and fluorite that are all directly used in the 
Pidgeon process. The characterization factor of coal is 
comparatively small because of the abundant reserves, so 
its impact on the cumulative consumption of resources 
can be neglected. ADP of Scenario 2 and 3 are dropped 
by 30% and 33% respectively compared with that of 
Scenario 1. This is mostly due to the reduction of 
dolomite of Scenario 2 and 3. 
 
3.5 Final single results 

The final single results indicate that the 
accumulative environmental performance of Scenario 3 
to produce primary magnesium is the lowest, and that of 
Scenario 2 comes to the next, which is 31% higher than 
that of Scenario 3. Scenario 1 shows the highest 
accumulative environmental load which is 37% higher 
than that of Scenario 3. Fig.3 illustrates that the GWP 
and AP are the major impacts of the magnesium 
production. The different fuel use strategies in the 
practice of magnesium production by Pidgeon process 
causes much different results on the accumulative 
environmental performance. The environmental 
performance of Scenario 3, which adopts the 
combination mode of coke-ferrosilicon-magnesium and 
using COG as major fuel, is the best; but Scenario 1, 
which burns coal directly as total fuel, shows the poor 
 

 
Fig.3 Final single results of three scenarios 

environmental performance. By considering the 
limitation of the COG supply condition and the location 
of magnesium plants, producer gas, in areas where coke 
production is not concentrated, can be used as the major 
fuel for primary magnesium production. 
 
4 Conclusions 
 

1) According to the LCA procedure, the 
environmental impact assessment was carried out on the 
practice of magnesium production with Pidgeon process 
in current China. The emissions inventory shows that the 
combustion of fuels is the main contributor to the 
pollutant emissions in the life cycle of magnesium 
production. 

2) Adopting producer gas as major fuel for 
magnesium production cannot reduce the emission of 
greenhouse gases. The characterization results indicate 
that abiotic depletion potential(ADP), acidification 
potential (AP) and human-toxicity potential(HTP) are 
decreased cumulatively from Scenario 1 to 3, with the 
exception of global warming potential(GWP). The final 
single scores show that the accumulative environmental 
performance of Scenario 3 is the best compared with 
Scenario 1 and 2. 

3) The producer gas (Scenario 2) is an alternative 
fuel for the magnesium production rather than the coal 
burned directly (Scenario 1) in the areas where high cost 
of coke oven gas is produced. The utilization of “clean” 
energy and reduction of greenhouse gases and acidic 
gases emission are the main goal of the technological 
improvements and cleaner production of the magnesium 
industry in China. 
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