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Introduction

The world’s growing population has led to an inevitable increase in energy demand, and this, in addition to
the depletion of non-renewable energy sources, can lead to several environmental issues. Wind power has proven
to be a reliable and sustainable source of electricity, particularly in light of the pressing need to mitigate
environmental impact and promote the use of renewable energy. The purpose of this research is to investigate
and compare the environmental effects of electricity production from two wind power plants, Agkand and
Kahak, using wind turbines with a capacity of 2.5 megawatts for a period of three different lifetimes (20, 25, and
30 years).
Materials and Methods

The present study investigates the environmental effects of electricity generation during the life cycle of wind
farms (Kahak and Agkand) during the construction and operation of these power plants and the cumulative
exergy demand index. The specifications of the wind turbines used in the current research are: turbine capacity
of 2.5 MW, rotor diameter of 103 meters, rotor weight of 56 tonnes, three blades, each blade is 50.3 meters long
and weighs 34.8 tonnes. The turbines are manufactured by Mapna and used in dry conditions. A functional unit
of one kilowatt of electricity was selected and the data were analyzed in SIMAPRO software using
IMPACT?2002+ method with 15 midpoint indicators and four final indicators.
Results and Discussion

The results showed that the stage of raw materials and production has the highest impact on the creation of
midpoint indicators, which is due to extraction, manufacturing, and production of parts such as steel casting
using non-renewable energy and activities such as high-temperature welding. The total environmental index of
Agkand and Kahak wind power plants for 1 kWh of generated electricity was 5.84 and 4.45 pPt respectively,
more than half of which belongs to the damage to human health category. The investigation of the ionizing
radiation index showed that the use of diesel fuel in the installation phase resulted in the highest amount of
emissions in both of the power plants, so the share of pollutant emissions in the raw materials and production
phase is more than 40%, and in the installation phase due to diesel fuel consumption was more than 48%. The
investigation of the eutrophication index showed that the raw materials and production stage accounted for more
than 95% of the damage to the ecosystem quality category, and in the meantime, copper and electrical
components had the highest amount of contribution to the raw materials and production stage. Additionally,
diesel fuel accounted for the largest part of the result in the installation stage, and the transportation and
maintenance stage included less than 1% of this result. The investigation of the renewable energy consumption
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index showed that the stage of raw materials and turbine production in the Agkand power plant with a share of
68% and the Kahak power plant with a share of 70% had the greatest effect on the category of resource damage.
Also, the installation and commissioning phase was the second most effective factor in the category of resource
damage due to the use of diesel fuel. The study of the cumulative exergy demand index showed that non-
renewable-fossil resources had the largest share in exergy demand (0.15 MJ) to produce one kilowatt of
electricity generated from power plants.
Conclusion

In this study, the results showed that in both plants, about 70% of various respiratory effects, 60% of human
health issues, and 25% of acidification and global warming are caused in the raw materials and manufacturing
phase. Furthermore, the installation phase is responsible for 17% and 16% of climate change in the Agkand and
Kahak power plants respectively, and between 14% and 26% of other environmental factors.
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Table 1- Share of raw materials used in the construction of Agkend and Kahak wind power plants per 1 kWh operating

unit
JSE Sk
3lgo aaly Agkend Kahak
Materials Unit  JWw Y- Jw Yo JWw Y. JWw Y Jw Yo Jw Y
20 Years 25 Years 30 Years 20 Years 25 Years 30 Years
Ul oS 258 kg  143E-03  1.14E-03 9.52E-04 1.12E-03  8.93E-04  7.45E-04
Low-alloy steel
O Sl Y8 kg  2.52E-04  2.02E-04 1.68E-04 1.94E-04  155E-04  1.29E-04
Chromium alloy steel
‘J» kg 1.93E-04 1.54E-04 1.28E-04 1.48E-04 1.19E-04 9.88E-05
Cast iron
o kg 2.77E-05 2.22E-05 1.85E-05 2.18E-05 1.74E-05 1.45E-05
Copper
55 9 45l dlge pasisos]
Raw T kg 7.66E-05  6.13E-05 5.10E-05 5.84E-05 4.67E-05  3.89E-05
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materials ol
and il kg 1.99E-04 1.59E-04 1.33E-04 1.53E-04 1.23E-04 1.02E-04
production Polymer
oF kg 6.56E-03  5.25E-03 4.38E-03 5.05E-03  4.04E-03  3.37E-03
Concrete
‘“i‘ffs’“i*‘"” kg  1.09E-04  8.69E-05 7.24E-05 8.40E-05  6.72E-05  5.60E-05
Ceramics and glass
Cjc))r kg 7.31E-08  5.85E-08 4.88E-08 5.64E-08  4.51E-08  3.76E-08
oSS s kg 131E-05 105E-05  8.76E-06  102E-05 8.16E-06  6.80E-06
Electrical components
9 o
SIS ot kg  1.03E-04  1.42E-04 1.41E-04 1.65E-05  1.32E-05  1.10E-05
Repair and Qil
maintenance
D‘_J}'J'J | kg 3.59E-04 2.88E-04 2.40E-04 2.77E-04 2.21E-04 1.85E-04
cual iese
Installation Ky S
. kwh  2.06E-03 1.65E-03 1.37E-03 1.44E-03 1.15E-03 9.60E-04
Electricity
Total IS tkm  1.43E-03  1.39E-03 1.25E-03 2.09E-03 1.67E-03  1.39E-03
transport Transportation
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Table 2- Environmental pollutant emissions in all stages of the life cycle of Agkand and Kahak power plants for the
production of one kilowatt hour of electricity in three lifetimes using Impact2002 in SIMAPRO software

s3] SeS
oyl aaly Agkend Kahak
Emissions Unit Ju Y- Juw Yo J Y Ju Y- Juye Jls ¥
20 Years 25 Years 30 Years 20 Years 25 Years 30 Years
pares kg 122E-06  979E-07  BITE-07 9.47E-07 758E-07 6.31E-07
Aluminium
’_‘ kg 1.89E-08 1.52E-08 1.27E-08 1.48E-08 1.18E-08 9.87E-09
Arsenic
o kg 6.21E-07 4.99E-07 4.17E-07 4.81E-07 3.85E-07 3.21E-07
Benzene
Sl 008 kg 953E-04 7.81E-04 6.58E-04 7.27E-04 5.82E-04 4.85E-04
Carbon dioxide
o m’”db kg 3.04E-07 2.44E-07 2.04E-07 2.38E-07 1.91E-07 1.59E-07
Carbon disulfide
S 05 deuS e kg 8.53E-05 6.84E-05 5.71E-05 6.63E-05 5.30E-05 4.42E-05
Carbon monoxide, fossil
s . kg 1.24E-08 1.03E-08 8.77E-09 9.29E-09 7.43E-09 6.19E-09
Chlorine
F”S_ kg 3.97E-07 3.18E-07 2.65E-07 3.08E-07 2.46E-07 2.05E-07
Chromium
VI‘?”S kg 9.96E-09 7.97E-09 6.64E-09 7.72E-09 6.18E-09 5.15E-09
Chromium VI
o kg 6.71E-08 5.41E-08 4.52E-08 5.35E-08 4.28E-08 3.57E-08
Copper
OIar S gige kg  3.73E-07  3.01E-07 2.52E-07 282E-07 2.26E-07 1.88E-07
Dinitrogen monoxide
ol kg 3.41E-07 2.77E-07 2.32E-07 2.62E-07 2.09E-07 1.75E-07
Ethane
2- 2 4 ~dichloro-1y o (!
cfc-114 detrafluoro- kg  -856E-12  -7.22E-12  -616E-12 6.81E-12  -5A5E-12 454E-12
Ethane, 1,2-dichloro-1,1,2,2-
tetrafluoro-, CFC-114
Ao b kg 5.41E-08 4.36E-08 3.65E-08 4/.8E-08 3.35E-08 2./9E-08
Formaldehyde
Oigen 25 kg  1.09E-06  8.75E-07 7.31E-07 7.96E-07 6.36E-07 5.30E-07
Hydrogen chloride
Olsrn 2yolé kg  192E-07  1.54E-07 1.29E-07 1.44E-07 1.15E-07 9.60E-08

Hydrogen fluoride
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Hydrogen sulfide
S
Lead
o9
Mercury
Halon Bromochlorodifluoro- « ke
1211

Methane, bromochlorodifluoro-,
Halon 1211

Halon 1301 Bromotrifluoro- ..
Methane, bromotrifluoro-, Halon
1301
HCFC-22 Chlorodifluoro- ke
Methane, chlorodifluoro-, HCFC-22
cfc-12 dichlorodifluoro- . ke
Methane, dichlorodifluoro-, CFC-12
e el
Methane, fossil
CFC-14 Tetrafluoro ke
Methane, tetrafluoro-, CFC-14

alyis
Nitrate
0595 S
Nitrogen oxides
il sz Sy Slogl slage S50 PAH
PAH, polycyclic aromatic
hydrocarbons
Y0> ol
Particulates, < 2.5 um
Umy-> 5 umv,p < .l
Particulates, > 2.5 um, and < 10um

Y

Phosphorus

3,565 awSlied

Sulfur dioxide

A5glél3Sn il

Sulfur hexafluoride
R274
Toluene
okl
Xylene

S
Zinc

kg
kg

kg

kg

kg

kg
kg
kg
kg
kg

kg

kg

kg
kg
kg
kg
kg
kg
kg

kg

6.40E-08

6.42E-08

4.80E-10

1.36E-11

5.55E-11

1.75E-09

3.57E-12

3.68E-05

7.17E-09

5.38E-10

2.26E-05

1.34E-08

2.10E-05

1.25E-05

2.80E-09

3.01E-05

1.36E-09

4.78E-08

5.48E-08

5.89E-08

5.16E-08

5.15E-08

3.86E-10

1.13E-11

4.79E-11

1.40E-09

2.87E-12

2.97E-05

5.74E-09

4.60E-10

1.84E-05

1.08E-08

1.70E-05

1.00E-05

2.39E-09

2.45E-05

1.10E-09

3.99E-08

4.50E-08

4.75E-08

4.31E-08

4.30E-08

3.23E-10

9.56E-12

4.12E-11

1.17E-09

2.39E-12

2.49E-05

4.79E-09

3.94E-10

1.54E-05

8.97E-09

1.42E-05

8.38E-06

2.05E-09

2.05E-05

9.17E-10

3.38E-08

3.79E-08

3.97E-08

4.95E-08

5.02E-08

3.63E-10

1.01E-11

4.10E-11

1.36E-09

2.76E-12

2.74E-05

5.47E-09

5.16E-10

1.70E-05

1.02E-08

1.61E-05

9.73E-06

2.03E-09

2.20E-05

9.99E-10

3.54E-08

4.03E-08

4.60E-08

3.96E-08

4.02E-08

2.91E-10

8.08E-12

3.28E-11

1.09E-09

2.21E-12

2.20E-05

4.38E-09

4.13E-10

1.36E-05

8.17E-09

1.29E-05

7.79E-06

1.62E-09

1.76E-05

799E-10

2.83E-08

3.22E-08

3.68E-08

3.30E-08

3.35E-08

2.42E-10

6.73E-12

2.73E-11

9.06E-10

1.84E-12

1.83E-05

3.65E-09

3.44E-10

1.13E-05

6.81E-09

1.08E-05

6.49E-06

1.35E-09

147E-05

6.66E-10

2.36E-08

2.69E-08

3.06E-08
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Table 3- Diesel fuel burning emissions per 1 MJ of produced energy (Saber, Esmaeili, Pirdashti, Motevali, & Nabavi-

Pelesaraei, 2020)

Kee]] SeS
Emissions 1, Lics! Agkend Kahak
(gM'Diesel) Juo v Juwye  JlYe Juo v Jwye  JlYe
20 Years 25Years 30 Years 20 Years 25 Years 30 Years
Carbon dioxide 1.19E+03 1.16E+03 1.04E+03 1.74E+03 139E+03 1.16E+03
Sulfur dioxide 3.85E-01 3.75E-01 3.37E-01 5.64E-01 4.51E-01 3.76E-01
Methane 4/2E-02  479E-02 431E-02 7.21E-02 S5.77E-02 4.81E-02
Benzene 2.78E-03 2.71E-03 2.43E-03 4.07E-03 3.26E-03 2.71E-03
Cadmium 3/2E-06 3.72E-06 334E-06 559E-06 447E-06 3.73E-06
Chromium 1.90E-05 1.85E-05 1.66E-05 2.78E-05 2.23E-05 1.86E-05
cuprum 649E-04 631E-04 568E-04 950E-04 7.60E-04 6.33E-04
Nitrogen dioxide 457E-02 4.45E-02 4.00E-02 6.69E-02 5.35E-02 4.46E-02
Nickel 267E-05 260E-05 234E-05 391E-05 3.13E-05 2.61E-05
Zinc 3.82E-06 3.72E-06 3.34E-06 5.59E-06 4.47E-06 3.73E-06
Benzo(a)pyrene 114E-05 1.11E-05 100E-05 1.68E-05 134E-05 1.12E-05
Ammonia 762E-03 7.42E-03 6.67E-03 1.12E-02 8.93E-03  7.44E-03
Selenium 3.82E-06 3.72E-06 3.34E-06 559E-06 447E-06 3.73E-06
Polycyclic aromatic hydrocarbon  1.25E-03  1.22E-03  1.10E-03  1.84E-03 1.47E-03  1.22E-03
Hydro carbon 1.09E+00 1.06E+00 951E-01 159E+00 1.27E+00 1.06E+00
Nitrogen oxides 1.69E+01 165E+01 148E+01 28E+01 1.98E+01 1.65E+01
Carbon Monoxide 240E+00 2.33E+00 2.10E+00 3.51E+00 281E+00 234E+00
Particulates(<2.5um) 1.71E+00 166E+00 1.50E+00 2.50E+00 2.00E+00 1.67E+00
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3- Disability-Adjusted Life Years (DALY)
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1- Nitrogen Oxides
2- Deoxyribonucleic Acid
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Fig.4. Contribution of environmental effects in electricity generation of Agkand wind power plant during the life of 20
years
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Table 4- Midpoint environmental categories and values for different lifetimes

XK oS
o padli aaly Agkend Kahak
Midpoint categories Unit Jwye Jw Yo Jw e Jwye Jw Yo Jlw Y.
20 Years 25Years 30Years 20 Years 25Years 30 Years
')U'”?’” e kg C,HsCleq  4.25E-04 3.42E-04 2.86E-04 3.26E-04 2.61E-04 2.17E-04
Carcinogens
bl Jse kgCoHiCleq 6.39E-04 5.14E-04 4.20E-04 4.94E-04 3.95E-04 3.20E-04
Non-carcinogens
(s S '.”‘ e ) kg PM2/5eq  2.63E-05 2.13E-05 1.78E-05 2.01E-05 1.61E-05 1.34E-05
Respiratory inorganics
B ”:*_U i BqC-l14eq  1.96E-02 170E-02 147E-02 144E-02 1.15E-02 9.62E-03
lonizing radiation
e ) kg CFC-1l1eq  8.60E-10 7.32E-10 6.27E-10 6.39E-10 5.11E-10  4.26E-10
Ozone layer depletion
i Sl kgCHeq  7.83E-06 7.11E-06 6.24E-06 5.26E-06 4.21E-06 3.50E-06
Respiratory organics
ol Cangonse kg TEG Water  2.66E+00 2.15E+00 1.80E+00 2.03E+00 1.62E+00 1.35E+00
Aquatlc ecotoxmty
) Ctgenes kg TEGsoil  8.61E-0 6.96E-01 5.82E-01 6.66E-01 5.33E-01 4.44E-01
Terrestrial ecotoxicity
JB. "““""_‘5_":‘“l _ kg SO,eq 1.67E-04 16E-04 1.14E-04 1.25E-04 1.00E-04 8.35E-05
Terrestrial acidification
2l JL“'_ M2org.arable  5.86E-04 4.75E-04 3.98E-04 4.59E-04 3.67E-04 3.06E-04
Land occupation
%ﬁ' s kg SO4eq 4.89E-05 3.98E-05 3.34E-05 3.62E-05 2.89E-05 2.41E-05
Aguatic contamination
 oulSdg 451 .
OIS kg PO4P-lim  8.48E-06 6.83E-06 5.71E-06 6.59E-06 5.27E-06 4.39E-06
Aquatic eutrophication
e JleS kgCO,eq  121E-02 9.80E-03 821E-03 9.24E-03 7.39E-03 6.16E-03
Global warming
2l glasipl dpae 0 primary  1.52E-01 1.26E-01 1.07E-01 1.13E-01 9.02E-02  7.52E-02
Non-renewable energy
odles gl MJsurplus  5.38E-03 4.31E-03 3.59E-03 4.19E-03 3.35E-03 2.79E-03
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Fig.6. Environmental damage in the Agkand power plant at all stages of the life cycle during the life of 20 years
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Fig.7. Environmental damage in Kahak power plant at all stages of the life cycle during the life of 20 years
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Table 5- Damage categories and values for Agkand and Kahak power plants in three different lifetimes
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Damage category Unit  Jlw Y+ Jw Yo Jlw Y. Juw Y. Jw Yo Jw Y.
20 Years 25Years 30Years 20Years 25Years 30 Years
ool cadl WPt 3.02E+00 2.44E+00 2.05E+00 2.3LE+00 1.85E+00 1.54E+00
Human health
Pt Coude . pPt  5.67E-01 4.58E-01 3.83E-01 4.38E-01 3.51E-01 2.92E-01
Ecosystem quality
. el et pPt  1.22E+00 9.90E-01 8.29E-01 9.33E-01 7.46E-01 6.22E-01
Climate change
gl pPt  1.03E+00 8.57E-01 7.26E-01 7.70E-01 6.16E-01 5.13E-01
Resources
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Table 6- Exergy demand of Agkand and Kahak power plants in three different lifetimes
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Exergy categories Unit JwYe Jw Yo Jl Y. JwyY. Jw Yo Jlo ¥e
20Years 25Years 30Years 20 Years 25Years 30 Years
b pilinaes MJ 153E-01 127E-01 108E-01 114E-01 9.09E-02 7.58E-02
Non-renewable, fossil
st MJ  297E-05 -7.98E-06 -1.85E-05 -1.94E-05 -155E-05 -1.29E-05
Non-renewable, nuclear
iR T MJ  -4.36E-03 -3.56E-03 -3.00E-03 -3.32E-03 -2.66E-03 -2.21E-03
Renewable, kinetic
Sy s MJ 5.33E-06 4.59E-06 3.95E-06 4.03E-06 3.22E-06 2.68E-06
Renewable, solar
Jemili— o o0
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Non-renewable, metals
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1- Potentially Disappeared Fraction of Species
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