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1. [bookmark: _Toc34393122]Introduction

For the purpose to recognize and identify the environmental impacts life cycle assessment (LCA) tool has been used. LCA is a tool to assess environmental sustainability of a product or service (an electric motor in this report) from it’s so called “cradle” ( where raw materials are extruded) through production and use to its “grave” (end of its life, or disposal) (Bauman, H; Tillman, A M, 2004)
LCA is helpful in detection of capacities for improvements with a purpose to reduce or mitigate the impact on the environment, on human health and also resource depletion  (Rudnik, 2009). 
LCA is analysis a whole product system and complete chain of production and lifetime of an electric motor. LCA is standardized under the ISO 14040 and 14044 series and it consists of 4 sections:
· Goal and scope
· Life cycle inventory analysis
· Life cycle impact assessment
· Interpretation    (Rudnik, 2009) 
Goal and scope mean establishing the environmental impacts of electrical motor from its cradle (raw material extraction) to grave (end of its life).
Life cycle inventory analysis has been carried for each component of a motor, where it was possible to collect a data to establish the inputs and outputs 
Life cycle impact assessment has been carried out to determine potential environmental impacts.
Interpretation – or analyze has been carried out weighting the inputs and outputs of the product.  







2. [bookmark: _Toc34393123]Electrical Motor

A three-phase AC induction motor with a squirrel cage rotor (Fig 1) has been considered to analyze environmental impacts for the purpose of this report. 
[image: ]
Figure 1: Squirrel Cage Rotor (Electrical Engineering, 2010)

The function of this type of electrical motor is based on the principle of electromagnetism. And the name “squirrel cage” the motor has received because of the rotor inside of it which looks like a cage (Electrical4u, 2019)





It consists of 4 main parts: stator, rotor, fan and bearings as shown on Fig 2:
[image: ]
Fig 2 AC Induction Motor Scheme (ELPROCUS, 2013-2020)

Stator frame is made of cast iron and this component is stationary. Stator is made of thin insulated laminations of cast iron. It consists of a three-phase winding which is mounted on the iron core. Winding are copper wire insulated. Rotor consists of a steel shaft, short – circuit copper bar and a core. A core is made of laminated steel with evenly spaced bars of copper (so called “squirrel cage”). A fan is made of steel and it maintains the temperature of a motor under a limit. Bearing are made of cast iron and their purpose is to keep a smooth rotation of the motor. (Parekh, 2003)
This type of motor is widely used as industrial devices, such as centrifugal and water pumps, industrial drives (a run conveyor belt for instance), ventilation systems industrial fan controllers etc. (Nasir, 2017). AC induction motor is widely used because it is self-starting, easy to – adjust , reliable, require less maintenance and high efficiency in converting electrical energy to mechanical as well as it can withstand rugged environmental conditions (Electrical4u, 2019). 







3. [bookmark: _Toc34393124]Environmental Impacts of the electrical motor
The Life cycle of the electrical motor could be outlined schematically as it is shown at Fig 3: 
[image: ]
Fig 3: Life Cycle Scheme (Anon., 2015)

Life cycle impacts have been grouped in this report in three categories- First impacts, Use impacts and End life impacts. This categorization has been made to understand the importance of environmental impacts deeper and to be able to weight them.
1. First Impacts
This category includes extraction of raw materials, materials processing and manufacturing to make a product from a raw material, packaging, transportation of the product, installation 
2. Use Impacts
This includes physical impacts of the electric motor being used (for example energy), maintenance and repairs
3. End Life Impacts
This category contains reuse, recycle, processing of waste and disposal (ILO Content Manager, 2011) 





















4. [bookmark: _Toc34393125]Assessment of environmental impacts

To distinguish environmental impacts, separate materials used to produce an electrical motor has been assessed and evaluated. 
4.1. Copper
Copper is a metal which is deposited in the Earth’s crust and it consists about 0.00068% of copper. Despite the reserve of copper will last for long, although this is a finite reserve. (International Copper Association , 2018)  The life cycle stages of copper are categorized as follows:
	Copper (Cu)

	First Impact
	Use Impact
	End Life Impact

	· Mining
· Smelting and refining
· Semi-fabrication
· Product manufacture
	· Usage
· Repair 
· Maintenance 
	· Recycling
· Reuse
· Disposal



The main materials used to produce primary copper metal are copper cathode and copper concentrate. It gets extracted usually by an open-pit mining method. Mining has large permanent environmental impact due to resource depletion, biodiversity, surface and groundwater are being affected, as well as energy consumption during extraction and thus, CO2 emissions are emitted. Extraction includes chemical, physical and electrochemical processes. After mining there are either pyrometallurgical hydrometallurgical processes involved. (International Copper Association , 2018). Then follows smelting and refining process. During the smelting, copper becomes 99%pure, and then refining process takes place. Smelting and refining are probably the most harmful processes in the first impact stage as enormous volumes of sulfur dioxide are emitting which are resulting an acid rain (GreenSpec, 2020).
To produce a copper wire further processes are involved. These include:
· Wire Drawing – the process in which a copper is pulled through of dies, where also lubrication and cooling systems are involved. This increases the life of the dies and prevents a wire from overheating
· Annealing – softening wire where wire is heated to its recrystallisation temperature
· Extrusion – the stage where coating of plastic or other insulation material is applied
· Tinning – when wire is coated and dipped in the chemical bath and then in the electric current presence (Sharma, 2008)
During first impact stage the copper wires get insulated or coated (enameled). The enamel could be by polyurethane, polyester, polyesterimide, polyimide, fiberglass etc. The coating may consist of single, triple or quadruple layers. The insulation build is directly correlated to dielectric strength (MWS Wires Industries, 1998-2000) . Polyimide is widely used as it has great thermal stability, superb electrical and mechanical properties and chemical resistance (Fay, 1995). The main disadvantage of such enamels is that they are chemically produced and are non-bio-degradable, as well as not recyclable.

Life cycle inventory for copper has been collected from  (International Copper Association , 2018) . In this fFgure 4 the results are for 1 Metric ton cathode and concentrate:
[image: ]
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Fig 4: Results for 1 Metric ton cathode and concentrate



The results demonstrate clearly that the impact of copper extraction and production have enormous impact on the environment.
Energy consumption is one of main criteria for environmental impact evaluation.
Energy consumption (in MJ/ton) at First Use stages has been defined by Pit C H and Wadsworth M E (GreenSpec, 2020) (Fig 5)

[image: ]
Fig 5: Energy Consumption at the First Impact stage


The environmental impacts such as global warming potential, eutrophication etc have been investigated and calculated by (International Copper Association , 2018) (Fig 6) :
[image: ]
Fig 6: Environmental Impacts of copper

Despite the environmental impacts of First impact stage are extensive, the use impact and end-of-life impact stages of the life cycle should be considered as appropriately. Despite a copper is associated with relatively high impacts during it extraction and production, the use stage and recycling of copper at the end of its life could offset production impacts. Copper is 100 percent recyclable and retains its physical and chemical properties after recycling. Thus, recycling copper gives many environmental benefits. It saves some amount of copper to be extracted, other words, it saves the energy, reduces air pollution and what is valuable- it saves a land from being landfilled. (International Copper Association , 2018) 

4.2. Cast Iron and Steel from Iron Ore
Because of both cast iron and steel are used to manufacture the parts of an electrical motor are derived from iron ore, these materials have been grouped in this section together. Iron (Fe) is the most abundant rock-forming element and it consists of around 5% of Earth’s crust. Cast Iron is alloy that contains 2-4% carbon and steel, in turn, consists no more than 1% of carbon.  It is extracted from iron ore. The principal iron ores are hematite (Fe2O3) and magnetite (Fe3O4). 




The life cycle stages of iron and steel are almost similar to copper cycle and are listed below (GreenSpec, 2020):
	Iron and Steel from Iron Ore

	First Impact
	Use Impact
	End of Life Impact

	· Mining
· Metallurgy (usually blast furnace is used) to produce cast iron and manufacture of steel
· Then it goes through different processes, such as: shaping, machining, joining, coating etc. 
· 
	· Use phase
· Repair
· Maintenance
	· Re-use
· Recycle
· Disposal


The mining of iron ore is highly energy extensive process. It causes not only air pollution (such as CO2, SO2 etc) but also water pollution of heavy metals among resulting the acid rain (GreenSpec, 2020)
The main advantage to justify negative environmental impacts of mining is that copper, steel and cast iron are 100% recyclable and they don’t lose their properties Steel and iron (copper at least extent) life cycle have benefits because of it high recyclability (and easy to separate from waste and re-process further), preservation of natural resources and the extensive re-use of by-products due to materials durability. 
The life cycle is shown schematically at Fig 7:

[image: ]
[bookmark: _GoBack]Figure 7: Life cycle of steel (TATA Steel, 2020)
5. [bookmark: _Toc34393126]Reduction of Environmental Impacts
There are different metals that could be used for wire fabrication, such as silver, aluminum and iron. Silver is precious metal and barely could be used for wire production for electric motor. Firstly, it is expensive, as well as its reserves aren’t so widely distributed as copper is. Aluminum and iron don’t have high electrical conductivity and therefore require a larger cross section for the same current carrying capacity (European Copper Institute , 2018). Moreover, CO2 emissions from aluminum are greater than those from steel (Fig 7). Thus, copper is the optimal material.
The use of polymers as insolation cannot be avoided or reduced. As some researchers discovered (Park, S U; Jeon, H; Kim, H; Shin, S; Choy, S, 2019) there are sustainable super engineering plastics (SEPs) that use bio-derived cyclic monomers. Despite this new and environmental beneficial technology, this can not be used as bio-derived thermoplastics don’t have good thermal and mechanical properties and will lead to impacts in Use Stage of motor’s life cycle, as their will increase outputs in maintenance phase.
In LCA all factors need to be assessed and considered. Mining of copper and iron ore requires enormous consumption of energy, as well all it has great negative impacts on the environment. But going further to the Use Impact phase, it is clearly that electric motor generates energy, as well as motor is used to produce renewable energy, such as wind energy by wind turbine, or a motor is used for production of wave energy devices, used to obtain an energy from wave and tidal renewable resources. In a larger extent when copper and iron/steel materials go to the end-of life cycle – these materials are 100% recyclable and thus they are used infinitely. No doubt, recycling process consumes a lot of energy and uses the chemicals in this process, but once again, it doesn’t require such extensive energy as mining does, as well as it saves deposits of minerals in the Earth’s crust. As (Government of Canada, 2019) assessed : “ Each recycled ton of scrap steel saves more than 1400 kg of iron ore, 740 kg of cooking coal and 120 kg of limestone”. To reduce the impact of recycling of these materials, renewable energy, for instance nuclear energy could be used to obtain the energy from. (World Steel Asscocaiation , 2020)
The First impact of steel with no doubts resulting immense CO2 emissions but once again, it could be comparative with other materials such as aluminum to manufacture the parts for an electric motor (Fig 7):
[image: Global warming potential of materials (LCA) CO2 equivalents]
Figure 7: Global Warming Potential (Held, 2018)

Any grade of steel and iron could be recycled to great quality new metal, as the properties of materials do not downgrade.












6. [bookmark: _Toc34393127]Recommendations 
The life expectancy of AC induction motor is about 15 years assuming the motor will operate under normal conditions (Carrow, 2001). 
Majority of environmental issues are associated with mining associated with natural resource depletion and in a greater extent with emissions which are emitted during the mining and refining. It is hard to measure resource depletion and as (Drielsma, A; Russell-Vaccari, A; Drnek, T; Brady, T; Weihed, P; Mistry, M; Simbor, L, 2016) argue, there is no uniform globally accepted set of characterization models and factors of copper and iron ore depletion. Nevertheless, these are natural finite resources. Environmental impacts of mining and product making are enormous as they contribute to air pollution, ozone depletion, resulting acid rain, smog, eutrophication and so on. 
Even though environmental impacts are extensive in the First Impact stage (such as mining, refining, metallurgy, manufacturing etc.), the Use and End-of life phases balancing these out. An electrical motor is reliable and durable due to the structure of the materials it is made of, the only minimal maintenance it requires (such as winding replacement for instance). By the end-of its life almost all parts of the engine could be recyclable – copper, iron, steel which offsets impacts of First Impact stage. 
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Primary copper production is a major activity in the mining sector. It is highly energy-intensive, ranking third in
specific energy consumption (SEC) among the five major basic metals (aluminum, copper, iron, lead and zinc) .

Open-pitmining 0.021 MJ/ton 19-25%

Milling 0.045 MJ/ton 40-52
Smelting 0.007 - 0.024 MJ/ton 8-21
Converting 0.001 - 0.007 MJ/ton 1-6
Gas cleaning 0.007- 0.009 MJ/ton 8
Electrorefining 0.007 MJ/ton 6

Total 0.086-0.112 MJ/ton 100

SOURCE: Charles H. Pitt and Milton E. Wadsworth, An Assessment of Energy Requirements in Proven and New
Copper Processes report prepared for the U.S. Department of Energy, contract no EM-78 -S-07.1 743, 1980.
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are the most swgnlﬁcant contributors. As a result, the environmental profle of copper is slgmﬁcantly

determined by the electricity grid mix of the region in which the copper is produced. In addition to
electricity, diesel combustion during mining was significant.

s —

S

Eutrophication Potential results are driven by NO_emissions primarily associated with diesel combustion,
both during mining and, for some sites, the intermediate transport of concentrate to the smelter. Electricity
contributes around one-third of the burden, particularly for grids with high coal power plant shares.

For Ozone Depletion Potential, impacts are almost entirely due to the release of R 114
(dichlorotetrafluorethane) emissions and are highly dependent on the presence of nuclear power plants
within the electricity grid.

With the large contribution of emissions attributable to purchased electricity, the study results highlight
a role for the copper industry to play in advocating for environmentally preferable sources of electricity in
the regions in which copper producers operate.

LCIA Impact Categories Results per Metric Ton Results per
of Copper Concentrate Metric Ton of
(28% Cu) Copper Cathode
Primary Energy Demand,

1 47, M.
nonrenewable (PED) B b !
Global Warming Potential N

4,1 k - A

(GWP 100 years) 1,100 ,100 g CO,-Equiv.
Acidification Potential (AP) 82 61 kg SO,-Equiv.
Eutrophication Potential (EP) 073 27 kg Phosphate-Equiv.
Photochemical Ozone Creation

X . hene-Equiv.
Potential (POCP) 0.60 35 kg Ethene-Equiv.
0Ozone Depletion Potential (ODP) 1.7E-08 1.2E-07 kg CFC-11-Equiv.
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