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Abstract
Earth has lately been suffering from unforeseen catastrophic phenomena related to the consequences of the 
greenhouse effect. It is therefore essential not only that sustainability criteria be incorporated into the everyday 
lifestyle, but also that energy-saving procedures be enhanced. According to the number of wind farms installed 
annually, wind energy is among the most promising sustainable-energy sources. Taking into account the 
last statement for energy-saving methods, it is essential to value the contribution of wind energy not only in 
eliminating CO2 emissions when producing electricity from wind, but also in assessing the total environmental 
impact associated with the entire lifetime of all the processes related with this energy-production chain. In 
order to quantify such environmental impacts, life-cycle analysis (LCA) is performed. As a matter of fact, there 
are a very limited number of studies devoted to LCA of onshore wind-energy-converter supporting towers—a 
fact that constitutes a first-class opportunity to perform high-end research. In the present work, the life-cycle 
performance of two types of tall onshore wind-turbine towers has been investigated: a lattice tower and a tubular 
one. For comparison reasons, both tower configurations have been designed to sustain the same loads, although 
they have been manufactured by different production methods, different amounts of material were used and 
different mounting procedures have been applied; all the aforementioned items diversify in their overall life-cycle 
performance as well as their performance in all LCA phases examined separately. The life-cycle performance 
of the two different wind-turbine-tower systems is calculated with the use of efficient open LCA software and 
valuable conclusions have been drawn when combining structural and LCA results in terms of comparing 
alternative configurations of the supporting systems for wind-energy converters.

Keywords:  energy and environment; energy system and policy; wind energy

Introduction
Some of the most catastrophic events recently have been 
associated with climate change due to global warming and 
consequences of the greenhouse effect. One of the pri-
mary reasons for global warming is the excessive emission 
of CO2 combined with the parallel increase in energy de-
mand. Due to the fact that energy reports show an increase 

in carbon dioxide release, primarily from fossil-fuels com-
bustion, increasing concern on cost and security issues re-
lated to fossil-based energy has been observed [1, 2]. This 
has led to the exponential growth of renewable-energy 
sources as an alternative to fossil fuels. Renewables being 
free of CO2 emissions are considered ideal for eliminating 
greenhouse-effect consequences and limiting water and 
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air contamination. Global energy demand is continuously 
growing and renewable-energy production is becoming 
more important than ever. This need is reflected in the 
contemporary European Commission Directive, which 
sets the goal of at least 27% total energy consumption 
coming from renewables by 2030 [3]. Due to its nearly in-
finite nature and great potential, wind is considered the 
most promising renewable-energy source, holding second 
place in the power-generation capacity installed in Europe 
in 2018. Today, wind energy accounts for 18.8% of the EU’s 
total installed power-generation capacity [4] and, in 2019, 
it is predicted to overtake natural gas, which is in first pos-
ition. While conventional power sources (fossil fuel, oil, 
coal) are expected to decommission more capacity than 
they install, wind power has installed more capacity than 
any other form of power generation in the EU in 2018, ac-
counting for 48% of total power-capacity installations. Its 
expansion in the last decade has been remarkable, trip-
ling in power-generation capacity and, more specific-
ally, from ~66 GW in 2008 to 189 GW in 2018 according to 
the European annual statistics [4]. When calculating the 
total environmental impact of power-generation installa-
tions, one should not only take into account the operation 
stage where renewables are advantageously emitting al-
most zero carbon dioxide, but also their manufacture, 
transportation, installation and dismantling stages. It is 
recorded that, for renewable-energy-production installa-
tions, the majority of their environmental impact results 
from the manufacture and installation processes [5]. Since 
all forms of energy generation are based on the conver-
sion of natural-resource inputs, there are subsequent en-
vironmental impacts. When decisions for energy-system 
investment, planning and developing are made, it has to 
be ensured that all aspects are taken into account during 
the assessment and comparison of alternative solutions 
[6]. Life-cycle analysis (LCA) is a holistic methodology that 
can be used as a tool in detecting these potential envir-
onmental impacts associated with energy systems and 
in calculating their sustainability performance from their 
early development stages [7]. In this methodology, final 
products are examined and assessed in terms of their en-
vironmental impact all the way through their life cycle, 
from raw-material extraction until end of life [8, 9].

Wind farms as investments for energy production with 
high economical impact are usually assessed in terms 
of safety and robustness only, meaning that they are de-
signed in order to withstand the wind loads in all phases 
from construction to operation and extreme wind circum-
stances. Even when environmental-impact analyses were 
conducted for wind-power generators, the methodologies 
deployed would take into account only a limited number 
of life-cycle steps. LCA, being a holistic methodology, is 
capable of investigating and quantifying both direct and 
indirect environmental impacts, taking into account all 
the life-cycle steps of products and services. Using LCA’s 
advantages in comparing the environmental impact of 

different products, Ardente et al. [10] investigated the air 
and water emissions of a wind farm and compared these 
results with the emissions of other energy-generation 
systems. Several research teams have focused on the in-
vestigation of LCA for wind-generation systems. The LCA 
results for wind-turbine towers are commonly assessed by 
calculating various environmental indicators (e.g. global-
warming potential (GWP), acidification potential (AP), eu-
trophication potential) and the energy-payback time. The 
energy-payback time is conceived of as the time for which 
a wind-energy system must operate in order to generate 
the amount of energy that was required for the entire life 
of the structure, i.e. from production to dismantling. This 
payback time is calculated as the ratio of the total primary 
energy requirements of the system throughout its life cycle 
over the total annual power produced by it. In the majority 
of wind-turbine LCA cases, a lifetime of 20 years has been 
taken into consideration and the analyses are in compli-
ance with ISO 14040 [11] and ISO 14044 [12]. In almost all 
the cases investigated in the literature, the energy-payback 
indexes for wind turbines are calculated to be lower than 
1 year [13, 14].

LCA results are usually presented in percentage charts 
and are commonly grouped either per structural compo-
nent (e.g. foundation, tower, nacelle, rotor) or per life phase 
(e.g. manufacture, transport, erection, operation/mainten-
ance, dismantling). The highest environmental impacts in 
all cases investigated are detected in the manufacturing 
stage of wind turbines followed by the transport phase 
[15]. The smallest impact is attributed to the operation 
stage of the turbines [16]. Thorough scientific work has 
been conducted on the sustainability assessment of steel 
construction focused on offshore wind turbines [17–19]. 
The assessment of energy and emissions related to the 
production and manufacture of materials related to an off-
shore wind farm using an LCA model has been performed 
in the work of Schleisner [20]. Tremeac and Meunier [21] 
drew some valuable conclusions regarding the environ-
mental impact of wind energy by comparing payback 
time and CO2 emissions of turbines with different power-
generation capacities, meaning a large 4.5-MW and a small 
250-W wind turbine. The size of the wind turbines, though, 
does not appear to be a decisive factor in optimizing their 
life-cycle energy performance and the embodied energy 
component of wind turbines over their service life [22]. In 
the case study presented herein, steel towers are under in-
vestigation. Although the amount of steel required for the 
construction of wind turbines is great, the component with 
the highest environmental impact is the tower foundation, 
because the potential recycling or reusing of steel compo-
nents can lead to reduced environmental impact and, with 
contemporary technologies, almost 80% of a wind-power-
generation system can be recycled—practically everything 
except the concrete foundation and the composite blades.

Not only the power-generation capacity of a wind tur-
bine can be considered responsible for producing different 
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results, but also the LCA methods used, even for the same 
structure [23]. Martinez et al. [24, 25] investigated the de-
pendency of results on the impact-assessment method-
ology implemented by conducting two different studies of 
the same turbine using the Eco-indicator 99 and the CML 
methodology. Browsing through the literature, it is difficult 
to compare LCA results of different wind turbines where 
different methodologies have been implemented, because 
of the discrepancy of results among methodologies even 
when investigating the same structure.

The objective of the work presented in the current study 
is to perform a comparative LCA for two potential wind tur-
bines to be deployed in a wind park located in the UK. The 
two potential wind-power generators carry the same wind 
turbine at their top: the Repower MM92 [26]. In Table 1, a 
number of LCAs for onshore wind-turbine towers around 
the globe have been grouped, where the type of tower, the 
hub height, the wind-turbine size and the LCA software 
used are presented. One can easily note that the majority 
of studies have focused on tubular-steel or concrete towers 
with a hub height up to 124 m, leaving the environmental 
impacts of tall steel-lattice towers almost unexplored.

For onshore wind farms, the horizontal-axis wind tur-
bines are the prevailing structural configuration, where 
the tower consists of cylindrical parts interconnected 
with bolted flanges by means of pre-stressed bolts [29]. 
Although cylindrical shells have great advantages in terms 
of load-bearing capacity to shell-thickness ratio, when 
getting more slender, local buckling phenomena can be 
catastrophic; therefore, an increase in their thickness is in 
most cases unavoidable. As an alternative solution to the 
existing cylindrical-tower configuration, the implementa-
tion of internal stiffening of tubular wind-turbine towers 
has been the focus in the work of several research groups 
[30, 31]. Although the solution of internal stiffening has 
been proved advantageous in terms of material use and 
concurrent structural enhancement, the previous work of 
the current research group has focused on the elaboration 
of an alternative tower configuration that can permit wind 
turbines to reach even greater heights with less steel use 
and smaller-scale foundations too. This new tower config-
uration is a self-rising lattice-tower configuration (in the 

sense of erection without external cranes) that consists 
of a new design of cross-sections that have been particu-
larly optimized to minimize the material use [32]. These 
self-rising lattice towers efficiently combine steel parts, al-
lowing them to fulfil the required safety, robustness and 
durability requirements, while keeping the solution poten-
tially economical and environmentally sustainable.

Due to the fact that energy demands are constantly 
increasing, contemporary installed wind turbines need to 
have increased efficiency and power-generation capacity. 
In order to achieve this increased power-generation cap-
acity, wind turbines are constructed using longer blades 
and greater tower-hub height in order to take advantage of 
the smoother wind flow combined with higher wind vel-
ocities at greater heights. All alternative solutions, with 
either the use of internal stiffening or the lattice con-
figuration, have been studied in terms of structural per-
formance and have been proven to be robust enough to 
sustain the greater loads due to higher wind velocities and 
the greater nacelle mass due to bigger rotors and longer 
blades. The environmental impact of classic tubular-steel 
wind-turbine towers increases exponentially, since both 
the amount of steel and the size of the tower foundation 
increase. It is therefore very interesting to compare the 
environmental impact of the tubular-tower solution with 
the proposed lattice one since the innovative erection 
approach leads also to energy saving and can result in a 
solution that goes far beyond the decrease in the envir-
onmental impact deriving from the minimization of ma-
terial used. For onshore wind-turbine towers, the life-cycle 
stages usually taken into account are the following: manu-
facture, transportation, construction/erection, operation 
and dismantling. When assessing the environmental im-
pacts of the various stages, the manufacturing stage is by 
far the one with the highest environmental impact, with 
the transportation stage following in second place.

Since the tower and foundation appear to be the wind-
turbine components with the highest environmental im-
pact, the present work focuses on the investigation of the 
environmental impact of two alternative tower configur-
ations: one tubular and one lattice. The different tower 
configurations require different foundations, so valuable 

Table 1 LCA overview of onshore wind-turbine towers

Publication year Tower type Hub height (m) Capacity (MW) Software

2008 [10] Tubular steel 55 0.66 –
2008 [13] Tubular steel 45, 46, 60 0.66, 0.60, 1.75 –
2009 [18] Tubular concrete 124 4.50, 0.25 Sima Pro
2009 [19] Tubular steel 60, 80 0.85, 3.0 –
2009 [21] Tubular steel 70 2.0 Sima Pro
2012 [16] Tubular steel 105, 65 1.8, 2.0 GEMIS
2013 [15] Tubular steel/concrete 80 1.4 –
2014 [27] Tubular steel/concrete 80, 100, 150 2.0, 3.6, 5.0 Gabi
2015 [28] Tubular steel 80 2.0 Gabi
2016 [14] Tubular steel 92.5 2.3, 3.2 Sima Pro
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conclusions of the two most important tower parts are 
drawn. First, the scope of the study is presented, sup-
porting life-cycle inventory data are reported and the re-
sults of the life-cycle-impact assessment are discussed. In 
order for the results to be comparable, the structures share 
the same height and have the same loading being applied 
at the hub height. Both tower configurations are designed 
in a manner to be capable of sustaining the same loads 
as proved in previous works. The analysis methodologies 
implemented are identical while the lattice tower has 35% 
less steel, an almost 33% lighter foundation and many ad-
vantages in terms of transportation and erection.

1 Methodology for LCA
LCA is a useful methodology for determining the total 
system impacts of a given technology and is realized by 
associating all environmental impacts with the material-
acquisition, processing, manufacturing, use and disposal or 
recycling at the end-of-life stage. This approach is valuable 
towards the sustainable design of systems and is there-
fore used by both policy makers and industrial partners for 
product development and the management of sustainable 
systems. In principle, when conducting LCA for systems or 
products, the steps that have to be followed are:

 (i) the definitions of system boundaries, requirements 
and assumptions;

 (ii) the collection of resources for all system inputs and 
outputs;

 (iii) the definition of the parameters used to evaluate 
the environmental impacts related to the inputs and 
outputs;

 (iv) the assessment of the results; in order to perform an 
LCA, thorough research has to be performed in order 
to identify the factors that contribute to the environ-
mental impact of the system; for its calculation, a se-
ries of LCA software, tools and databases can be used 
in accordance with the global or European standards 
that govern the sustainability-assessment procedures 
[33, 34].

As far as the wind-turbine towers are concerned, the stages 
that are usually taken into account when performing LCA 
are the manufacturing stage, the transportation, the erec-
tion/construction, operation and dismantling, while the 

duration of a turbine’s lifetime is assumed to be 20 years. 
The LCA results of the wind turbines are assessed in terms 
of various environmental factors like GWP, AP, the energy-
payback time, etc. The calculations are usually performed 
per lifetime stage and for all the structural components 
independently. The software and databases for performing 
LCA are various and, in the present study, GEMIS (Global 
Emission Model for Integrated Systems) open-source soft-
ware is selected due to its focus on construction, energy 
and transport fields [35].

2 Tower models
After having studied various cases of LCA on onshore wind-
turbine towers, in the present study, the life-cycle perform-
ance of two 76.16-m-tall wind-turbine towers is carried 
out. The investigation of tall wind turbines is here ex-
plored, whilst the investigation of super-tall wind turbines 
(e.g. greater than 150 m) is currently underway. Unlike the 
various investigations related to the LCAs of wind turbines, 
the present study focuses on the tower configuration only, 
taking for granted that the nacelle and blades are identical 
in both turbine cases. To this end, the life-cycle perform-
ance of two towers—one tubular tower and one lattice—
has been investigated. All life stages from production of 
the raw materials to the end of life have been taken into 
account under the assumption of a 20-year lifetime.

The steel parts of both towers are made of steel class 
S355 and the foundation is assumed to be made from con-
ventional concrete. The nacelle and blades that are sup-
posed to be accommodated on both towers are identical and 
the structural analyses for both towers have been already 
verified. The lifetime stages taken into account are iden-
tical for both towers: manufacturing, transportation and 
erection, operation and dismantling. For the dismantling 
stage, two different scenarios are investigated for each ma-
terial: the recycle/reuse scenario and the landfill scenario. 
In the manufacturing stage, both the production of the 
raw materials and the energy consumed for their fabrica-
tion are taken into account. For the transportation stage, 
it was assumed that the lattice-tower subparts have been 
produced in the factory 100 km away from the construc-
tion site and transported there. On the other hand, for the 
tubular subparts, the assumption was made that they are 
produced in north Germany in 30-m-long parts and they 

Table 2 Lattice-tower sections details

 Height (m)

Legs V-brace diagonals V-brace horizontals

Diameter (mm) Thickness (mm) Diameter (mm) Thickness (mm) Diameter (mm) Thickness (mm)

Part-1 34.45 411 8 413 7 342 6
Part-2 55.53 371 8 385 7 282 5
Part-3 68.19 352 7 375 7 240 5
Part-4 75.64 340 7 363 7 216 4
Part-5 76.15 286 5 253 5 214 4
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are transported on site by ship and truck. For the erection 
stage, large-scale cranes are used for the mounting of the 
tubular tower, whilst, for the lattice one, only small-scale 
cranes are used, since the tower can be erected by the pre-
viously mentioned innovative self-rising approach without 
using tall cranes. For the dismantling stage, the materials 
are recycled when possible; otherwise, the landfill scenario 
was implemented. Further details are presented later on.

2.1 Tubular tower

The tubular tower is 76.15 m tall and consists of three 
subparts of 21.8, 26.6 and 27.8 m from bottom to top. The 
tower under investigation is an actually constructed tower 
[36]. The subparts are fabricated in the factory by hot rolling 
steel plates of varying thicknesses and forming rings about 
3 m wide. The rolled plates are welded longitudinally to 
form 3-m rings connected to each other by means of cir-
cumferential welds. The final tower subparts are trans-
ported on site and are connected to each other with the 
aid of flanges by means of pre-stressed bolts. For tubular 
towers, the use of large-scale cranes and heavy machinery 
is mandatory, since the subparts are quite long and heavy. 
The tower is not purely cylindrical, as the lower diameter 
of the cross-section of the tower is 4.3 m and the top one 
is 3 m. The thickness of the shell wall is also not constant, 
starting from 12 mm at the top to 30 mm at the bottom. The 
tower is embedded into a reinforced-concrete foundation 
that is anchored to the ground and, therefore, the tower can 
be considered and modelled as fixed at the foundation. The 
shell-thickness distribution along the height of the tower is 
presented in Fig. 1. The total tower weight is 127 t.

2.2 Lattice tower

The lattice tower is of square base shape consisting of 
five subparts along its height. The heights of the various 
subparts appear in Table 2. The tower is composed of three 
discrete structural sub-systems: the legs, the face-bracing 
trusses and horizontal braces and secondary bracings ar-
ranged inside the plane of the face-bracing trusses. The 
connections between the structural members are bolted 
connections with conventional steel bolts. The total tower 
weight for the lattice tower is 77.47 t and circular hollow 
sections of varying shell thicknesses and diameters are 
used, as presented in Fig. 2. The tower subparts are manu-
factured in conventional factories near the construction 
site; they are transported on site and erected to their final 
positions with the aid of small-scale cranes. The final 
tower shape and distribution of the steel sections are pre-
sented in in Fig. 2 below.

2.3 Research methodology

In order to assess the environmental impacts of the two 
towers under investigation, the LCA method is applied 

using the freely available software GEMIS [30]. As men-
tioned above, an LCA study is completed in four stages 
and, more specifically, the following in our case.

2.3.1 Analysis goal and scope definition
The goal of the present study is to compare the life-cycle 
environmental impacts of two wind-turbine towers. This 
investigation contributes to determining and quantifying 
the impacts of a potential wind park located in UK. Both 
onshore wind turbines have a power-generation cap-
acity of 2.0 MW. They have similar function and technical 
specifications. However, the tower configurations differ 
in the manner explained in Sections 2.1 and 2.2 of the 
present paper.

The scope definition of an LCA includes a description 
of the product under investigation in terms of the system 
boundaries. In the case study presented here, all life stages 
from production of materials to the end of life of the struc-
ture are under consideration. The wind-turbine stages in-
vestigated are presented in Fig. 3 and are the component 
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manufacturing, transportation and erection, operation and 
then dismantling or recycling, depending on the scenario 
taken into account.

The connection to the grid is out of the scope of the 
present study and has been neglected. The lifetime of the 
turbines is set to be 20 years. The functional unit must be 
defined so that alternative solutions can be compared in 
a meaningful way. The energy-payback comparison takes 
into account the amount of energy generated over the as-
sumed 20-year lifetime.

2.3.2 Life-cycle inventory (LCI) analysis
Wind turbines are complex structures that consist of 
many structural, mechanical and electrical assemblies, 
which comprise many sub-components. The most crucial 
stage in an LCA is data gathering and the maximum de-
tail possible should be included so that the accuracy of the 
obtained results is not sacrificed. The LCI is the gathering 
of information related to primary components of a wind-
turbine tower. For the manufacturing stage of the wind 
turbine, the two tower systems were analysed as detailed 
in the previous paragraphs. As far as the turbine itself is 
concerned, it is a 2.0-MW, three-bladed upwind horizontal-
axis wind turbine with a hub height of 76.15 m. The hub 
and nose cone of the turbine are generally made of cast 
iron and fibreglass-reinforced polyester, respectively; the 
blades are made of a composite material consisting of 60% 
glass fibre and 40% epoxy; the generator is basically made 
of steel and copper, while the gearbox is made of cast iron 
and stainless steel. The energy-consumption calculation 
for all the manufacturing of the wind turbine has been 
based on data on material component weights available. 

Part-1

Part-2

Part-3

Part-4

Part-5

34.45

Height (m)

55.53

68.19

75.64

76.15

3D view

Fig. 2 Lattice-tower configuration

Raw material extraction

Manufacturing

Transportation & Erection

Recycling

Landfill
Operation

Fig. 3 LCA boundaries
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For the transportation and erection stage, the turbine is 
assumed to be produced in Germany and transported to 
the UK by boat and truck. The lattice-tower components 
are produced in a factory near the site, whilst the tubular-
tower subparts are again produced in Germany and trans-
ported to the UK by boat and truck. The distance for the 
components to reach the port in Germany is estimated to 
be 110 km, the distance at sea is estimated to be 1020 km, 
while the transportation of the components from the port 
to the site is assumed to be 130 km. The freight-transport 
services are imported in GEMIS software in tkm (ton-
kilometre(s)) so, if the track and boat transport the tubular-
tower components of 127 t over the distance of 110 km, 
this equals a transport service of 13 970 tkm.

As far as the operation and maintenance stages are con-
cerned, there is a certain level of energy input required for 
starting the turbine, for the break-system operation, for yaw- 
and rotor-pitch control, etc. This energy input is normally 
estimated as 1% of the total electricity generated by the tur-
bine [37]. For both turbines, maintenance of the mechanical 
parts is assumed to be carried out three times a year and 
the distance for the service team is assumed to be 100 km 
per trip. The life of the turbines is assumed to be 20 years. As 
far as the dismantling and recycling stages are concerned, 
again, there is an energy input taken into account that is 
assumed to be 2% of the total electricity generated [37]. In 
Table 3, the possible recycling scenarios for the main mater-
ials included in the present study are presented.

2.3.3 Life-cycle impact assessment
The life-cycle inventories for the two 2.0-MW wind-turbine 
models were used to support the life-cycle assessment in 
terms of the basic impact-assessment categories. GEMIS 
software is a freely available database used widely in 
Europe. It enables a detailed description of all the process 
steps of an energy system and has been successfully used 
in previous work for the calculation of the primary energy 
needed in the process, the emissions and the mass and en-
ergy flows of materials. The database includes >1000 prod-
ucts, 10  000 processes and >130 scenarios covering data 
from >50 countries, whilst there is freedom for the user to 
import additional data. Upon LCA performance, GWP, green-
house gases, water effluents, solid waste and many more 
can be obtained in tabulated or graphic format. The GWP is 
an indicator of the impact of any process on climate change. 

More specifically, it is a relative scale of how much a green-
house gas contributes to global warming and compares it 
to the same mass of carbon dioxide. Its measure is kgCO2/
kWh (CO2 equivalent) and is used for the assessment of the 
two wind-tower systems. The basic term for assessing the 
energy-generation part of an LCA for the wind-energy sys-
tems studied in this work is the total cumulative energy 
requirement that contains the overall energy needed to con-
struct a wind turbine. Finally, the energy-payback-time ratio 
is implemented in the present study in order to measure 
the duration of operation needed in order for the wind tur-
bine to generate the amount of energy required for its entire 
life. It is calculated in the form of a ratio of total primary en-
ergy requirements of the wind turbine throughout its entire 
life over the total annual energy generated by the turbine. 
The total cumulative energy requirements for its entire life 
comprise the energy needed for production, transportation, 
maintenance, operation and decommissioning.

2.3.4 Result interpretation
The LCA results can be obtained from GEMIS software in 
tabular and graphic format. In the next section, the results 
of the LCA are presented. First, the material requirements 
per structural component are presented in a tabular format. 
The CO2 equivalent per lifetime stage for the two towers is 
presented in a graphic form. Then, in a comparative graph, 
the cumulative energy requirements of the two towers are 
presented with specific data per stage. Finally, the compo-
nent contribution to energy demand of the two towers is 
depicted.

3 Results
In the present study, the LCA of two onshore steel wind-
turbine-tower configurations is performed. Both towers are 
of 76.15 m height and their structural analysis results have 
proved that they can both accommodate the same rotor 
with similar efficiency. A study is performed where all life 
stages from the production of the raw materials to the end 
of life have been considered. The connection of the tur-
bines to the grid is not examined in the present study, while 
the lifetime of the turbines is set to be 20 years. In Table 4,  
the material requirements for the main components of the 
two towers under investigation are presented.

Table 3 Possible recycling scenarios [38]

Material End-of-life treatment

Concrete Landfill 100%
Cast Iron Recycling with 10% loss
Copper Recycling with 5% loss
Epoxy Incinerated 100%
Fibreglass Incinerated 100%
Plastic Incinerated 100%
Stainless steel Recycling with 10% loss

Table 4 Material requirements for the tower components

Component 

Tubular tower Lattice tower

Mass (t)
Weight  
fraction Mass (t)

Weight  
fraction

Rotor 34 0.04 34 0.07
Nacelle 55 0.06 55 0.11
Tower 127 0.13 77.47 0.15
Foundation 750 0.78 350 0.68
Total 966  516.47  
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In Fig. 4, the distribution of the CO2 emissions per life-
time stage is presented, where the construction stage with 
the steel components and the concrete foundation has 
been proved to have the highest environmental impact. It 
is worth mentioning that the manufacturing phase con-
stitutes 82% of the total equivalent CO2 emissions of the 
tubular tower.

In Fig. 5, the distribution of the CO2 emissions per life-
time stage for the lattice tower is presented. Again, in this 
tower configuration, the highest environmental impact ap-
pears to derive from the manufacturing stage of the tower.

In Fig. 6, the cumulative energy requirements of the two 
towers are presented, where it is obvious that the lattice 
tower has a much lower energy requirement compared to 
the tubular one. For the tubular tower that can be better 
compared, the cumulative energy is compatible with 
similar 2.0-MW turbines in the work of Guezuraga et  al. 
[16]. This can be attributed to three factors: the smaller 
amount of steel used for the tower construction, the 

reduced foundation required for a lattice structure com-
pared to a tubular one and the transportation and erec-
tion advantages that the proposed self-rising system is 
offering. This can be better observed in Fig. 7, where the 
contribution of each wind-turbine component is presented 
for the two towers.

The largest cumulative energy requirements contribu-
tion comes from the manufacturing stage in both the lat-
tice and the tubular towers, reaching values between 75% 
and 82% of the total life cycle of the turbines. In absolute 
values, though, the manufacturing/construction stage of 
the tubular tower is much larger compared to that of the 
lattice one. The average share from each tower compo-
nent is shown in Fig. 7, where it is proved that the tower 
manufacturing and foundation construction is a larger 
part of the total energy requirement for the tubular tower. 
In both tower cases, the smallest contribution is derived 
from the operation phase, which accounts for only 2% of 
the total energy requirements.

An indicative ratio presented in the above text that can 
better picture the environmental impact of the two tower 
configurations is the energy-payback time. The energy 
generated by both turbines, since they are hypothetically 
positioned at the same spot, sharing the same hub height 
and same rotor, would be for a 2.0-MW turbine ~6.12 GWh 
assuming a 35% capacity factor as assumed in Haapala 
and Prempreeda [38]. The results of the payback time for 
both towers are presented in Table 5.

The energy-payback time for the tubular tower is 
5–6 months whilst, for the lattice, it has been calculated 
to 4 months. These results for the tubular tower are pro-
portional to similar 2.0-MW turbines [16] and very close 
to the results of the same capacity and same hub-height 
turbines [38]. The lattice structure has proved to be more 
advantageous in terms of both the material used and the 
transportation and erection methods applied. The steel 
tower fabrication along with the foundation construction 
are much less energy-consuming procedures compared 
to the tubular structure and the energy-payback period is 
also 15% less.

TUBULAR TOWER
Transportation Manufacturing Dismantling Operation

7% 2% 9%

82%

Fig. 4 Distribution of CO2 emissions per life stage for the tubular tower

Transportation Manufacturing

3%
14%

75%

8%

TUBULAR TOWER

Dismantling Operation

Fig. 5 Distribution of CO2 emissions per life stage for the lattice tower
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Fig. 6 Life-cycle cumulative energy requirements
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4 Conclusions
Constantly growing global energy needs require the im-
plementation of additional power-generation systems 
worldwide. Fossil-fuel shortage and consequences of the 
greenhouse effect have led to greener energy-production 
methods and wind turbines are among the most advanta-
geous. In order to achieve greater capacity, wind turbines 
are nowadays constructed taller with enhanced capacities. 
Higher capacity means in the majority of the cases increased 
wind-turbine sizes in terms of both blade length and tower 
height. The construction of taller turbines means advanced 
studies in terms of structural behaviour and in most cases 
increased material used to achieve its robustness. Since all 
the construction procedures for wind-energy systems are 
energy-consuming procedures, it is worth investigating the 
total energy invested and the payback that can be achieved. 
In the present study, a new tower system is proposed and 
its enhanced contribution to energy saving is investigated. 
After having performed a comprehensive literature review, 
it has been found that the LCA of the two different wind-
turbine-tower configurations is missing in order to better 
assess their total efficiency, both structurally and environ-
mentally. In previous studies, it has been proved that the 
lattice-tower configuration is significantly more advanta-
geous when reaching greater heights, since ~40% of ma-
terial is saved in terms of the tower and 50% in terms of 
the foundation having identical structural behaviour. An 
LCA is found to be crucial in terms of assessing the real 
contribution of these energy-production systems to envir-
onmental protection. The most important parameters cal-
culated in the LCA conducted were the CO2 emissions and 

the energy-payback time. The most impactful stage in the 
lifetime of a wind turbine is the manufacturing phase. The 
analysis conducted shows that the lattice structure is 32% 
less impactful on the environment in terms of equivalent 
CO2 emissions. The energy-payback time for the tubular-
steel tower is 5–6 months, whilst the lattice self-rising steel 
tower has an energy payback time of 4 months. The present 
study shows that only by saving material from the foun-
dation and tower, which are the most energy-consuming 
components of the wind structure, could the equivalent 
CO2 emissions be reduced. This research study aims at 
obtaining an initial approach of the environmental impact 
of the proposed manufacturing and erection procedure 
and this is the reason why a tower of 76.15-m hub height 
was selected, since comparable data were available. After 
having proved that the new tower system is robust enough 
and less environmentally impactful, a further more com-
prehensive study of taller structures is to follow.

Acknowledgements
This project has received funding from the European Union’s 
Horizon 2020 Research and Innovation Programme under the 
Marie Sklodowska-Curie Grant Agreement No. 747921 that the au-
thors acknowledge with thanks.

Conflict of Interest
None declared.

References
 [1] US Energy Information Administration. Annual Energy Outlook 

2011 with Projections to 2035. Final Report, DOE/EIA-0383. 
United States Department of Energy, Washington, DC: Energy 
Information Administration, 2011.

 [2] US Energy Information Administration. Annual Energy Outlook 
2012 with Projections to 2035. Final Report, DOE/EIA-0383. 
United States Department of Energy, Washington, DC: Energy 
Information Administration, 2012.

 [3] European Commission. Communication from the Commission 
to the European Parliament, the Council, the European Economic 
and Social Committee and the Committee of the Regions: A Policy 
Framework for Climate and Energy in the Period from 2020 to 
2030. 2014. https://eur-lex.europa.eu/ (30 June 2019, date last 
accessed).

 [4] Wind Europe. Wind Energy in Europe in 2018: Trends and 
Statistics. 2019. https://windeurope.org/ (30 June 2019, date 
last accessed).

 [5] Pehnt M. Dynamic life cycle assessment (LCA) of renewable 
energy technologies. Ren Energy 2006; 31:55–71.

 [6] Varun Bhat IK, Prakash R. LCA of a renewable energy for elec-
tricity generation systems—a review. Ren and Sust Energy Rev 
2009; 13:1067–73.

 [7] Li H, Zhang HC, Carrell J, et al. Use of an energy-saving con-
cept to assess life-cycle impact in engineering. Int J of Sust 
Manuf 2010; 2:99–111.

 [8] Pennington DW, Potting J, Finnveden G, et al. Life cycle assess-
ment part 2: current impact assessment practice. Env Int 2004; 
30:721–39.

70%

60%

50%

40%

30%

20%

10%

Rotor Nacelle

Component Contribution to the total energy demand

Tower Foundation
0%

LATTICE TUBULAR

Fig. 7 Distribution of CO2 emissions per structural component

Table 5 Energy-payback-time calculation

Units
Tubular  
tower

Lattice  
tower

Cum. energy requirements GWh 2.96 2.00
Annual energy generated GWh 6.12 6.12
Energy-payback time – 0.48 0.33
Energy-payback time Months 5–6 4

Stavridou et al. | 9
D

ow
nloaded from

 https://academ
ic.oup.com

/ce/advance-article-abstract/doi/10.1093/ce/zkz028/5639689 by guest on 16 January 2020

https://eur-lex.europa.eu/
https://windeurope.org/


 [9] Rebitzer  G, Ekvall  T, Frischknecht  R, et  al. Life cycle assess-
ment part 1: framework, goal and scope definition, inventory 
analysis and applications. Env Int 2004; 30:701–20.

 [10] Ardente  F, Beccali  M, Cellura  M, et  al. Energy performances 
and life cycle assessment of an Italian wind farm. Ren and Sust 
Ener Rev 2008; 12:200–17.

 [11] ISO 14040. Environmental management—life cycle assess-
ment—principles and framework. International Organization of 
Standardization 2006.

 [12] ISO 14044. Environmental management—life cycle assess-
ment—requirements and guidelines. International Organization 
of Standardization 2006.

 [13] Lee YM, Tzeng YE. Development and life-cycle inventory ana-
lysis of wind energy in Taiwan. J Ener Eng 2008; 134:53–7.

 [14] Bonou  A, Laurent  A, Olsen  SI. Life cycle assessment of on-
shore and offshore wind energy-from theory to application. 
Applied Ener 2016; 180:327–37.

 [15] Oebels KB, Pacca S. Life cycle assessment of an onshore wind 
farm located at the northeastern coast of Brazil. Ren Ener 2013; 
53:60–70.

 [16] Guezuraga  B, Zauner  R, Polz  W. Life cycle assessment of 
two different 2 MW class wind turbines. Ren Ener 2012; 
37:37–44.

 [17] Schaumann P, Bechtel A, Wagner H-J, et al. Sustainability as-
sessment of steel constructions for offshore wind turbines. 
In: Pehlken A, Solsbach A, Stenzel W (eds). Sustainable Material 
Life Cycles—Is Wind Energy Really Sustainable?. Hanse Studies, 
BIS-Verlag der Carl von Ossietzky Universität Oldenburg, 
2014, 25–34.

 [18] Bechtel A, Schaumann P, Stranghöner N, et al. Sustainability 
of steel construction for renewable energy. In: Hauke  B, 
Kuhnhenne M, Lawson M. (eds). Sustainable Steel Buildings: 
A  Practical Guide for Structures and Envelopes. Chichester, UK: 
Wiley, 2016, 344–52.

 [19] Wagner H-J, Baack Ch, Eickelkamp T, et al. Life cycle assess-
ment of the offshore wind farm alpha ventus. Energy 2011; 
36:2459–64.

 [20] Schleisner L. Life cycle assessment of a wind farm and related 
externalities. Ren Ener 2000; 20:279–88.

 [21] Tremeac B, Meunier F. Life cycle analysis of 4.5 MW and 250 W 
wind turbines. Ren and Sust Ener Rev 2009; 13:2104–10.

 [22] Crawford  RH. Life cycle energy and greenhouse emissions 
analysis of wind turbines and the effect of size on energy 
yield. Ren and Sust Ener Rev 2009; 13:2653–60.

 [23] Davidson S, Hook M, Wall G. A review of a life cycle assess-
ments on wind energy systems. Int J Life Cycle Assess 2012; 
17:729–42.

 [24] Martinez E, Sanz F, Pellegrini S, et al. Life cycle assessment of 
a multi-megawatt wind turbine. Ren Ener 2009; 34:667–73.

 [25] Martinez E, Sanz F, Pellegrini S, et al. Life cycle assessment of 
a 2-MW rated power wind turbine: CML method. Int J Life Cycle 
Assess 2009; 14:52–63.

 [26] Senvion GmbH. The MM92. Optimized for mid to high wind loca-
tions. https://www.senvion.com/global/en/products-services/
wind-turbines/mm/mm92/ (17 July 2019, date last accessed).

 [27] Gervasio H, Rebelo C, Moura A, et al. Comparative life cycle 
assessment of tubular wind towers and foundations—Part 2: 
life cycle analysis. Eng Struct 2014;74:292–9.

 [28] Razdan P, Garrett P. Life Cycle Assessment of Electricity Production 
from an Onshore V110-2.0 MW Wind Plant. Copenhagen: Vestas 
Technical Report; 2018.

 [29] Lavassas I, Nikolaidis G, Zervas P, et al. Analysis and design of 
the prototype of a steel 1-MW wind turbine tower. Eng Struct 
2003; 25:1097–106.

 [30] Dimopoulos  CA, Gantes  CJ. Experimental investigation 
of buckling of wind turbine tower cylindrical shells with 
opening and stiffening under bending. Thin-wall Struct 2012; 
54:140–55.

 [31] Stavridou N, Efthymiou E, Gerasimidis S, et al. Investigation 
of stiffening scheme effectiveness towards buckling stability 
enhancement in tubular steel wind turbine towers. Steel and 
Comp Struct 2015; 19:1115–44.

 [32] Stavridou  N, Koltsakis  E, Baniotopoulos  CC. Structural ana-
lysis and optimal design of steel lattice wind turbine towers. 
Proc Inst Civ Eng—Struct And Build 2019; 172:564–79.

 [33] EC. Sustainability of Construction Works—Assessment of 
Buildings Part 2: Framework for the Assessment of Environmental 
Performance. Brussels, Belgium: European Committee for 
Standardization, 2011.

 [34] EC. Sustainability of Construction Works—Assessment of 
Environmental Performance of Buildings—Calculation Method. 
Brussels, Belgium: European Committee for Standardization, 
2011.

 [35] GEMIS Version 4.9 2017 Global Emission Model for Integrated 
Systems Oko-Institut. http://iinas.org/gemis.html (30 June 2019, 
date last accessed).

 [36] Veljkovic M, Heistermann C, Husson W. High-strength Tower in 
Steel for Wind Turbines. Brussels, Belgium: Publications Office 
of the European Union, 2006.

 [37] Lee YM, Tzeng YE, Su CL. Life cycle assessment of wind power 
utilization in Taiwan. In: 7th International Conference on 
EcoBalance, Tsukuba, Japan, 14–16 November 2006.

 [38] Haapala KR, Prempreeda P. Comparative life cycle assessment 
of 2.0 MW wind turbines. Int J Sust Manuf 2014; 3:170–85.

10 | Clean Energy, 2019, Vol. XX, No. XX
D

ow
nloaded from

 https://academ
ic.oup.com

/ce/advance-article-abstract/doi/10.1093/ce/zkz028/5639689 by guest on 16 January 2020

https://www.senvion.com/global/en/products-services/wind-turbines/mm/mm92/
https://www.senvion.com/global/en/products-services/wind-turbines/mm/mm92/
http://iinas.org/gemis.html

