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Abstract: Renewable energies such as solar and wind are now widely accepted as possible future energy sources to 
enhance the energy demands and support the intense desire to reduce the worldwide carbon footprint. Over the last few 
years, renewable energy sources have won the legislative support of governments in several countries. The main reason 
for this boom is the need to use alternative energy sources, to fossil fuel, which are free of CO2 emissions and 
contamination. Unfortunately there are no renewable energy sources that can currently account for zero carbon 
footprints due to the fact that it is divided into two elements direct and indirect. The direct or primary carbon footprint is 
related to the CO2 emitted when burning fossil fuels in such areas as transportation and domestic energy consumption. 
As well as the direct carbon footprint which is universally accepted, there is also an indirect or secondary element which 
is associated with the life cycle of the products. The problem is how can this indirect carbon footprint be considered or 
included when discussing the total impact of renewable energy sources. 

Life Cycle Assessment is a method used to identify the main types of impact on the environment a wind turbine can 
cause throughout its 20 year life of operation. Emissions produced while wind turbines are in operation in addition to 
factors from the start of the manufacturing process to the last stage where dismantling is required at end-of-life. Life 
cycle assessment showed that wind turbines are not carbon neutral as they have an indirect carbon footprint. However, 
when compared with traditional energy sources the carbon footprint for non-traditional energy forms is still significantly 
limited.  
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INTRODUCTION 

A chain effect has begun worldwide with the 

population rise leading to a vast increase of power 

generation which in turn is a major cause of global 

warming because of the greenhouse gas emissions 

produced during the production of electricity. Hence 

there is a need to develop new technologies which 

operate predominantly with minimum pollution. 

Renewable energy sources, such as solar and wind 

have been widely accepted as possible sustainable 

energy sources to complement and support the 

traditional power sources as the demand increases as 

well as supporting the desire to reduce the worldwide 

carbon footprint. Many people consider renewable 

technologies to be excellent for the environment as 

during power production they do not produce any 

carbon dioxide (CO2), however, there are no renewable 

energy sources that can currently account for zero 

carbon footprint. It is known that wind turbines are 

green technologies because of their low environmental 

impact during their usage but, very little attention has 

been given to the life-cycle of these devices and the 

emissions that could be produced due to this. Normally 

when the “greenness” of a wind technology is being 

discussed, the manufacturing processes as well as  
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product waste disposal at the end of its lifetime are 

never considered when evaluating the emissions these 

technologies release. It is true that their environmental 

impact is a lot smaller than traditional sources but it 

cannot be completely neglected (Figure 1) [1]. 

 

Figure 1: Total Carbon Dioxide Emissions [2]. 

As carbon dioxide emissions is split into two 

sections - direct, in this case the wind turbine produces 

no CO2, and indirect CO2 where the wind turbine 

produces a limited amount of carbon dioxide. It must 

also be remembered that wind energy is intermittent; 

hence fossil fuel capacity operating as reserve and 

backup is then needed to supplement the electricity 

generation and stabilize supplies to the consumer. 

Using this to balance the fluctuating demand and 

unpredictable wind output, has shown CO2 emissions 
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which are higher than normal - even more than when 

operating a fossil fuel plant in normal operating mode 

[3].  

HARNESSING WIND ENERGY 

Wind energy is defined as the process by which 

wind is applied to generate mechanical power or 

electricity as depicted in Figure 2. 

Wind turbines (WT) are the devices used to harness 

wind and convert the kinetic energy into mechanical 

which in turn is converted into electrical energy [4, 5]. 

The three major components for these energy 

conversion devices are rotor, gear box and generator. 

The rotor converts the varying wind energy into 

mechanical energy while the generator with the aid of 

electronic devices absorb the mechanical power and 

changes it into electrical energy, which is then fed into 

a supply grid. Finally, the gear box adjusts the speed 

between the rotor and its shaft and the generator 

speed. Figure 3 represents a block diagram of a total 

power production system from the wind technology 

which captures the energy to the grid to supply power 

for the consumers. 

Wind energy technologies (WET) [6, 7] over the 

years have developed in two main strands: horizontal 

axis wind turbines (HAWT) [8-10] and vertical axis wind 

turbine (VAWT) [11-14] (Figure 4). Research shows 

that HAWT are more commonly used today especially 

in utility scale projects due to their potential for higher 

power generation. Each HAWT includes a rotor 

(blades), a nacelle (enclosure for generator and 

gearbox), a tower and electronic control equipment 

which when combined together converts the kinetic 

energy into electrical energy. Meanwhile, VAWTs were 

evolving but at a slower rate due to lack of interest and 

financial support. WECS, no matter whether horizontal 

or vertical, both depend on aerodynamic lift [15] using 

blades to interact with the incoming wind. In order to 

produce clean power for residential, small businesses, 

farms and community applications, small and mid-sized 

 

Figure 2: Flow of Energy Conversion of a Wind Turbine. 

 

Figure 3: Wind Energy Electricity Generation Block Diagram. 
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wind turbines have been developed. Small wind 

turbines, with power ratings below 100 kW are mostly 

dedicated to power up houses, offices and farm 

equipment. Turbines with power capacity between 100 

kW and 1MW are called mid-size turbines and are 

normally used to supply power for certain applications in 

industry and community sectors. There is an increasing 

trend towards larger scale wind turbines with the aim of 

providing higher efficiencies and larger energy output 

per turbine. However with such growth comes an 

inherent increase in the quantity of materials and 

energy needed for manufacturing and installation. 

 

Figure 4: VAWT and HAWT. 

The amount of electricity generated by the turbines 

depends on the turbine’s size and wind speed through 

the rotor as shown in (1) 

PWT =
1

2
Cp R2 3           (1) 

where Cp is the wind power coefficient, R is the rotor 

blade radius (m),  is the wind density (kg/m
3
) and  is 

the wind speed (m/s). As noted, the power available 

from the turbine is proportional to the wind speed 

cubed. One method of measuring the productivity of a 

wind turbine or any power facility is by analyzing the 

capacity factor which is defined as the amount of power 

generated by the plant at full capacity [15] 

Capacity Factor =
actual amount of power produced over time

power that would have been produced if turbine

is operated at maximum output 100% of the time

  (2)

 

By implementing this calculation, it is stated in 

reference [15] that the capacity factor of wind is 25% to 

40 %, while conventional plants have a capacity factor 

of 40% to 80%. This factor could be increased by 

reducing the generator size and enlarging the blades; 

however a negative factor with this principle is that the 

amount of electricity generated is reduced. It must be 

remembered that the major advantage of deploying this 

technology is that the electricity it produces is clean 

and non-polluting [16] since it does not use any 

combustion method for electricity generation; hence 

has no negative impact on the environment and in 

particular global warming. Nevertheless, some limited 

environmental impacts are associated with wind 

technologies and in order to fully understand them, a 

“cradle-to-grave assessment” [16] is required to 

comprehend their effect on the carbon footprint. 

CARBON FOOTPRINT PROTOCOLS 

With all energy sources renewable or traditional 

forms, the main concern is related to their footprint 

which is the total amount of CO2 and other greenhouse 

gases (GHG) emitted during the full life cycle of any 

product. Hence, it measures the total greenhouse gas 

emissions caused directly and indirectly and considers 

all six of the Kyoto Protocol greenhouse gases: Carbon 

dioxide (CO2), Methane (CH4), Nitrous oxide (N2O), 

Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs) 

and Sulphur hexafluoride (SF6) [17] (Figure 5).  

 

Figure 5: Distribution of Greenhouse Gases [18]. 

Although carbon footprint is a frequently used 

phrase, few clear definitions can be found in literature, 

it is described as “a measure of the impact human 

activities have on the environment in terms of the 

amount of greenhouse gases produced, measured in 

tonnes of carbon dioxide” [19]. Others defined carbon 

footprint, as “the total amount of CO2 emitted and it is 

normally quantified in grams of CO2 equivalent per 

kilowatt hour (kWh) of generation” [20]. It can also be 

measured in tonnes of carbon dioxide equivalent 

(tCO2e). The Carbon Trust defined it as"… a 

methodology to estimate the total emission of 

greenhouse gases (GHG) in carbon equivalents from a 

product across its life cycle from the production of raw 
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material used in its manufacture, to disposal of the 

finished product (excluding in-use emissions)” [21]. 

Also, it is defined as “ … a measure of the exclusive 

amount of carbon dioxide emissions that is directly and 

indirectly caused by an activity or is accumulated over 

the life stages of a product” [21]. 

By the various definitions, it can be summarized as 

for a certain amount of gaseous emissions that are 

impacting climate change due to an individual’s 

production or consumption of various activities. This 

can be further divided into the primary footprint (scope 

1 and 2) which is a measure of the direct emissions of 

CO2 from the burning of fossil fuels (energy 

consumption and transportation) while the secondary 

footprint (scope 3) is the indirect CO2 emissions from 

the whole lifecycle of products (manufacture, waste 

disposal) as represented in Figure 6.  

 

Figure 6: Carbon Footprint Protocols [22-24]. 

Predominantly people are more concerned with the 

direct emissions, however when studying and 

analyzing the carbon footprints and assessing them to 

conclude if a certain product is carbon neutral, it is then 

necessary to investigate the full life cycle from 

production to disposal. As renewable energy 

technologies are introduced to mitigate carbon 

emissions, it is necessary to appraise their carbon 

footprint to build a clearer case for selecting a source 

when more than one technology is suitable for certain 

applications. In this paper, to ensure complete 

assessment of the wind turbine technology footprint, 

the production of each component must be carefully 

studied while evaluating its lifetime, material used, 

transport and energy requirements for processing, 

disposal and land usage. The grid system which 

connects the wind technology to the consumer supply 

also has a carbon footprint but this will not be 

discussed in this paper as it is considered the grid will 

be the same whether the supply is a renewable or 

traditional source.  

DIRECT CARBON EMISSIONS 

This section further discusses the direct carbon 

emissions which were previously highlighted in Figure 

6 and divided into scope 1 (direct emissions) and 

scope 2 (emissions from direct purchase of energy). 

Specific sectors such as the electrical generation 

industry, natural gas and petroleum combustion 

businesses, cement and steel manufacturers and 

transportation systems are commonly known as high 

direct carbon emitters. The combination of all these 

along with other outputs account for approximately 

93% of the total emissions in some of the developed 

countries with this further being split between into – 

direct 2/3 and indirect 1/3 [24]. To reduce the amount 

of direct emissions, there are two possible options. The 

first considers the traditional energy sources and 

ensures they operate in an efficient manner. This is not 

only the cheapest approach for reducing the emissions 

but it will ensure a security of continuous supply. 

Secondly, non-fossil fuel based technologies such as 

wind turbines can also be considered a solution for 

CO2 mitigation since they are “low carbon” because of 

their zero direct emission; nevertheless, indirect 

emissions are still a significant factor which needs to be 

considered. 

INDIRECT CARBON EMISSIONS 

The manufacturing of wind turbines, although not 

complicated, contains vital elements such as material 

processing and construction which require 

considerable energy consumption hence large 

greenhouse gas emissions [25]. Life cycle assessment 

(LCA) [26] is the method utilized to study the 

cumulative environmental impacts of wind energy 

technologies. It includes relevant upstream and 

downstream processes within the energy sequence, 

this LCA calculation takes into account several steps in 

the implementation, maintenance and 

decommissioning phases. Different types of LCA 

analysis have been developed in recent years due to 

the growth of wind energy applications. Such studies 

have been performed to assess the impact of wind 

energy systems on the performance as well as on the 

environment. The LCA methodologies vary as they look 

at various turbine types however few of them 

considered modern multi-megawatt turbines rather 

most of the methods looked at very small turbine sizes 

[27]. Some studies investigated the net energy return 
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and greenhouse emissions [28, 29] while others 

estimated other environmental impacts [30, 31]. The 

major critical aspects of the reviewed LCAs are based 

on the following factors:- 

• Energy use and electrical energy conversions – 

types of energy carriers used and their 

conversion to primary energy. 

• Electrical energy production and energy payback 

ratios – electrical energy produced is compared 

to the energy used during their life cycle to 

express the amount of net energy gained.  

• Material resource use – some material that make 

up a certain part of turbine based on a cut-off 

criteria related to the percentage of a material 

from the cumulative mass. 

• Recycling – the international standards of LCA 

states that the approach of inflows and outflows 

of recycled materials should be consistent [32]. 

This approach is supported by metal industries 

such as aluminum and copper. However, there 

are several reasons why such approach is 

dubious as one of these factors is related to the 

moment in time when emissions occur as the 

effect of ions released today but this still has an 

effect after 20 years and until the material is 

recycled. This makes the evaluation of CO2 

emissions not accurate.  

• Capacity factors and projected production – this 

is a most important and critical factor in the life 

cycle analysis as it is related to the estimated 

energy production which correlates with the 

capacity factor which is normally assumed to be 

high. This in turn impacts the total production of 

electrical energy which in turn lowers the 

emissions.  

 

Figure 7: LCA Inventory [31]. 
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In order to make LCAs more practical, other factors 

are to be considered such as the life cycle inventory 

(Figure 7) where actual inventory of inputs and outputs 

of mass and energy requiring the collection of relevant 

data of materials and processes is included.  

With relation to the wind turbine, there are certain 

areas where “hidden” emissions are prevalent (Figure 

8). This can be summarized under the headings of 

construction, transport, operation and 

decommissioning.  

• Construction – extraction and processing of raw 

material required for manufacturing of the tower, 

nacelle, blades, foundations and grid 

connections.  

• Transport – transportation of raw material for 

construction, of turbine to the generation site, 

during operation, for maintenance and when 

dismantling is all included. 

• Operation – all work that is related to 

maintenance such as oil lubrication and 

component replacement. 

• Decommissioning – recycling of material and 

disposal of waste.  

The first stage of the WT which sees carbon 

emissions is the manufacturing process. It is known 

that this part of the development is a great contributor 

to the emission of carbon due to the energy 

consumption required. However, this is impacted 

further depending on whether raw or recycled material 

is used in the turbines’ construction. A study was 

undertaken on the production of two different sizes of 

WT using virgin (raw) and recycled material and Figure 

9 summarizing the results.  

 

Figure 8: Flowchart Representation of Wind Turbine Life [33]. 
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It is noted that the amount of CO2 emissions in 

either case is higher when constructing wind 

technology with virgin rather than recycled material 

[34]. Hence, it is vital to consider, after the lifespan of 

the wind turbine is over (normally 20-25 years), 

dismantling and scraping the device for material reuse. 

As in most wind turbines, rotor blades are made of fibre 

glass reinforced by polyester, the tower is fabricated 

with steel while the base is made of steel reinforced 

armed concrete; hence recycling of such materials 

helps not only to reduce energy consumption and thus 

reduce carbon emissions, but also it is an economical 

payback for the initial money outlay. The percentage of 

recovery of material used in WT is shown in Figure 10. 

Between the initial manufacturing and the recycling 

at the end of the life of the wind turbine, it is important 

that regular maintenance is undertaken to ensure the 

system remains operational for the maximum time. 

Every device, including wind conversion technologies, 

entails a certain level of maintenance which in turn 

demands transportation of personnel for regular visits 

to complete oil changes, addition of lubricants, or the 

occasional cable change and cleaning (wiping up oil 

spill or leakage found in machinery). The amount of 

gas discharge is directly related with the amount of fuel 

used for transportation. As well as regular 

maintenance, there is often some WT that undertake 

dismantling or relocation to another site or upgrade and 

renovation. For the latter case, due to the fact that 

heavy trucks and cranes are the main tools for 

transportation, it is recommended that the distance of 

this process should not exceed 500 km [34]. Upgrading 

is normally implemented on turbines that have served 

almost half of their lifetime (12 to 15 years) in order to 

extend their lifetime for the full duration. Also, as 

technology is evolving and more efficient electronic 

devices are introduced to the market, it is sometimes 

 

Figure 9: Comparison of Amount of Carbon Dioxide Emission from Various Materials [34]. 

 

Figure 10: Percentage of Waste of Material Utilized in the Full Process of Wind Turbines [34]. 
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an economical benefit to upgrade the turbine with the 

new technology especially during the maintenance 

period to prevent any unplanned interruption as well as 

to reduce the transportation footprint and also possibly 

increase efficiency.  

With all the above mentioned possibilities and 

requirements in embracing renewable energy sources 

as a carbon neutral device, relocation, renovation, 

replacing and recycling of materials are hence major 

contributors to emissions when discussing wind 

turbines. Based on a study by Martinez, the component 

whose recycling most favors the recuperation of 

environmental resources is the tower, with 52% of the 

total general value recovered by all the processes of 

recycling [31]. Secondly, the nacelle (31%) which is 

then followed by the rotor (10%) and foundation (7%). 

Figure 11 represents the impacts of these factors on 

the CO2 emissions. It graphically symbolizes the four 

options showing recycling and relocation have similar 

higher emission rates while renovation is the lowest in 

gas release but the most expensive approach. 

However, more factors must be considered when 

analyzing the various components that pollute the 

environment. The installation location (offshore or in-

land) has a huge impact on the amount of greenhouse 

emissions. It is evident that greenhouse emissions are 

superior in offshore installations since requirements of 

concrete, steel and energy consumption for the 

foundation are much larger than in land for the same 

power capacity turbines, in addition to the fact that the 

base lifetime is almost half that expected with an 

onshore installations [35].  

This outline of the indirect emission shows the 

integral feature that needs to be considered when 

defining a wind turbines carbon footprint and how direct 

emissions cannot be the only important factor 

considered. 

COST OF EMISSIONS AVOIDED 

Although the direct and indirect emissions are 

important to understand, when trying to quantify the 

amount of greenhouse gas emissions, it is noted that 

such emissions are negligible. It is best to compare the 

amount of CO2 combined cycle gas turbine (CCGT) 

against open cycle gas turbines (OCGT) which due to 

the intermittency of wind is required for backup since 

other solutions such as energy storage are 

uneconomical. The cost of emissions avoided by wind 

power has been calculated by Lang who defines it as 

“the cost of substituting wind power plus OCGT backup 

for CCGT” [36]. Table 1 outlines a cost comparison of 

emissions avoided when considering wind and a 

backup opposed to CCGT. 

The values in Table 1 were calculated based on the 

assumption that the cost of wind backup generation is 

50% of the cost of generating with OCGT ($78/MWh) at 

30% capacity factor and the greenhouse gas emission 

 

Figure 11: Emissions of CO2 for Various Alternatives of Wind Turbines. 

Table 1: Cost of Emissions Avoided 

Cost per MWh to substitute Wind with backup for CCGT ($/MWh) 67 

Emissions avoided (t CO2-e/MWh) 0.058 

Cost of emissions avoided ($t CO2 –e avoided) 1,149 
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factors for gas turbines 0.751 t CO2-e/MWh and 0.577 t 

CO2-e/MWh for OCGT and CCGT, respectively [36]. 

This table shows that wind power is a costly way to 

reduce CO2 especially as the amount of emissions 

avoided is very small. The projected cost of electricity, 

amount of emissions avoided and avoidance cost per 

MWH for future base load electricity generation 

technologies is depicted in Table 2. 

Table 2 shows that wind power has the highest cost 

for avoiding emissions but has the tendency to save on 

emissions if emissions from backup are taken into 

account. Otherwise, if cost of backup is ignored, wind 

energy is found to be a suitable green source. 

CONCLUSION 

After discussing where the hidden emissions of 

carbon dioxide takes place in the full life span of wind 

energy technologies, is it still possible to say that these 

devices are carbon free? This paper presents the 

protocols of both direct and indirect carbon dioxide 

emissions and their presence when applying wind 

energy systems for power generation. It is clear from 

the above discussion that wind turbines generate CO2 

and they are only zero direct carbon emission devices. 

However, with all these indirect emissions generated 

during manufacturing, installation, maintenance and 

removal, wind energy conversion systems are still the 

least contributors to climate change when compared to 

traditional energy sources. Hence, in order to mitigate 

the amount of CO2 in the air, such technology is 

regarded as an acceptable solution. According to the 

Kyoto protocol, power generation constitutes one of the 

largest industries in the production of greenhouse 

gases; hence in order to reduce emissions, renewable 

sources and in particular wind is the key for a greener 

future. 
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