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A B S T R A C T   

Small wind turbines (SWT) can contribute to the urgent need of transforming the energy system. Nevertheless, 
due to the heterogeneity of SWT technology, a high variety in environmental impacts of SWT exist. To evaluate 
whether the use of horizontal SWT can efficiently contribute to a renewable energy system, Life Cycle Assess-
ments of two SWT, a commercial Schachner SW5 and a do-it yourself turbine in the Piggot Pig2F design, were 
conducted. The energy payback time was calculated using performance measurements from a rural and a sub-
urban site in Austria. Results show that SWTs can reduce greenhouse gas emissions of the Austrian electricity 
production with calculated global warming potentials of 62 gCO2eq/kWh (SW 5) and 94 gCO2eq/kWh (Pig2F) 
respectively. For both SWTs, the sub-system tower with foundation contributes about half to their overall global 
warming potential as well as to the cumulative energy demand. An improved shaping of SWT technology is 
therefore exemplified by both SWTs. The analysis shows that 19 out of 20 considered impact categories can be 
reduced by using secondary (recycled) or re-used steel, especially for the tower. The rural and suburban use of 
horizontal SWT can potentially contribute to reduce the environmental impacts of Austrian electricity produc-
tion. Nevertheless, it becomes evident that a more sustainable shaping of SWT technology is highly 
recommendable.   

Introduction 

The reduction of GHG (greenhouse gas) emissions of the electricity 
system is an urgent need addressed in numerous scientific and political 
statements [1]. In this context, wind energy is planned to have a central 
role in the decarbonization of electricity generation [2]. While large 
wind turbines are highly efficient, they cannot be installed close to 
populated areas due to health and safety considerations (e.g. ice throw, 
falling parts, noise, [3]). Moreover, such turbines are typically feasible 
and economical in places where energy demand is minimal. Next to the 
use of photovoltaic systems, small wind turbines (SWT) may be an 
optional technology for decentralized renewable electricity production 
close to the consumer (households or industry). 

The International Electrotechnical Commission defines SWT as wind 
turbines with max. 200 m2 rotor swept area and a nominal capacity <
50 kW [4]. However, the global average nominal capacity of a SWT is 

1.1 kW. One million SWT are installed worldwide, with the majority of 
them having a nominal capacity of under 1 kW [5]. The market for 
SWTs, counting 330 manufacturers worldwide, features heterogeneous 
technologies. About 75% of them are selling turbines with a horizontal 
axis (HAWT), while 18% sell turbines with a vertical axis (VAWT) and 
7% do sell both. About 80% of the manufacturers sell stand-alone ap-
plications for rural electrification or off-shore use [5]. This indicates that 
only a minor fraction of installed SWTs is located in urban areas. In 
2017, when the last market overview was generated, about 350 SWT 
were installed in Austria, out of which 75% have a capacity in the range 
of 1 kW to 10 kW [6]. 

Even though the turbines are already on the market, determining 
questions of the environmental efficiency of their use often stay unad-
dressed. Some effort has already been made in assessing the environ-
mental impact of SWT. For large wind turbines, reliable values on 
energy payback time and GHG emissions exist [7] and are provided by 
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* Corresponding author. 
E-mail address: markus.drapalik@boku.ac.at (M. Drapalik).  

Contents lists available at ScienceDirect 

Sustainable Energy Technologies and Assessments 

journal homepage: www.elsevier.com/locate/seta 

https://doi.org/10.1016/j.seta.2023.103411 
Received 30 January 2021; Received in revised form 29 March 2023; Accepted 14 August 2023   

mailto:markus.drapalik@boku.ac.at
www.sciencedirect.com/science/journal/22131388
https://www.elsevier.com/locate/seta
https://doi.org/10.1016/j.seta.2023.103411
https://doi.org/10.1016/j.seta.2023.103411
https://doi.org/10.1016/j.seta.2023.103411
http://creativecommons.org/licenses/by/4.0/


Sustainable Energy Technologies and Assessments 59 (2023) 103411

2

the manufacturer (e.g. [8]). In contrast, only few studies have been 
published regarding SWTs, reporting very different results for energy 
payback times and GHG emissions (see e.g. [9,10,11,12]). 

Life Cycle Assessment (LCA) is a helpful method to evaluate the 
potential environmental impacts of a technology. In general, a LCA 
describes a Product System, the object of the analysis, which can be a 
product or a service, as a network of processes – activities which 
transform inputs into outputs. The inputs and outputs are typically 
materials and energy as well as emissions. Processes are often trans-
formations of materials (e.g. Iron ore to Steel, Oil to Electricity) but can 
also describe transport of goods. Several processes may be aggregated 
into new processes when useful (different energy sources → EU energy 
mix). Typically, the connection of processes is done via a software tool 
which takes the necessary input and output data for processes from 
established data bases. The cumulated outputs can finally be assessed 
using environmental impact assessment methods, which transform the 
multitude of outputs into few descriptive parameters. The used software 
and database both need to support the chosen environmental impact 
assessment methods. 

In a recent review focusing on LCAs of wind turbines, a wide range of 
potential environmental impacts of turbines in the < 20 kW range was 
detected and a need for further assessments was determined [13]. The 
focus of recently made LCAs is usually on vertical axis turbines 

([14,15,16]), while the most common type are horizontal axis turbines 
([6]). 

Furthermore, improvement assessment is rarely addressed explicitly 
(e.g. [11],) and no publications doing an analysis of technology shaping 
possibilities for small wind turbines could be identified. Assessments of 
off-grid-systems mostly identify batteries as relevant ([17]) and focus on 
system optimization (hybrid systems). 

The present paper is addressing these missing information by con-
ducting a LCA of two SWTs representing the range of design and 
installation sites of HAWT in Austria. The global warming potential 
(GWP) and energy payback times are the core of the present analysis. 
This study also presents 17 other impact categories which have also been 
analyzed to broaden the picture of the potential environmental impacts. 
Since LCAs of wind power systems are especially sensitive to the local 
site conditions, the focus of the present paper is on general technology 
aspects and possibilities for improved shaping of the current technology 
and design to reduce the impacts of the two HAWTs are assessed. 

Although the precursory requirement of a renewable energy tech-
nology having low environmental impacts seems fundamental, studies 
show that there are SWTs on the market that do either not fulfil these 
requirements or for which no information on their environmental 
impact is available. For instance, a surprisingly high energy payback 
time of 160.9 years was calculated for a small HAWT in Taiwan [9], 

Fig. 1. Small wind turbines Schachner05 (left) and Piggott2F16P (right) at their respective sites.  
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whereas for large wind turbines, which are almost always HAWT, the 
payback time amounts to less than one year [7]. Another study calcu-
lated a payback time of 6.5 years for a 250 Watt turbine [10]. Even 
though this value is feasible within the life span of a wind turbine, which 
is assumed to be 15 to 20 years, the value still exceeds other technologies 
such as large wind turbines or photovoltaics [18]. These high and highly 
variable payback times are confirmed by other studies [10,15]. 

Early studies focusing on SWT GHG emissions demonstrated a 93% 
reduction compared to private household diesel generators [11]. 
Considering the existing high share of renewable energy sources in the 
European and especially the Austrian electricity production mix, more 
ambitious targets than lower environmental impacts than a diesel 
generator need to be defined. Some studies show that SWTs have a lower 
GWP than the local grid electricity mix: Glassbrook et al. [19] published 
a study on four SWTs with a nominal capacity of under 20 kW. These 
turbines showed shorter energy payback times and lower GWP than the 
Thai grid electricity, but higher levelized costs of electricity. This may 
partly be explained by Thailand’s electricity mix, which consists of 75% 
fossil fuels. A recent study by Kouloumpis et al. [16] compared the use of 
VAWTs to the Polish grid electricity. At sites where the turbine pro-
duction reached a capacity factor of at least 1.4%, the turbines exhibited 
a lower GWP/kWh than Polish grid electricity. The published results 

demonstrate how important the selection of appropriate sites is. Since 
the importance of siting is well-known, this topic will not be pursued 
further in relation to the performed LCAs. 

Furthermore, the question arises what technological design and 
material-use leads to the most energy efficient utilization strategy. This 
question stays unaddressed in most studies. Kouloumpis et al. recently 
conducted LCAs of two VAWTs (1 kW and 3 kW) [16]. Aside from 
comparing the overall impact of electricity production to the grid elec-
tricity, they also analyzed which turbine parts contribute the most to the 
GWP. It is also noted that use of Steel and concrete for construction leads 
to highest contribution towards the GHG emission (60%). On the other 
hand, about 30% GWP correspond to transportation. To evaluate 
whether this finding can be confirmed for HAWTs as well, two funda-
mentally different types of HAWTs are analyzed in the present study. 
The analysis is not a comparison of the two turbines. This would not be 
eligible since the installation sites and types differ considerably. The 
turbines are chosen to show the current spectrum of designs and sites in 
Austria. 

It is further evaluated, which components and materials show the 
highest energy demand and contribution to GWP and how this demand 
may be reduced by replacing selected construction materials. The pre-
sent paper aims to answer the question: “What are the potential envi-
ronmental impacts of SWTs at suburban and rural sites in Austria and 
how can they be improved?”. 

Furthermore, the following questions are addressed:  

• Considering their whole life cycle, are the two turbines producing 
more energy than they consume at a suitable suburban/rural site 
(energy payback)?  

• Are the turbines reducing GHG emissions compared to the Austrian 
electricity production mix (GWP)? 

• Which components of the SWTs are hotspots considering the po-
tential environmental impact?  

• Which technological design adaptations may reduce energy demand 
as well as GHG emissions? 

Method 

The methodical approach was chosen to be a combination of LCA and 
a performance analysis of two horizontal SWT: Schachner05 (SW05, 
Fig. 1 left) and Piggott2F16P (Pig2F, Fig. 1 right). The SW05 is the 
dominating SWT on the Austrian SWT market. It has a relatively high 

Table 1 
Characterization of performance measurements for SW05 in Lichtenegg and 
Pig2F in Groß Enzersdorf.   

SW05 Pig2F 

rotor diameter 5.6 m 2 m 
rated power 5 kW 400 W 
starting speed 2.5 m/s 3 m/s 
maximum speed 50 m/s Unknown 
rotational speed control Rpm-dependent 

pitch 
Furling system 

location Lichtenegg Groß Enzersdorf 
location type Rural suburban 
average wind speed at installation 

height 
5.3 m/s 3.6 m/s 

Turbine installation height 12 m 6 m 
time period measured Jan-Dec 2019 Jul 2018 - Jun 

2019 
type of installation grid connected isolated operation/ 

battery connected 
data measurement kWh / 15 min W / sec 
calculated capacity factor 0.15 0.08  

Fig. 2. System diagram of the conducted LCA. System boundaries include all processes directly related to manufacturing, the use and end-of-life treatment of a SWT.  
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nominal capacity compared to other SWT used in Austria (5 kW), while 
still undisputedly classified as SWT. The Pig2F is built according to the 
most used do–it–yourself concept worldwide and has a relatively low 
nominal capacity compared to other SWT (0.4 kW). The two systems are 
technologically mature SWTs and represent the range of design and size 
of HAWTs used in Austria. In the following, first the LCA methodology is 
described. Secondly an overview of the performance measurements on a 
rural site (SW05) and at a suburban site (Pig2F) is given (see Table 1). 
The last subsection describes the sensitivity analysis and shaping pos-
sibilities regarding the tower and the use of steel. 

Life Cycle assessment 

In this study, the software openLCA 1.10.3 [20] with the database 
ecoinvent 2.2 [21 22] is used and the impact categories of ReCiPe 
midpoint (H) 2016 [23] as well as the cumulative energy demand (CED) 
and the non-renewable energy demand were applied (described in detail 
in section 2.1.4). LCA-processes will be identified in the text by the 
names used in the database and written in italics. A more detailed 
description of used LCA-processes will be given where necessary. 

The LCA is conducted in four steps according to ISO 14044 [24]: 
1) Definition of goal and scope. 
2) Inventory assessment. 
3) Impact assessment. 
4) Interpretation. 
The next sub-chapters are following this structure. 

Goal and scope 
The present LCA study aims to evaluate whether the use of SWTs at 

rural and suburban sites in Austria is energy efficient, compared to the 
Austrian grid electricity consumption mix considering the potential 
environmental impacts of electricity production. A further goal is to 
evaluate which components of the system contribute most to GHG 
emissions (hot spots) to identify how a better shaping of SWTs can be 
achieved in order to reduce the potential environmental impacts the 
most. A HAWT with 5 kW nominal capacity (SW05) as well as a HAWT 
with 400 W nominal capacity (Pig2F) were examined including the 
turbine itself, the tower as well as the electric/electronic system. For 

technical details of the turbines see Table 1. 
Both SWT systems were divided into three sub-systems: The wind 

turbine itself, the tower with foundation, and the electric/electronic system, 
including inverter, control unit and cables. For all components of the 
system, production, manufacturing, end-of-life treatment and transport 
are considered. 

The system diagram, shown in Fig. 2, depicts the different processes, 
which are considered in the LCA. Material use, transport and construc-
tion were assessed according to information provided by the manufac-
turers. Values of material and energy flows considering mining, 
manufacturing of primary materials, construction processes and end-of- 
life treatments were taken from the ecoinvent 2.2. database [22]. 
Operation phase and thereby all energy and materials needed for 
maintenance, were neglected in the present LCA. 

Inventory assessment Schachner05 
The SW05 is a 5 kW (nominal power) system produced by an Aus-

trian manufacturer, which has been on the market since 2010 and is 
EN1400-2 certified. The turbine of the SW05 system consists of steel and 
glass-fiber-reinforced composites and a permanent magnet generator 
using NdFeB alloy magnets. For the inventory analysis the turbine is 
divided into three sub-processes: generator, nacelle and rotor. The 
generator weighs 118 kg, which is mainly steel, followed by copper (15 
kg). The magnets are made from 4.8 kg Nd2Fe14B and some components 
are covered in linen. The nacelle as well as the rotor comprise mainly 
steel and further brass and copper. The blades are made of glass fiber 
reinforced composites filled with polyurethane foam. 

The electronic system comprises cables, the control cabinet, the 
inverter and a control unit. For these components comparable existing 
datasets [22] were used. 

The manufacturing of tower with foundation was divided into the two 
sub-processes tower and foundation. The tower of the SW05 system is 
made of 750 kg steel. The reinforced concrete foundation is made from 
12 906 kg concrete and 50 kg steel. For all steel elements the input and 
output values according to the LCA-process steel, low-alloyed, at plant 
provided by the ecoinvent database [22] was used, describing the 
representative manufacturing process for low alloyed steel types in the 
EU without transport to the facility manufacturing the turbine (“at 
plant”). 

For economic reasons, turbine and tower are produced in China and 
transported to Austria by freight ship. The transport ways are included 
in the manufacturing LCA-(sub-)processes. Values from the processes 
transport, lorry > 16 t, fleet average, representing the transport by a lorry 
with a load capacity>16 t from an average fleet of transport vehicles, 
and transport, transoceanic freight ship, representing transport with a 
large freight ship (50 000 t carrying capacity, 65% load factor), provided 
by the ecoinvent database were used. 

Table 2 
Results of LCIA [22,23] of the six most relevant categories for SW05 and Pig2F 
(functional unit one item SWT).  

Impact category Unit SW05  Pig2F 

Freshwater ecotoxicity kg1,4-DCB 1 496.25  607.06 
Human carcinogenic toxicity kg1,4-DCB 2 157.73  147.88 
Global warming potential kgCO2eq. 8 576.51  494.10 
Land use m2a crop eq 165.59  103.07 
Energy demand kWh 37 474  2 483 
Non-renewable energy demand kWh 35,518  2,137  

Fig. 3. Contribution to GWP over the whole lifecycle of Pig2F (left) and SW05 (right) sub-systems.  
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Inventory assessment Piggott2F16P 
The Piggott SWT is an open access technology originally developed 

by Hugh Piggott in Scotland [25]. The design is used worldwide and has 
been improved by different organizations and research institutes over 
the past 20 years [26] and is mainly used for rural electrification [27]. 
For the present LCA the Piggott turbine Pigott2F16p (Pig2F) as built in 
the workshops of the Austrian company PureSelfMade is used. This 
version of the turbine has a diameter of 2 m, 400 Watt nominal capacity, 
uses ferrite magnets and its generator consists of 16 poles (magnets) and 
12 coils [28]. 

The frame of the generator as well as the nacelle are made of steel. 
The generator consists of ferrite magnets and copper coils cast in epoxy 
resin. The wooden blades are made from Austrian plywood and acrylic 
varnish. The tower is made of steel. Similar to the LCA for the SW05, the 
input and output data as provided by the ecoinvent-process steel, low- 
alloyed, at plant [22] were used for all steel elements. The electronic 
system is divided into cables, the inverter and a control unit. Different 
pre-existing ecoinvent-processes for electronic components were used 
for the control unit and cables. For the inverter the ecoinvent-process 
“inverter, 500 W, at plant.” was used [22]. 

Transport was assumed to be exclusively by lorry. The ecoinvent- 
process “lorry > 16 t, fleet average” [22] was therefore used for all 
transport routes. 

Impact assessment 
The impact categories GWP and energy demand are in focus of the 

present analysis. Therefore, cumulative energy demand and non- 
renewable energy demand were analyzed using openLCA. The non- 
renewable energy demand includes the use of fossil and nuclear en-
ergy as well as the use of primary forest. Energy payback times for both 
SWT were further calculated considering a 20-year lifetime. The chosen 
three sub-systems (turbine, electronic system and tower with foundation) 
were analyzed to identify the hot spots for GWP and CED. 

To evaluate whether technology shaping to reduce GWP or energy 
demand show negative effects on other environmental impact cate-
gories, the life cycle impact assessment (LCIA) was calculated using the 
18 impact categories according to ReCiPe midpoint (H) 2016 [23], as 
well as the CED and non-renewable energy demand. Selected examples 
of impact categories are shown in Table 2. These 18 categories, called 
midpoint indicators in the ReCiPe framework, are characterized as “low 
uncertainty and difficult to interpret” [23]. The results in the individual 
categories are further modified by the time frame for which an effect is 
assumed (e.g. global warming potential over 100 years – GWP100). Of 
the three available versions, the so called hierarchist perspective (H) is 
chosen since it “is based on scientific consensus with regard to the time 
frame and plausibility of impact mechanisms” [23]. According to the 
hierarchist perspective, the GWP values are calculated as GWP100 and 
thereby show the estimated GWP over a time period of a 100 years [23]. 

Regarding data actuality, a sensitivity analysis was conducted since 
some data used from the database ecoinvent 2.2. are older than 10 years. 
It has been analyzed how the GWP from electricity production mix as 
well as steel manufacturing has changed from 2006 to 2020 and how 
much these processes contribute to the total CED. 

Interpretation 
For interpretation six impact categories are chosen: CED, non- 

renewable energy demand as well as GWP are in the focus of the anal-
ysis. Further land use change, freshwater ecotoxicology and human 
carcinogenic toxicity [23] have been chosen since the results in these 
categories differ strongly to the results of the other three core impact 
categories. The GWP is compared to the current average GWP of the 
Austrian grid electricity and other renewable energy technologies as 
well as values for SWTs from literature and the Austrian label for 
renewable electricity “Grüner Strom” (green electricity). Further, it is 
analyzed which of the three sub-systems is the greatest contributor to 
GWP. The CED and measured production data are used to calculate the 

energy payback time according to equation (1). 

energypaybacktime =
Edemandtotal

Eannual
(1) 

With Edemand total being the overall energy demand and Eannual the 
average annual energy production of the SWT. 

Performance assessment 

Performance data are measured at two different sites characterized 
in Table 1. The Pig2F is installed at a suburban site (Groß-Enzersdorf) 
close to Vienna and data of power production and wind speeds were 
collected between July 2018 and June 2019. The average wind speed at 
the hub height of 6 m above ground was 3.6 m/s. The annual production 
of the Pig2F was 263 kWh. 

The SW05 is installed in Lichtenegg, a rural site with an average 
wind speed of 5.3 m/s at 12 m above ground (hub height). Wind and 
performance data have been collected by Technikum Vienna. In 2019 
the SW05 produced 6926 kWh electricity. 

Sensitivity analysis considering data actuality 

The values for the electricity consumption and production mixes in 
the used data base ecoinvent 2.2 date back to 2006. Within the last 15 
years energy production changed significantly. Therefore, a sensitivity 
analysis of three used processes for electricity mixes (Austrian grid 
electricity mix, Swiss electricity mix, Chinese electricity mix) on the LCA 
results is conducted. 

Sensitivity analysis and shaping possibilities in steel use 

The LCA results are also used to place them in the broader context of 
a technology assessment. [29] The impact of changes in steel con-
sumption for the SWT system, especially regarding the tower, on the 
environmental impacts of the assessed SWT are investigated, in order to 
find out whether improvements in shaping SWT technology are possible. 
The use of different types of steel was assessed to identify the possible 
changes in the overall environmental impacts. In a first step the GWP of 
steel production between the years 2000 and 2020 is analyzed and in a 
second step is compared to the GWP of secondary steel production. The 
impact of the overall environmental impact of the two small wind tur-
bines by using a different type of steel was assessed by different alter-
native scenarios related to the different manufacturing processes of the 
two turbines. The SW05 is produced in serial production. Instead of the 
EU steel mix, which is made from 63% primary and 37% secondary steel, 
only secondary steel is used. No more changes are made in the pro-
duction system. The sensitivity to the environmental impact categories 
land use, global warming, human carcinogenic toxicity and freshwater 
ecotoxicity are discussed. The Pig2F is a self-built turbine, so instead of 
new manufactured primary or secondary steel, also directly reused steel 
(e.g. reused steel pipes) can be used in the manufacturing process. 
Therefore, for the Pig2F the sensitivity of GWO to changing the used 
steel from EU steel mix to directly reused steel is assessed. 

Table 3 
Total energy demand and energy payback time of the two studied SWT systems 
calculated using the cumulative energy demand.   

SW05 Pig2F 

total energy demand (kWh) 37 474 2 483 
non-renewable energy demand (kWh) 35 518 2 137 
nominal capacity (kW) 5.00 0.40 
annual production (kWh) 6 926 263 
energy payback time (yr) 5.41 9.43  
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Results and discussion 

In this section, the results of the LCA and energy payback time cal-
culations and the results of the sensitivity analysis regarding the input 
data are presented. The impact categories GWP and CED are discussed in 
detail.. Furthermore, considerations on a better shaping of the tech-
nology due to changes in steel use are substantiated and design 

adaptations are discussed. In every section, the results of the present 
work are directly compared to further results from literature. In Table 2, 
the overall results of the six relevant LCIA categories for both SWTs are 
presented. 

Toxicology categories are calculated in hazard-weighted increase 
equivalent to the increase by 1 kg of 1,4-Dichlorobenzene (kg 1,4-DCB), 
global warming potential is calculated as equivalent to the warming by 

Fig. 4. Contribution to land use change and freshwater ecotoxicology over the whole lifecycle of SW05and Pig2F sub-systems.  

Fig. 5. LCIA results of SW05 tower production using secondary steel only compared to the use of EU consumption steel mix.  
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1 kg CO2 (kg CO2 eq.), land use as change in square meters and years of 
crop production equivalent (m2a crop eq) and energy demand categories 
in units of energy (kWh). 

Global warming potential 

Over their lifetime, The SW05 and the Pig2F turbines emit about 
8 577 kgCO2eq. and 494 kgCO2eq respectively. Fig. 3 shows the 
contribution to the GWP by sub-systems. In both cases tower and 
foundation are responsible for about half of the total emissions: 47% for 
the Pig2F and 55% for the SW05. Similar to the calculations for VAWTs 
[16], HAWT tower and foundation are the most relevant contributors to 
the overall GHG emissions. 

The emission intensities (GWPrel), which is the GWP per produced 
unit of energy, for the two analyzed turbines at their specific sites were 
calculated as described in equation (2). 

GWPrel =
GWPtotal

LT*Eannual
(2) 

The GWPtotal is the GWP of the total emissions of the turbine in the 
assumed lifetime (LT) in years, and Eannual is the annual production of 
the SWT. The SW05, installed on a rural site emits 62 gCO2/kWh. The 
Pig2F, installed on a suburban site exhibiting acceptable wind condi-
tions, emits 94 gCO2/kWh. 

Mendecka and Lombardi [13] recently published a review article on 
LCA of wind turbines. The overall median value of onshore wind tur-
bines was found to be 9.7 gCO2eq/kWh. A total of 14 SWTs with nominal 
capacity of under 20 kW were part of the review. In these cases, the 
authors describe GHG emissions between 43 and 560 gCO2eq/kWh. 
According to them, SWTs show a broad range of emission values mainly 
due to high variability in design, geometric description, and site selec-
tion. Nevertheless, even the lowest value for a SWT (43 gCO2eq/kWh) is 
roughly five times higher than the median for onshore wind turbines. 
The results of the present analysis fit in with these observations. The 
GWP of the Pig2F at the rural site fits the median, while the GWP of the 
SW05 at a rural site lies within the lower quartile of the review and 
thereby has less emissions than most of the assessed SWTs. When 
comparing to large wind turbines, it has to be taken into account that the 
power delivered by the wind to a turbine increases with the squared 
rotor radius and the third power of the wind speed, which again 
generally increases with tower height. 

In 2019 the Austrian production mix (high voltage) showed emis-
sions of 140 gCO2eq/kWh [30]. Thus, both SWTs meet the goal of 
reducing the emission of the current consumption mix of electricity 
production. However, both analyzed SWTs, as well as all analyses on 
SWTs found in literature, are not able to meet the threshold of 16 
gCO2eq/kWh of the Austrian label for renewable electricity production 
“Grüner Strom” (lit. “green electricity”). For example all 14 SWTs ana-
lysed in [13] are in a range of 43–560 gCO2eq/kWh. For comparison, the 
same source gives a median value for (large) onshore wind turbines of 
10 gCO2eq/kWh. 

Annual power production has a significant effect on the calculation 
of the GWP of power production. Since wind speed is the most important 
factor in power production of a wind turbine (P = 1

2 ρv3A[W] [32]), it is a 
crucial parameter when calculating GWP related to power production. 
Hence, the presented values for GWP heavily depend on site-specific 
parameters and are therefore not directly comparable. The great influ-
ence of the average wind speed is also shown in an SWT LCA study 
considering four different impact categories including GWP [14]. 

A further publication assessed a 6 kW wind turbine, which showed a 
GWP of 48 gCO2eq/kWh, close to the lowest value reported for SWTs 
[33]. Wind speeds were assumed to be 5 m/s in average resulting in a 
capacity factor of 14.8%. This assumption as well as the system 
boundaries are comparable to the present analysis of the SW05. The 
higher emissions of the SW05 are caused by transportation due to being 

manufactured in China. 
A further LCA study assessed a 500 W HAWT installed on rooftops in 

Thailand [34]. A GWP of 90 gCO2eq/kWh was calculated and even 
though the authors assumed significantly higher wind speeds, the result 
is close to the Pig2F in this analysis. 

A further LCA on a Piggott turbine calculated 54–140 gCO2eq/kWh 
considering different ways of maintenance [35]. Even though the final 
values correspond to the present analysis, the contributions of the sub- 
systems differ. This is mainly due to different system boundaries: 
While in the present study the electronic system is integrated in the 
analysis, Troullaki [35] did not integrate the electronic system, but in-
tegrated intensive maintenance procedures, which are neglected in the 
present study. 

Energy demand and payback times 

Since the power of the analysed SWTs differs by approximately one 
order of magnitude, the results for the CED also differ considerably. The 
SW05 system showed an overall energy demand of 37 474 kWh, of 
which 95% originates from non-renewable energy sources. The Pig2F 
system showed a total energy demand of 2 483 kWh, of which 
2 137 kWh (86%) are non-renewable. These results as well as the 
nominal capacity and the annual production of the turbines are pre-
sented in Table 3. 

Installed at Lichtenegg (rural site), the SW05 system shows an energy 
payback time of 5.41 years, while the Pig2F installed at Groß Enzersdorf 
(suburban site) has an energy payback time of 9.43 years. This again 
demonstrates the great impact of the specific location and thereby the 
dependency on the average wind speed. Nevertheless, both systems pay 
back within lifetime, even though the payback times are much higher 
than for large wind turbines which achieve payback times of less than a 
year [7]. 

Land use and freshwater ecotoxicology 

The results of the impact categories land use and freshwater eco-
toxicology differ considerably from the results from GWP and CED 
regarding the contributions of the three sub-systems, turbine, electronic 
system and tower with foundation. The results of the impact category land 
use in “occupation and time-integrated transformation” [23] is quanti-
fied as equivalent to the use as crop land (m2a crop eq). Thus, the impact 
category “land use (change)” quantifies the amount of land not available 
for crop farming due to effects of the analysed system, e.g., through soil 
sealing or mining activities. Both turbines cause land use change of a 
similar magnitude: 166 m2a crop eq for the SW 05 turbine and 104 m2a 
crop eq for the Pig2F. While the contributions of SW05 sub-systems are 
comparable to the GWP contributions, the results of the Pig2F differ 
strongly. About 94% of land use are caused by manufacturing of the 
turbine. This is related to the use of plywood for manufacturing the 
blades. 

For the impact category freshwater ecotoxicology in “hazard- 
weighted increase in fresh waters” an equivalent to 1 kg of 1,4-Dichloro-
benzene (kg 1,4-DCB) [23] is used. The contributions of the three sub- 
systems differ heavily between the two turbines. Considering the 
SW05, the electronic system contributes 79% of a total of 1497 kg 1,4- 
DCB, while in the Pig2F 93% of the total 630 kg 1,4-DCB are related to 
the turbine. In both cases, the main contributor in the sub-processes is 
copper. In both turbines, copper coils are used in the generator. The high 
contribution of the electrical and electronic system to freshwater eco-
toxicity of the SW05 can be explained by the longer and thicker copper 
cables used to connect the turbine to the electrical system. Fig. 4 gives a 
graphical representation of the results. 

Sensitivity analysis considering data actuality 

The GWP of the Austrian grid electricity consumption mix in 
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ecoinvent 2.2 is 402 gCO2eq/kWh and was last updated in 2004. In 2019 
the GWP of the Austrian electricity consumption mix is 258 gCO2eq/ 
kWh [36], whereby it needs to be taken into account that the calculation 
method is slightly different than in ecoinvent. For all manufacturing 
processes conducted in Austria, in the present LCA study the impact 
values provided by the ecoinvent process electricity mix AT are used. Its 
contribution to the CED of the Pig2F is 0.38% and 0.02% for the SW05. 
Therefore, even though the value changed considerably, the contribu-
tion of the process to the overall result is small enough to neglect the 
differences. 

The Swiss electricity mix has some relevance for the LCA results since 
some of the used sub-processes of the ecoinvent database are based on 
Swiss data, resulting in a fraction of the total CED of 0.28% for the Pig2F 
and 1.15% for the SW05 respectively. The Swiss consumer electricity 
mix changed from 106 gCO2/kWh to 128 gCO2/kWh from 2004 to 2018 
[37,38]. It has to be considered, that the Swiss emission intensity is 
largely dependent on the amount of imported energy and thus varies 
significantly between single years. Regarding the SW05, 1.51% relate to 
the Chinese electricity mix, due to mining and material production in 
China. Here, the emission intensity decreased by 37% from 2004 to 2019 
[39]. 

Still, the impact of the electricity mixes is comparatively small, so 
that the deviation in GWP from the values used in this analysis compared 
to the current state of art is accepted. Especially for the Pig2F the total 
change of GHG emissions per kWh is only − 0.08%, for the SW05 it is 
− 0.32%. A general conclusion from this analysis is, that for the Pig2F 
even a switch to a full renewable energy mix for input materials would 
reduce total emissions only by approximately 0.5%, while for the SW05 
a reduction in the range of 2.5% would be conceivable. 

The values related to the steel manufacturing did not change 
significantly since 2006. Energy efficiency in steel production strongly 
improved before 2000, but nearly no change occurred between 2000 
and 2020 [40]. The share of secondary steel in global steel production is 
currently 42% [41], which represents a small increase compared to the 
data of ecoinvent 2.2. (37%). The use of a more current database would 
therefore lead to a slightly lower and more accurate result in GWP of the 
two SWTs, but no relevant difference can be expected. 

Sensitivity analysis considering lifetime and site conditions 

Since lifetime of a system and the annual production are the most 
influential input parameters for a LCA of an energy conversion tech-
nology, a simple estimation of the impact of these parameters was done. 
For the SW05 the manufacturer describes in the technical datasheet an 
annual production of up to 10000 kWh [42], corresponding to 2000 full 
load hours per year. At the test site, an annual production of 6926 kWh 
was measured, so a maximum possible increase at optimum conditions 
to 144% annual production can be assumed. For the Pig2F no manu-
facturer information is available. However, the generator is specified for 
400 W capacity, which results in a maximum annual production of 
1000 kWh if equally 2000 full load hours are assumed. Thus, an increase 
to 304% production can be assumed for this estimation. Further, an 
increase of the assumed lifetime to 25 years is within technically feasible 
range for both systems, given sufficient maintenance. 

From these factors a new, minimum value for the GHG emission 
intensity can be calculated, using the inverse product of the relative 
increase factors For the SW05 the emission intensity is approximately 
halved (34.3 gCO2eq/kWh). For the Pig2F this results in 24.7 gCO2eq/ 
kWh, close to the Austrian reference value for green electricity of 16 g/ 
kWh [31]. It has to be considered, that the assumptions for these esti-
mations represent the maximum conceivable results and are highly 
unlikely to be achieved under practical conditions. 

Technology shaping considering the use of steel 

The results of the impact category GWP showed that the sub-system 

tower with foundation is responsible for about half of the total emissions 
for both SWTs. Therefore, the potential for an alternative shaping of the 
SWT technology at least concerning the steel material used for the tower 
manufacturing is scrutinized. Steel is the main material used for 
manufacturing the tower. Hence, the steel type was changed in an 
alternative scenario, which also influences environmental impacts 
stemming from steel production. For the SW05, instead of the EU steel 
mix from 2006 as used in ecoinvent 2.2., which is made from 63% pri-
mary and 37% secondary steel, only secondary steel is used. Secondary 
steel needs about 56% of the energy demand needed to produce primary 
steel [43]. Fig. 5 shows the results for the study’s impact categories in 
percent, comparing the EU mix scenario with the alternative secondary 
steel only scenario for the sub-system tower with foundation. For the 
tower of the SW05, in 17 out of 18 impact categories the exclusive use of 
secondary steel shows a significant improvement of 34% in GWP (from 
2993 to 1986 gCO2eq), 26% inland use (from 46 to 34 m2a crop eq) and 
14% in freshwater ecotoxicity (from 142 to 122 kg 1,4-DCB). An over-
view of all impact categories is included in the Appendix. Only the 
impact category human carcinogenic toxicity shows a reverse effect: The 
use of only secondary steel would increase the impact by 35% (from 
1153 to 1770 kg 1,4-DCB), which can be explained by the 
manufacturing processes of secondary steel, emitting more carcinogenic 
substances than the production of primary steel. This result demon-
strates that the type of steel used in the manufacturing of SWTs has a 
strong effect on all impact categories for the sub-process tower with 
foundation. 

Regarding the Pig2F SWT system, it is possible to use re-used steel 
instead of newly produced steel, because it is made from commonly used 
steel pipes. Re-used steel does not go through a special treatment pro-
cess, while secondary steel is made from scrap iron, which has to be 
molten and treated before further use. Since not only the tower can be 
made from re-used steel pipes, but also components of the turbine, the 
contribution to the GWP of all steel components is calculated. In 
total 59% of the total GWP of 292 kgCO2eq is related to the 
manufacturing of steel elements: 45% relate to the tower with founda-
tion, 5% to steel elements in the generator and 9% are related to 
manufacturing of steel elements used in the nacelle. By only using re- 
used steel the GWP could be reduced even further than by using only 
secondary steel. Regarding the impact category energy demand, the 
results are comparable. The use of re-used steel has great potential to 
reduce the GWP as well as the CED and energy payback of the Pig2F. 
Assessing the actual reduction would require to include the previous 
(unknown) use of the re-used steel and accounting for it accordingly. 
The potential of using re-used materials instead of newly manufactured 
materials in SWTs is also proposed by Uddin and Kumar [34]. 

A current LCA study on VAWTs also identified steel and concrete to 
be the materials with the highest impact in terms of GHG emissions [14]. 
Due to this high contribution of steel, the question arises whether other 
materials with lower environmental impacts could be used for the tower. 
One alternative are wooden towers, which already exist on the market. 
Further research is necessary considering the use and the impact of other 
tower materials. 

Conclusion 

At sites with acceptable wind conditions the two analysed SWTs, a 
Schachner SW05 at a rural site and a Piggot 2F at a sub-urban site, are 
able to meet their intended goal of producing more energy than they 
consume. The GWP was lower than the current GWP of the Austrian grid 
electricity production mix. While the Austrian grid shows a GWP of 
0.256 g/kWh, the Pig2F has a GWP of 0.094 g/kWh, the SW05 a GWP of 
0.062 g/kWh. However, this will not hold in a future perspective, when 
the decarbonisation of the energy system makes significant progress. 
Energy payback times are much higher compared to other renewable 
energy sources, even at sites with good wind conditions. For the 
renewable energy certification “Grüner Strom” for example, a GWP of 
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0.016 g/kWh is needed – nine times less than Pig2F and six times less 
than SW05. Sensitivity analysis shows, that only under ideal conditions, 
which are unlikely to be practically attained, results close to this value 
could be achieved. Therefore, an improved shaping of SWT technology 
is mandatory. 

In the contribution analysis, steel use could be identified as major 
contributor to the overall GWP – 59% of all GHG emissions can be 
attributed to steel production for the Pig2F turbine. The sub-system 
tower with foundation is identified to be a hot spot in CED and GWP for 
both investigated SWTs. The use of only secondary steel instead of the 
European steel mix for producing the SW05 tower, could reduce the 
impact of 17 out of 18 impact categories. The GWP in particular could be 
reduced by 34%, from 2993 to 1986 kgCO2eq. Energy payback time as 
well as GWP of the Pig2F turbine could even be reduced further by using 
re-used steel. Nevertheless, even so the change in steel can reduce the 
emissions up to 60%, they would still be higher than needed for 
renewable energy certification. The use of wooden towers can be ex-
pected to result in further reductions. 

SWTs are able to reduce the environmental impact of electricity 
production. Only changing the material will not reduce the emissions 
enough to meet the renewable energy certification values, it needs the 
right combination of a good site, low impact materials and a reliable 
construction is chosen. The present analysis showed that there are 
shaping possibilities for improving the environmental impact of SWTs. 
Changing the materials used in construction, especially considering the 
tower would greatly reduce the potential environmental impacts. 
Additional research regarding different tower materials would therefore 
be needed to further investigate this potential. 
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