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Abstract: Are small-scale wind turbines green? In this study, we perform a ‘cradle to grave’ life cycle
assessment of a novel domestic-scale 10 kW vertical axis wind turbine tree which uses combined
Savonius and H-Darrieus blades. Situated at a test site in Surat Thani, Thailand, SimaPro software
was used to evaluate the environmental impact profile of the tree. Comparisons to the Thai grid
mix were made, using both with and without end-of-life treatments. Impact profiles were calculated
using wind data collected over two years at Surat Thani, and from wind data from a higher capacity
factor (CF) site at Chiang Mai, Thailand. Energy and greenhouse gas payback times were estimated
for both locations. The relative magnitudes of impacts were compared with environmental prices
protocol, and we investigated reductions in impacts using three mitigative scenarios: changes to
design, transportation and materials. The results showed that Chiang Mai had a CF = 7.58% and
Surat Thani had a CF = 1.68%. A total of 9 out of 11 impacts were less than the grid values at Chiang
Mai, but at Surat Thani, 9 of 11 impacts were more than the grid values. End-of-life treatments
reduced impacts by an average of 11%. The tower and generator were majority contributors to
impacts (average 69%). Greenhouse gas and energy payback times were 28.61 and 54.77 years, and
6.50 and 12.50 years for Surat Thani and Chiang Mai, respectively, with only the Chiang Mai times
being less than the turbine’s estimated lifetime. Location changes mitigated impacts most, followed
by design, transportation, and then materials. We make recommendations to further improve the
environmental impact profile of this turbine tree.

Keywords: life cycle assessment; vertical axis wind turbine; turbine tree; environmental impacts;
environmental prices; renewable energy; SimaPro; energy payback time; greenhouse gas payback time

1. Introduction

‘Green’ is a term associated with the reduction of the environmental impacts of tech-
nologies and products. Products involving renewable energy are often unquestioningly
deemed green and are marketed as such. When measuring the greenness of a product
though, a level of focus not only on the finished item is needed, because products are more
correctly defined in a broader sense. A product is, in reality, the sum of all the stages of
its life, including design, materials acquisition, manufacture, transportation, operation,
and end-of-life treatment. Therefore, products may be more comprehensively tested for
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environmental impacts via a life cycle assessment (LCA). Indeed, there may be aspects of a
product’s life cycle that make it less meritorious of a ‘green’ moniker.

LCA is a general methodology that assesses the environmental impacts at all stages
of products, processes, or services. Glassbrook et al., Martínez et al., and Wang and Teah
are examples of studies in which LCAs have been used to assess environmental impacts,
energy payback times and cumulative energy requirements of wind turbines [1–3].

Rising electrical demand, fossil fuel use and greenhouse gas concerns have led to
burgeoning use of wind resources. The total global capacity of wind installations increased
from 24 GW in 2001 to 591 GW in 2018, a rise of 2363% [4]. Wind energy has been regarded
as having more potential than any of the other renewable energy technologies [5].

In Thailand, where our research was carried out, the cumulative wind energy capacity
reached 648 MW at the end of 2018 [6], and the Thai government’s aim is to generate
3000 MW by 2036 [7].

When LCAs have been used to compare wind with other ‘renewable’ power generation
methods, mixed results have been found. The global warming potential (GWP) for wind
energy in Ontario, Canada was found to be intermediate between hydro- and nuclear
power [8]. Wang et al. [9] analyzed the environmental impact of hydroelectricity, wind,
and nuclear power in China. Wind energy’s harmful ecological effects were found most
significant, followed by nuclear and hydroelectricity. Asdrubali et al. [10] reviewed 100 case
studies concerning renewable energy and identified wind energy as being often lowest in
environmental impacts.

Wind turbines can be classified according to their scale: large-scale (surpassing 1000 kW),
medium-scale (100 kW to 1000 kW), commercial-scale (16 kW to 100 kW), domestic-scale (1.4 kW
to 16 kW), mini-scale (0.25 kW to 1.4 kW), and microscale (0.004 kW to 0.25 kW) [11]. Our
LCA in this paper concerns a small prototype vertical axis wind turbine (VAWT) tree which
is domestic-scale, rated at 10 kW (see Figure 1).
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LCAs of small-scale wind turbines have been hitherto few, with mixed results. A 600 W
horizontal wind axis turbine (HAWT) assessed in Taiwan had generally unfavorable LCA
results [3]. Kouloumpis et al. [12] analyzed the performance and impacts of a 5 kW VAWT
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in Poland with varied results. More favorable results were found when Lombardi et al. [5]
performed LCAs of small-scale VAWTs in Italy. At a time when small-scale VAWT and
HAWT technology is developing rapidly, the environmental impact of these turbines needs
to be accurately assessed [3].

In Thailand, with low-to-moderate average wind velocities [13], LCAs for smaller
scale turbines are rare. Uddin and Kumar [14] compared the impacts of 300 W VAWTs and
500 W HAWTs. Glassbrook et al. [1] assessed potential economic feasibility and life cycle
impacts for Thai 400–20,000 W turbines.

Our research here involves an LCA of a domestic-scale VAWT tree, designed and
manufactured by the engineering department at Songkla University, Thailand. The over-
arching design objective of this tree was to devise a VAWT that could be economically
feasible in low-wind, space-limited (urban) situations. This design objective resulted in
the following physical attributes, which have implications for an environmental impact
assessment (see Table 1 below):

Table 1. VAWT tree design attributes and potential LCA effect.

Design Attribute Possible Impact on LCA

The design was small-scale (domestic) to fit into a
space-limited niche.

With decreasing scale of wind turbines and correspondingly
lower outputs, it is to be expected that when environmental
impacts are expressed in proportion to kWhr, LCA outcomes
become less favorable. This has been reported by Uddin and
Kumar [14], who found impacts in inverse proportion to
capacity factor. Yildiz [15], for example, also noted the inverse
relationship between turbine size and energy payback time.

This design was a vertical axis wind turbine to utilize
fluctuating wind speed and directions in space-limited settings
(vertical axis designs typically require less space than
horizontal designs) [16].

VAWTs are less efficient than HAWTs due to additional drag
created as blades rotate into the prevailing wind [17]. The lower
energy output profile, as noted above, means environmental
impacts per unit of energy produced may be relatively higher in
an LCA analysis.

Since Savonius blades offer lower cut-in speeds but lower
efficiency than Darrieus blades [18], our turbine tree was
designed with combined Savonius-Darrieus turbines
(see [19,20]), a design which allows the tree to be used in lower
wind situations than Darrieus blades alone, but with higher
efficiency than using Savonius blades alone. Additionally, since
urban conditions often present complex vortex conditions with
varying wind velocity, multiple or stacked turbines can act as
out-of-phase generators that reduce moment fluctuations in
power [21]. For this reason, a turbine tree of 33 paired turbines
was implemented.

A turbine tree design, with its repeated use of materials for
blades, rotors and generators, may have higher environmental
impacts than single turbine designs.

Plastic was used in the design instead of rubber or steel for
turbine blades as it was found to have higher
performance efficiency [22].

The choice of plastic, rather than a more ‘environmentally
friendly’ material, may result in higher LCA impacts.

The research aims of this study are unique in four ways. First, our research concerns
a newly designed VAWT tree, designed for economic feasibility rather than being solely
aesthetically pleasing (an economic feasibility study using this design was carried out
by Ngoc et al. [23]). Second, few previous LCAs have focused on domestic-scale VAWTs.
Third, since LCA research regarding wind turbine feasibility is scarce in Thailand and in
most of Southeast Asia, our research augments the LCA literature for this region. Finally,
our LCA uses environmental prices [24] to compare impacts with grid values, hitherto
rarely carried out for wind systems.
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2. Materials and Methods

An LCA may be conducted in four phases [25]:

1. Determination of goals and scope (see Section 2.1 below);
2. Inventory analysis (see Section 2.2 below);
3. Impact assessment throughout the life cycle (see Section 2.3 in Sections 2 and 3);
4. Life cycle interpretation (see Sections 4 and 5).

2.1. Goals and Scope
2.1.1. Goals

Our goals centered on these questions which guided research:

1. How do environmental impacts of the VAWT tree at the lower-wind-speed location of
Surat Thani and the higher-wind-speed location of Chiang Mai compare with impacts
from the Thai grid mix when assessed with and without an end-of-life option?

2. Which component materials of the VAWT tree contribute most to impacts?
3. What are the energy and greenhouse gas (GHG) payback times at the lower-wind-

speed location and the higher-wind-speed location?
4. If the impacts of the VAWT tree are compared with each other using a common basis

of comparison, which impacts are most significant?
5. To mitigate important impacts, which change in life cycle aspect would reduce impacts

most: transportation, design, or materials? How do these life cycle changes compare
with alterations to impacts which result from location change?

2.1.2. Scope

This LCA was ‘cradle to grave’, using SimaPro 9.3.0.3. software [26].
For the two locations considered, we examined all life cycle stages: raw material

acquisition, manufacturing, and transportation of the VAWT components (foundation,
tower, generator, inverter, and cabling), installation, operation and maintenance, and end-
of-life treatment (see Figure 2 for LCA delineation). The electricity generated enters the
local grid (under EGAT—Electricity Generating Authority of Thailand).
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2.2. Life Cycle Inventory

The tree consists of thirty-three paired turbines (each pair with a nominal power of
320 W, combining 3 Savonius and 3 Darrieus blades, stacked vertically (see Figure 3)).
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The dual blade arrangement was designed for low wind sites, having a low cut-in
speed (2 m/s). For operational and dimensional details, see Table A1, Appendix A.

System components—material and process inputs for manufacturing and transportation—
were matched with relevant background datasets available in Ecoinvent 3 within SimaPro [26].

2.2.1. Raw Material Acquisition and Manufacturing

The VAWT has six material components: the rotor, generator, inverter, cable and
controller, tower, and foundation, (see Figure 3). The rotor consists of the blades on the
axle. Table A2, Appendix A provides Ecoinvent rotor constituent details. The generator is
a synchronous motor with a neodymium magnet (NdFeB). See Table A3 in Appendix A
for Ecoinvent inputs. The electrical grid connection comprises an inverter, controller and
cables (see Table A6, Appendix A). Composition and proportions for the 5 kW inverter
(Shenzhen (China) INVT Electric, Shenzhen, China) were estimated from their website
(INVT, 2019) [27]. The tower consists of three 12 m steel H-beam columns reinforced by
steel cross struts, supporting four levels of twelve arms hanging 33 turbines. See Table A4
in Appendix A for Ecoinvent inputs. The tree is embedded into a concrete foundation.
The foundation contains nine rebar reinforced concrete columns (1.21 × 0.3 × 0.3 m each)
and these have thirty-six 0.4 m rebar elements inserted at the top. The equilateral base
is rebar-reinforced concrete (sides 6.65 m, 0.15 m thick). See Table A5 in Appendix A for
Ecoinvent inputs.

2.2.2. Operation and Maintenance

The turbine does not require any maintenance, lubrication, materials, or energy inputs
during its life after commencing operation.

2.2.3. Transport

Transportation was within Thailand (excepting the inverter, which was from China),
and included raw material and component delivery and end-of-life disposal. Ecoinvent
inputs determined impacts from transport, including fuel extraction, production and use.
For calculations, the unit ton-kilometer (tkm) was used. Ecoinvent component details
and transportation distances are provided in Table A7 (Appendix A). For Surat Thani, the
inverter was assumed to be transported 3015 km by ship from Guangdong to Songkhla
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Port, then 360 km to the site by commercial vehicle. Concrete was assumed to be produced
in Surat Thani and shipped 80 km by cement mixer truck. For Chiang Mai, the inverter
was assumed to be transported 3500 km by ship from Guangdong to Bangkok Port, then
686 km to the site by commercial vehicle. Concrete was assumed to be produced in Chiang
Mai and shipped 80 km by cement mixer truck.

2.2.4. Disposal and Recycling

The VAWT was still in operation during this research, so end-of-life forecasting is
uncertain. We considered two end-of-life Scenarios for both locations, Surat Thani and
Chiang Mai: ‘A’ (do nothing—our ‘base case’) and ‘B’ (reuse, recycle and dispose). For
A, the VAWT would be left ‘as is’. In B, the foundation would remain in the ground. The
permanent magnets are reused [14] since recycling processing is rare [12]. Only glass-fibre-
reinforced plastic and paint were assumed 100% disposed of [5]. Other materials were
assumed partly disposed of, partly recycled. Aluminum, steel and iron, and copper were
considered recyclable at 90% and 95%. Materials and treatments in Scenario B are given in
Table A8 (Appendix A).

2.2.5. Turbine Performance and Wind Speed

To compare with other wind turbines, impacts were expressed relative to performance
(i.e., power generated) in SimaPro [26], and expressed per kWh. Energy and greenhouse
gas payback times are thus functions of local annual wind speed. Power and wind speeds
were handled as follows.

Lifetime power generated from the VAWT system was calculated as in [12]:

POut = 8760 · CF · PRp · T, (1)

with POut the output power (kWh), and PRp the rated power (kW), CF the capacity factor,
and T the system lifetime (years). With output power in kWh and lifetime T in years, the
constant 8760 h/year was used.

Although uncertain, we conservatively assume the VAWT will have a 20-year mini-
mum lifetime, based on consideration of components. This value has been used in similar
studies [5,28], facilitating comparison of results.

The capacity factor is defined as the actual electricity generated by the wind turbine
divided by the theoretical maximum amount that can be generated nominally. For our
VAWT, based on Equation (1), POut was 87,600 kWh yearly (PRp being 10 kW).

Data was collected for the VAWT at Surat Thani for two years (May 2019–April 2021).
Monthly electricity generated and average wind speeds were sourced from Ngoc et al. [23].

The above considerations yield power output and capacity factors for Surat Thani and
Chang Mai as follows (Table 2):

Table 2. Average annual wind speed and capacity factors for Surat Thani and Chiang Mai.

Location Average Annual Wind Speed Reference Capacity Factor (CF)

Surat Thani 2.58 m/s Ngoc et al. [23] 1.65%
Chiang Mai 4.8 m/s Chaichana and Chaitep [29] 7.58%

2.2.6. Thailand Electrical Grid Mix

We compared impacts from our VAWT with the existing Thailand electrical low-
voltage grid (2018 data from SimaPro [26]). The Thai mix sources in 2018 are shown in
Figure 4. The large dependency on non-renewable fossil fuels makes sourcing renewable
energy desirable in Thailand.
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2.3. Life Cycle Impact Assessment (LCIA) Methods

We performed four major analyses for our LCIA, all via SimaPro [26], as listed in Table 3:

Table 3. LCIA Analyses.

Analysis Goals Section

Comparison of Scenarios A, B and grid mix (using CML-IA) 1, 2 Section 2.3.1
Energy/GHG payback time (CML-IA) (using Equations (2) and (3) below) 3 Section 2.3.2

Environmental price impacts (using IPCC and ReCIPe 2008, [26] 4 Section 2.3.3.1
Mitigative strategies for impacts of concern (CML-IA) 5 Section 2.3.3.2

2.3.1. CML-IA Baseline 2000 V3.05 Method

We used the CML-IA baseline 2000 V3.05 method when comparing Scenarios A and B
for both Surat Thani and Chiang Mai against the Thai grid. Widely used and with clear
interpretation, the equal weighting of 11 impact categories also facilitates comparison [12].
CML-IA baseline results are focused on midpoint (unitary environmental problem) indica-
tors [26], and as such, clarity in terms of their cumulative contributions to aggregate impacts
(endpoint indicators) is limited [31]. For this reason, we also evaluated impacts using the
environmental prices method (see Section 2.3.3.1), which has a common (monetary) impact
assessment, facilitating between-category and aggregate category comparison.

2.3.2. Cumulative Energy Demand (CED): Energy, GHG Payback Times and
Component Contribution

Two insightful measures add understanding to LCA impacts. One measure, the energy
payback time (EP), compares impacts with the time it takes to generate the same electricity
as it took to fabricate, transport, and install the VAWT (see Equation (2) below) [28]. Second,
after commencing operation, the VAWT ‘replaces’ grid mix electricity (significantly fossil
fuel-based), and the amount of time it takes to replace GHGs produced by fabricating, trans-
porting, and installing is the greenhouse gas payback time, GHGP (Equation (3) below) [3].
To calculate GHGP, we used total greenhouse gas emissions as calculated in SimaPro [26]
for all life stage components (GHGk, in Equation (3)) divided by annual emissions, con-
verting turbine energy output to emissions with conversion factor 0.483 kgCO2eq/kWh
for Thailand [32].

From Wang and Teah [3]:

EP = ∑n
k=1

Ek
Eannual

, (2)
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GHGP = ∑n
k=1

GHGk
0.483 Eannual

, (3)

EK is the energy consumed during the VAWT’s life cycle. Eannual indicates the annual
electricity produced by the VAWT.

Using the CED 1.11 method in SimaPro [26], we obtained results for energy payback
time, and used CML-IA baseline 2000 V3.05 results to calculate GHGP. Finally, to examine
how payback times might be affected by the use of our prototype in locations with higher
wind capacity, we also used a CF = 7.58% (corresponding to average wind speed = 4.8 m/s)
at Chiang Mai [23]. Additionally, when implementing CED, we assessed the proportion
of six energy sources (non-renewable fossil, nuclear and biomass, and renewable biomass,
water and wind/solar/geothermal) used in the five material components.

The above two analyses allow us to understand impacts with respect to component
contributions in life stages with and without end-of-life recycling, and with respect to the
Thai grid mix.

2.3.3. Comparative Analyses

In this section, we perform two further comparative analyses. First, we make a life
cycle assessment considering the relative severity of impacts, using a common basis of
comparison (See Section 2.3.3.1 below). Second, we consider four impacts that might be of
most concern to modern society and investigate three mitigative scenarios regarding those
impacts (See Section 2.3.3.2 below).

2.3.3.1. Environmental Prices of Impacts

In CML-IA, impact results have different, category-specific units, occluding compari-
son between different impact categories. An in-common means of comparison between
different categories is important when prioritizing alterations to aspects of life cycles that
will be most effective in reducing overall impacts. In 2018, Bruyn et al. [24] developed a
protocol using shadow prices for monetization of environmental impacts arising in LCAs.
The method assesses economic welfare lost when impacts occur, estimating mitigation
costs (using midpoint values). We used our Scenario A with environmental prices (based
on ReCiPe [33] and IPCC [34] protocol) in SimaPro [26], which expresses prices in USD (the
in-common basis of comparison).

Interpretations using environmental prices require caution. First, derivations from
shadow prices are necessarily estimates only. Second, Bruyn et al. [24] have hitherto only
published data for prices per impact unit in 2015, so estimates after this date are likely too
conservative. Third, since prices are derived from European estimates, application to other
regions entails further estimation due to differences in income levels and costs of living.

Addressing this last issue, we used a unit transfer, with income adjustment as per
Navrud [35] in Equation (4):

UPTHL = UPEU

(
GDPTHL
GDPEU

)ε

, (4)

UPTHL is the unit environmental price in Thailand; UPEU is the unit environmental
price in Europe. Europe, ε, is the income elasticity. GDPTHL and GDPEU , the GDP values
for Thailand and Europe, were as assigned in Table 4.

Table 4. GDP per capita (2015, USD) used to estimate environmental prices.

Country GDP (per Capita) Source

Europe 25,920 Ghani et al. [36]
Thailand 5840 Macrotrends [37]
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2.3.3.2. Comparative Analysis of Three Scenarios on Four Impact Areas

Of the eleven impact categories in CML-IA, among the top globally important impacts
of concern today are global warming, ozone depletion, abiotic (resource) depletion, and
human toxicity. Considering the likelihood that environmental impacts per kWh were
likely to be greater for the low-wind (Surat Thani) location, we sought to assess how these
four impacts might be mitigated by changes to life cycle elements. We investigated three
different alterations to our Scenario A for this location in SimaPro [26], analyzing with the
CML-IA method.

Tremeac and Meunier [28] varied the distance and type of transportation in an LCA
for two wind turbines, and found that these could significantly lower impacts in relation
to their reference case. In Scenario 1, we imagined changing the main method of transport
from ‘Light Commercial Vehicle’ (i.e., by road) to train.

We reasoned, due to construction constraints, that substituting materials for the tower,
foundation, and generator would be difficult, but substituting turbine blade material might
be possible. Uddin and Kumar [14] found LCA impact reductions when varying materials
in turbine construction. Yildiz [15] reported that the choice of steel has been found to
have a lower environmental impact than other materials in wind turbine installations. In
Scenario 2, we investigated changing blade material from glass-fibre-reinforced plastic to
stainless sheet steel.

In a life cycle assessment of onshore wind turbine towers by Gkantou, Rebelo and
Baniotopoulos [38] involving four- and six-leg hybrid towers, the former was found to
result in less environmental impact than the latter. We imagined a design amendment in
our VAWT configuration that might accomplish a similar reduction without compromising
power output. Although our turbine uses three arms separated by 120 degrees, this
configuration may not be optimal when prevailing winds are parallel to one arm. In a case
where wind enters an “open V” of two of our wind tree arms, the third arm is mostly in an
inefficient wind shadow area [23]. In Surat Thani, where wind speeds are often only slightly
greater than the turbine cut-in speed, turbines in a shadow area will contribute minimally
to the tree’s output. We imagined an altered design where the tree always has an open
‘V’ optimally facing the wind (i.e., is rotatable). In our Scenario 3, the third (wind shadow)
arm of the wind tree was eliminated. We can then lower materials used by one third. In
this scenario the tree has 22 turbines, keeping the same foundation and infrastructure as
necessary to support the 22 turbines. Thus, material weights entered into SimaPro [26] were
reduced by a third for the rotor, generator, cable, and tower components. In this scenario
we kept the same energy output, assuming the contribution from the 11 eliminated turbines
in wind shadow was negligible.

A summary of the specific alterations made in each Scenario above is provided below
in Table 5.

Table 5. Changes to CML inputs for Scenarios 1 to 3.

Input/Component Changed Value in S.T. Base Case Scenario Value in New Scenario; Scenario Number

Transportation method Light commercial vehicle Train; Scenario 1

Material: Turbine blades Glass fibre-reinforced plastic Stainless sheet steel; Scenario 2

Design (a) rotor number 33 22; Scenario 3
(b) tower weight (kg) 2894.43 2664.012; Scenario 3

After examining the effect of these alterations on impacts over the Surat Thani base
case, we then compared their magnitude to the impact changes produced when switching
the location of the VAWT tree from Surat Thani to Chiang Mai (see Sections 2.1 and 2.3.1),
under Scenario A and with no other change in Scenario.

Finally, to contextualize improvements produced under Scenarios 1 to 3, we compared
the eleven new CML-IA numerical impact values of the three Scenarios to the Thai low-
voltage grid mix and to our base case Scenario A in Surat Thani. We inspected data for
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any of the eleven impacts which reduced in value to below those of the base case or
Thai grid values.

Since power output is directly related to capacity factor (Equation (1)), and with
SimaPro [26] impacts expressed per kWh, we have:

Ia

Ib
=

CFb
CFa

, (5)

where Ia, Ib are impacts for CFa, CFb.
Using this relation, we calculated hypothetical CFs that would be necessary for turbine

impacts to equal grid impacts.

3. Results
3.1. CML Base Case Analysis
3.1.1. CML Impacts per kWh for Scenarios A and B and Thailand Energy Mix

Table 6 presents the impact results from SimaPro [26] for each scenario and the Thai-
land grid mix for comparison. Two general trends are clear. First, Scenario A had higher
impacts in all categories than Scenario B, for both locations. An end-of-life scenario, when
included, lowered impacts by an average of about 11% overall for both locations (11.40%
and 10.97% for Surat Thani and Chiang Mai, respectively). Second, despite the Thai grid
being largely sourced from fossil fuels (Figure 4), both Scenarios A and B for the prototype
VAWT at the low-wind-speed location of Surat Thani had impacts that were usually greater
than the Thailand grid impacts (9 out of 11 impacts), although, more encouragingly, both
Scenarios A and B at Chiang Mai with a higher wind speed had impacts that were usually
less than the Thailand grid impacts (only 2 out of 11 impacts were greater than the grid).

Table 6. Scenarios A and B compared with Thailand low-voltage grid impacts (per kWh).

Impact Category Unit
Surat Thani Chiang Mai Thailand

Low-Voltage GridScenarios A Scenarios B Scenarios A Scenarios B

1 Abiotic depletion kg Sb eq 2.44 × 10−5 2.43 × 10−5 5.31 × 10−6 5.30 × 10−6 5.54 × 10−7

2 Abiotic depletion (fossil fuels) MJ 7.71 6.37 1.68 1.39 8.64

3 Global warming (GWP100a) kg CO2 eq 6.90 × 10−1 4.90 × 10−1 1.50 × 10−1 1.09 × 10−1 7.03 × 10−1

4 Ozone layer depletion (ODP) kg CFC-11 eq 7.03 × 10−8 6.41 × 10−8 1.54 × 10−8 1.40 × 10−8 2.98 × 10−8

5 Human toxicity kg 1,4-DB eq 2.36 2.29 5.10 × 10−1 4.99 × 10−1 2.50 × 10−1

6 Fresh water aquatic ecotoxicity kg 1,4-DB eq 8.90 × 10−1 8.70 × 10−1 1.90 × 10−1 1.90 × 10−1 4.30 × 10−1

7 Marine aquatic ecotoxicity kg 1,4-DB eq 3.28 × 103 3.16 × 103 7.14 × 102 6.87 × 102 9.37 × 102

8 Terrestrial ecotoxicity kg 1,4-DB eq 6.37 × 10−3 6.08 × 10−3 1.38 × 10−3 1.32 × 10−3 3.50 × 10−3

9 Photochemical oxidation kg C2H4 eq 3.21 × 10−4 2.12 × 10−4 7.00 × 10−5 4.62 × 10−5 8.79 × 10−5

10 Acidification kg SO2 eq 4.57 × 10−3 3.90 × 10−3 9.98 × 10−3 8.50 × 10−3 2.03 × 10−3

11 Eutrophication kg PO4 eq 2.85 × 10−3 2.63 × 10−3 6.21 × 10−4 5.73 × 10−4 1.54 × 10−3

3.1.2. Analysis of Component Contribution

In Figure 5a,b, we present the results of impact contributions from six of the com-
ponents of the VAWT, those relating to the extraction of raw materials, manufacturing,
transportation, and installation and excluding the end-of-life treatment (i.e., Scenario A) for
Surat Thani and Chiang Mai. Noteworthy here are the large contributions of the generator
and the tower to impacts (69.51%, on average, for Surat Thani and 68.18% for Chiang Mai).
These two components usually rank one and two (in 10 out of 11 impact categories for
Surat Thani; in 8 out of 11 at Chiang Mai). The other components contributed considerably
less (foundation, rotor, cable and controller).

Regarding global warming potential, the tower, the generator, and foundation ac-
counted for most of the impacts: 77.60% for Surat Thani, and 78.54% for Chiang Mai. These
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components are also the highest contributors toward ozone depletion. For aquatic impacts
(eutrophication, acidification, marine aquatic ecotoxicity, fresh water aquatic ecotoxicity),
the generator and tower were the major contributors. Some of the components were higher
in one particular category (for example, the inverter contributes an anomalously high
percentage to abiotic depletion)—see Figure 5a,b and Table 7 for details.

Energies 2022, 15, x FOR PEER REVIEW 12 of 22 
 

 

 
(a) 

 
(b) 

Figure 5. (a) Environmental impacts of the VAWT per component (Surat Thani); (b) environmental 
impacts of the VAWT per component (Chiang Mai). 

Table 7. Component contribution (%) to impacts. 

Impact Category 
Foundation Generator Inverter Rotor Tower 

Cable and  
Controller 

S. T. C. M. S. T. C. M. S. T. C. M. S. T. C. M. S. T. C. M. S. T. C. M. 
Abiotic depletion 2.54 3.31 41.30 41.01 37.40 37.12 3.57 3.54 10.20 10.14 4.92 4.88 
Abiotic depletion 

(fossil fuels)  
16.20 20.64 33.1 31.37 3.62 3.43 19.20 18.23 26.4 25.01 1.40 1.32 

Global warming 
(GWP100a) 

22.10 25.40 24.90 23.84 3.59 3.44 17.50 16.79 30.60 29.30 1.28 1.23 

Ozone layer deple-
tion (ODP) 

15.90 21.55 52.10 48.58 4.45 4.15 5.62 5.24 20.4 18.99 1.59 1.49 

Human toxicity 4.91 5.24 38.00 37.87 4.81 4.79 21.10 21.03 30.60 30.47 0.60 0.60 
Fresh water aquatic 

ecotoxicity 
6.31 6.71 43.30 43.11 8.55 8.52 11.00 10.92 29.80 29.71 1.04 1.04 

Marine aquatic eco-
toxicity 

3.88 4.18 69.50 69.24 6.88 6.86 3.92 3.91 15.00 14.93 0.89 0.89 

Terrestrial ecotoxi-
city 

8.81 9.49 21.90 21.72 3.74 3.71 9.85 9.78 55.20 54.75 0.55 0.55 

Photochemical oxi-
dation 

13.20 14.46 45.90 45.26 4.32 4.26 8.10 7.99 27.60 27.25 0.81 0.79 

Figure 5. (a) Environmental impacts of the VAWT per component (Surat Thani); (b) environmental
impacts of the VAWT per component (Chiang Mai).

Table 7. Component contribution (%) to impacts.

Impact Category
Foundation Generator Inverter Rotor Tower Cable and

Controller

S. T. C. M. S. T. C. M. S. T. C. M. S. T. C. M. S. T. C. M. S. T. C. M.

Abiotic depletion 2.54 3.31 41.30 41.01 37.40 37.12 3.57 3.54 10.20 10.14 4.92 4.88

Abiotic depletion (fossil fuels) 16.20 20.64 33.1 31.37 3.62 3.43 19.20 18.23 26.4 25.01 1.40 1.32

Global warming (GWP100a) 22.10 25.40 24.90 23.84 3.59 3.44 17.50 16.79 30.60 29.30 1.28 1.23

Ozone layer depletion (ODP) 15.90 21.55 52.10 48.58 4.45 4.15 5.62 5.24 20.4 18.99 1.59 1.49

Human toxicity 4.91 5.24 38.00 37.87 4.81 4.79 21.10 21.03 30.60 30.47 0.60 0.60

Fresh water aquatic ecotoxicity 6.31 6.71 43.30 43.11 8.55 8.52 11.00 10.92 29.80 29.71 1.04 1.04

Marine aquatic ecotoxicity 3.88 4.18 69.50 69.24 6.88 6.86 3.92 3.91 15.00 14.93 0.89 0.89

Terrestrial ecotoxicity 8.81 9.49 21.90 21.72 3.74 3.71 9.85 9.78 55.20 54.75 0.55 0.55

Photochemical oxidation 13.20 14.46 45.90 45.26 4.32 4.26 8.10 7.99 27.60 27.25 0.81 0.79

Acidification 11.00 12.23 55.70 54.95 3.71 3.65 10.70 10.51 18.00 17.72 0.96 0.94

Eutrophication 9.76 8.47 54.40 54.07 10.8 10.77 4.69 4.66 20.80 20.65 1.39 1.39
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3.1.3. Cumulative Energy Demand (CED): Energy, GHG Payback Times and Component
Contribution Results

For Surat Thani and Chiang Mai, the total primary energy consumption was 285,114 MJ
and 298,840.6 MJ, respectively, and their annual energy output was 1446.1 kWh and
6640.08 kWh, respectively. From Equations (2) and (3) in Section 2.3.2 above, the energy
and GHG payback times were determined to be 54.77 and 28.61 years for Surat Thani
and 12.50 and 6.50 years for Chiang Mai (Table 8). When located at the higher wind
speed site, Ep and GHGp for the VAWT reduced significantly, by 77.17% and 77.27%,
respectively—see Table 8.

Table 8. Energy and GHG payback time for Surat Thani (CF = 1.65%) and Chiang Mai (CF = 7.58%).

Location Capacity Factor Energy Payback Time
(EP) (Years)

GHG Payback Time
(GHGP) (Years)

Surat Thani 1.65% 54.77 28.61
Chiang Mai 7.58% 12.50 6.50

In Figure 6, component contributions as calculated in SimaPro to the depletion of
renewables and non-renewables are shown for the CF = 1.65% location (results were nearly
identical for the CF = 7.58% case). Again, the generator and tower are the most significant
impact sources. The generator impacts non-renewable sources heavily, while the tower
affects renewables more than non-renewables.
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3.2. Environmental Prices Analysis Results

Using our base case scenario for the wind tree prototype and the low-voltage grid,
environmental prices were calculated for impacts among 14 categories in the ReCiPe [33]
paradigm, and are given in Table 9. These are depicted according to proportion in Figure 7.
For the CF = 1.65% location, impact costs were higher for the VAWT than the Thai grid in
every category but one, whereas for the CF = 7.58% location, costs were lower than the Thai
grid in every category but two. The total cost of VAWT impacts at CF = 1.65% is nearly
three times as high as the Thailand low-voltage supply, whereas the total cost of VAWT
impacts at CF = 7.58% is about one third less than the Thailand low-voltage supply.
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Table 9. Environment prices per impact (USD per kWh).

Impact Category Surat Thani Location Chiang Mai Location Thailand Low-Voltage Grid

Climate change 2.30 × 10−2 5.00 × 10−3 1.7 × 10−2

Ozone depletion 5.62 × 10−6 1.30 × 10−6 1.96 × 10−6

Terrestrial acidification 1.8 × 10−2 4.0 × 10−3 6.0 × 10−3

Freshwater eutrophication 8.89 × 10−4 1.94 × 10−4 2.87 × 10−4

Marine eutrophication 5.43 × 10−4 1.19 × 10−4 2.55 × 10−4

Human toxicity 8.1 × 10−2 1.7 × 10−2 2.0 × 10−2

Photochemical oxidant formation 1.87 × 10−3 4.16 × 10−4 7.08 × 10−4

Particulate matter formation 5.4 × 10−2 1.1 × 10−2 1.3 × 10−2

Terrestrial ecotoxicity 9.71 × 10−4 2.19 × 10−4 1.19 × 10−4

Freshwater ecotoxicity 6.99 × 10−4 1.53 × 10−4 5.44 × 10−4

Marine ecotoxicity 1.44 × 10−4 3.15 × 10−5 9.73 × 10−5

Ionising radiation 1.47 × 10−3 3.32 × 10−4 1.57 × 10−3

Agricultural land occupation 2.42 × 10−3 5.27 × 10−4 2.00 × 10−3

Urban land occupation 9.13 × 10−4 2.11 × 10−4 5.87 × 10−5

Total 1.87 × 10−1 4.10 × 10−2 6.40 × 10−2
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Figure 7. Environmental prices, percent of total impact cost for: (a) S. T. (CF = 1.65%); (b) C. M.
(CF = 7.58%); (c) Thai grid. The four largest value impacts are labelled. For the smaller impacts,
see Table 9.

Expressed in USD, for both locations, we can see the top four largest impacts—human
toxicity, particulate matter formation, climate change and terrestrial acidification (ranked
1 to 4, respectively)—account for 94% and 95% of the total impacts generated during the
life cycle of the wind tree (for S. T. and C. M., respectively). These same four impacts are
similarly the top four for the Thai grid (accounting for 90%), but in different rank order.

3.3. Results Comparing Three Mitigative Scenarios vs. Location Change

Results from analyses with Scenarios 1 to 3 with respect to four impacts of concern
are given in Table 10 and summarized in Figure 8. Results indicate that of the scenarios
involving transport, new materials and design, the latter produced the most significant
reductions in impacts of concern (Scenario 3 had reductions in all impact categories (ap-
proximately 20% over the base case amounts per kWh), and it had the lowest impacts
among the scenarios in all categories). Following this, Scenario 1, transport via train, also
had reductions in all categories by about 10% over base case amounts. Our Scenario 2, the
use of sheet stainless steel rather than glass-fibre-reinforced plastic, was moderately lower
in abiotic depletion and global warming, but had higher or equivalent values to our base
case in the other two impact areas of concern.
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Table 10. LCA results for three Scenarios, 1 to 3 and CF = 7.58% (S.T. base case impacts = 1).

Scenario

Impact Category

Abiotic Depletion
(Fossil Fuels)

Global
Warming

Ozone Layer
Depletion

Human
Toxicity

S.T. base case 1.00 1.00 1.00 1.00

Scenario 1: Transport—(train replaces light
commercial vehicle) 0.91 0.93 0.88 0.99

Scenario 2: new material (stainless steel sheet
replaces glass-fibre-reinforced plastic) 0.93 0.95 1.00 1.02

Scenario 3: new design (tree, less one ‘arm’) 0.80 0.83 0.79 0.77

Chiang Mai location (CF = 7.58%) 0.22 0.22 0.22 0.22

The above changes indicate real alterations in the impact amounts when implementing
the three life cycle changes, with all other factors held constant. However, if we implement
none of these, but instead change the tree’s potential output by raising the capacity factor to
that found in Chiang Mai, we find that the relative impacts per kWh in the four categories
reduced substantially more (by 78%—see Table 10).

A radar plot summarizing these life cycle and location changes is given in Figure 8.
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The results of comparing the entire complement of new impact values of Scenarios 1 to 3
with respect to the Thai grid and base cases are shown in Table 11 (see Table 11 caption
for explanation of colors). Of the three mitigative scenarios, changing transportation and
design were most effective, followed by materials. Transportation and design showed all
impacts as less than the S. T. base case, but these each had only two impacts less than the
Thai grid. Material change only yielded four impacts less than the S. T. base case, with
only two impacts less than grid values. By comparison, a location change to CF = 7.58%
would produce substantially greater reductions than any of these mitigative propositions,
resulting in all impacts being lower than the S. T. base case, and nine of eleven impacts less
than grid impacts.
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Table 11. Scenarios 1 to 3 vs. Surat Thani, Chiang Mai base cases and Thai low voltage mix impacts
(per kWh). Light green indicates values less than the S. T. base case only; dark green indicates values
less than both the S. T. base case and the Thai low voltage mix.

Base Case
Surat Thani

Base Case
Chiang Mai

Scenario 1:
Train

Scenario 2:
New Material

Scenario 3:
New Design

Thai
Low-Voltage Grid

Abiotic depletion 2.44 × 10−3 5.31 × 10−6 2.42 × 10−5 2.45 × 10−5 1.88 × 10−5 5.54 × 10−7

Abiotic depletion (fossil fuels) 7.71 1.683 7.013 7.137 6.162 8.638
Global warming 6.89 × 10−1 1.5 × 10−1 6.43 × 10−1 6.57 × 10−1 5.71 × 10−1 7.03 × 10−1

Ozone layer depletion 7.03 × 10−8 1.54 × 10−8 6.18 × 10−8 7.00 × 10−8 5.52 × 10−8 2.98 × 10−8

Human toxicity 2.36 5.14 × 10−1 2.35 2.42 1.83 2.45 × 10−1

Fresh water aquatic ecotoxicity 8.99 × 10−1 1.95 × 10−1 8.95 × 10−1 9. 06 × 10−1 7.05 × 10−1 4.27 × 10−1

Marine aquatic ecotoxicity 3.28 × 103 7.14 × 102 3.27 × 103 3.28 × 103 2.40 × 103 9.37 × 102

Terrestrial ecotoxicity 6.40 × 10−3 1.40 × 10−3 6.30 × 10−3 6.40 × 10−3 5.40 × 10−3 3.50 × 10−3

Photochemical oxidation 3.21 × 10−4 7.00 × 10−5 3.15 × 10−4 3.28 × 10−4 2.56 × 10−4 8.79 × 10−5

Acidification 5.00 × 10−3 9.98 × 10−4 4.00 × 10−3 4.00 × 10−3 3.00 × 10−3 2.00 × 10−3

Eutrophication 3.00 × 10−3 6.21 × 10−4 2.00 × 10−3 3.00 × 10−3 2.00 × 10−3 1.00 × 10−3

CF values allowing the prototype to have impacts equivalent to the grid were calcu-
lated (Equation (5)) and are shown in Table 12. Raising the capacity factor to 4% from 1.65%
at Surat Thani would change the number of impact categories that are less than the grid
from 2 to 7, indicative of the importance of location selection (9 of 11 impacts at Chiang Mai
are already less than the grid equivalents at Chiang Mai’s CF of 7.58%). At both of these
locations, however, two impacts—abiotic depletion and human toxicity—would still be
dramatically higher than grid values even if a very high-capacity factor were attained.

Table 12. CF values for impacts equivalent to Thai grid.

Impact Category S.T. (CF) C.M. (CF)

Abiotic depletion 72.62 72.49
Abiotic depletion (fossil fuels) 1.47 1.22

Global warming 1.62 1.17
Ozone layer depletion 3.89 3.57

Human toxicity 15.92 15.42
Fresh water aquatic ecotoxicity 3.48 3.36

Marine aquatic ecotoxicity 5.78 5.56
Terrestrial ecotoxicity 3.01 2.87

Photochemical oxidation 6.03 3.99
Acidification 3.73 3.18

Eutrophication 3.06 2.82

4. Discussion

In Surat Thani, the CML analysis showed Scenario A and Scenario B usually produced
higher environmental impacts than the Thai low voltage grid. At Chiang Mai, however, the
CML analysis showed Scenario A and Scenario B usually produced lower environmental
impacts than the Thai low voltage grid. These results are concomitant with the fact that
the impacts in SimaPro [26] are expressed per kWh (at Surat Thani, our tree had low
capacity because of the combination of small size and low wind environment). While
scaling up the dimensions of wind turbines can result in proportionally less impacts per
kWh due to capacity increases, as well as scaling factors and manufacturing experience [39],
scaling up at the Surat Thani site would likely not cause reductions due to consistently
low wind speeds.

Environmental impacts can be reduced after decommissioning when there is potential
for material reuse and recycling [17], and in our assessment the inclusion of an end-of-life
treatment scenario always lowered impacts for both locations. For both scenarios in both
regions, however, for with and without an end-of-life treatment, the categories of human
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toxicity and abiotic depletion remained several times larger than grid values, so mitigation
methods targeting these might be investigated.

Our finding that tower and generator components are leading contributors to impacts
in both locations is consistent with other LCAs on VAWTs (see, for example [12,14]). These
components are energy intensive [14] due to constituent materials and masses. In our case,
the generator components are often proportionally higher than that found for LCAs of
other single wind turbine arrangements, because our design involves a ‘tree’ of 33 turbines,
thereby replicating the generator components 33 times. We therefore consider these compo-
nents, along with the tower and generators, to be the most important subjects of research
into material alternatives and/or reductions from structural redesign, en route to a wind
tree that has a greener life cycle.

For Surat Thani, (CF = 1.65%) energy and GHG payback times exceeded the VAWT’s
estimated lifetime. While calculated times were less than that found for some studies [3],
they were more than others [14]. For Chiang Mai (CF = 7.58%), both energy and GHG
payback times were dramatically reduced to within the estimated VAWT’s lifetime, indi-
cating the practicality of using this wind tree design at sites of comparable wind speed.
Regarding the cumulative energy demand, we again note the disproportionate contribu-
tions of the tower and generator to GHGs and non-renewable fossil fuel depletion, and
therefore recommend again that these components be scrutinized for alternatives that
mitigate these important impacts.

Comparing impacts using environmental prices, our prototypes in both locations
were similar to the Thai grid, in that the four largest impact areas were the same. While
all impacts are important, it is perhaps disappointing that these aforementioned largest
impacts—human toxicity, particulate matter formation, climate change, and terrestrial
acidification—are among those impacts of current global concern.

Comparing our mitigative strategies in Scenarios 1 through 3, it is clear that the
proposed design change (Scenario 3—removing an arm in a ‘wind shadow’ area) was
most effective in reducing environmental impacts of concern. Locating the wind tree at
the Chiang Mai site with higher capacity would reap even more benefit. The Chiang
Mai base case produced less impacts per kWh than all the other changes implemented in
Scenarios 1 to 3.

When considering the entirety of impact categories against the CF = 1.65% base case
and Thai grid, design and transportation alterations made the VAWT tree greener, but only
location changes made it ‘truly green’, as only then did it largely outperform the Thai grid.
Having half of the impacts of the grid is very feasible (requiring a CF = 4%, corresponding
to a wind speed between 3 to 4 m/s). However, reducing all impacts to under grid values is
likely unachievable with this VAWT due to the high corresponding wind speeds necessary
to ameliorate human toxicity and abiotic depletion impacts (see Section 3.3).

Other mitigative alterations might be considered. Situating the prototype on the roof of
a suitably constructed building could lower foundational component impacts considerably,
and increase CF values as winds increase with height. Ocean and lake shorelines with
convectional winds will similarly lead to higher CFs.

These findings underscore the importance of planning. Life cycle assessments, as exem-
plified by this study, reveal that design and site decisions are as important to environmental
concerns as they are to engineering concerns [40].

5. Conclusions

We carried out a life cycle assessment on a novel, 10 kW vertical axis wind turbine tree
developed by Prince of Songkla University in Thailand, combining Savonius and Darrieus
blades for a low cut-in speed. Using calculated capacity factors for Surat Thani [23] and
Chiang Mai [29], we comprehensively assessed environmental life cycle impacts using
SimaPro [26]. Table 13 summarizes our analyses, findings and recommendations.
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Table 13. Summary of life cycle analyses, results and conclusions/recommendations.

Analysis Results Conclusions/Recommendations

CML-IA base case analysis,
Scenarios A, B (no end-of-life,
end-of-life treatment)

In Surat Thani, (CF = 1.65%), Scenario A and
B impacts usually higher than Thai grid, only
lower for global warming and abiotic
depletion (fossil fuels); in Chiang Mai,
(CF = 7.58%), Scenario A and B impacts
usually lower than Thai grid, only higher for
human toxicity and abiotic depletion;
recycling and reuse is effective (Scenario B
impacts always lower than Scenario A);
end-of-life treatment lowers impacts (both
locations) by an average of 11%

This VAWT has environmental benefits. Site
selection is important. Regarding impacts,
the VAWT outperformed the Thai grid at
CF = 7.58% but underperformed the grid at
CF = 1.65%. CF > 4% recommended to halve
impacts. Recycling and reuse strategies
should be incorporated into planning.
Materials with higher recycling potential
should be used.

Component Contribution
to Impacts

Tower and generator dominate impacts in
10 of 11 categories.

Research into material alternatives or
structural redesign, especially with respect to
tower and generator.

Energy and GHG
Payback Times

At CF = 7.58%, energy and GHG payback
times are within estimated VAWT lifespan,
but exceed lifespan for CF = 1.65%. CED
indicates tower and generator deplete
renewables and non-renewables the most.

Installation at locations of higher windspeed
(CF > 4%) is desirable. Research alternate
materials for tower and generator.

Environmental Prices

Monetizing impacts with environmental
prices indicate four impact categories
(human toxicity, particulate matter formation,
climate change and terrestrial acidification)
account for the majority (94% or 95%) of
costs. These percent contributions are
independent of CF.

Research into design, materials and
transportation alternatives to mitigate costs
from climate change, particulate matter,
human toxicity and terrestrial
acidification impacts.

Mitigative Alterations to Life
Cycle (Scenarios 1 to 3)—effects
on GHG, Human Toxicity,
Ozone Depletion, Abiotic
Resource Depletion; Grid
impact CF equivalents.

The ranking of the potential of mitigative
alterations to make the VAWT more
environmentally friendly (than grid impact
values) is: 1. CF, 2. design changes, 3.
transportation changes, 4. material changes
(in that order). CF = 4% means at least 60% of
impact categories are less than
grid impact values.

During planning, consider CF at site with
respect to cut-in, rated wind speed, and
calculate the CF necessary to achieve impacts
equivalent to or less than grid impacts.
Consider prevailing wind direction at site
with respect to redesigns. Optimize
transportation to reduce fossil
fuel consumption.

Space and infrastructure limitations often make a case for the use of small-scale wind
turbines, but their application has often been considered limited in terms of economic [41]
and environmental [3,12] feasibility. Here, we report favorable results of a life cycle
assessment of a novel, domestic-scale hybrid-blade VAWT. When used at a location with
CF = 7.58%, the VAWT has less environmental impacts than grid impacts.

Alternative energy products are sometimes assessed unquestioningly as ‘green’, or
assessed as such based upon a less-than-comprehensive accounting of environmental
impacts. Life cycle assessments are an attempt to comprehensively and objectively quantify
impacts. In this LCA, we identified aspects of the life cycle of a domestic-scale VAWT that
allow it to be ‘greener’ than the extant electrical grid. Locating in situations of at least
3–4 m/s means a majority of impacts drop below grid values. Design and transportation
changes can also improve impacts on the environment, but to a lesser extent.

In terms of further research, optimization of design aspects of this VAWT may lead to
environmental suitability of this design in even lower wind speed areas. Future design and
material alternatives should focus on tower and generator elements, particularly in relation
to the four major contributors to environmental cost that were identified in this research.
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Appendix A

Table A1. Dimensions and operational characteristics of the wind tree.

Characteristic Measure

Rated power (kW) 10
Rotor diameter (m) 0.72

Height of Darrieus blades (m) 0.45
Height of Savonius blades (m) 0.6

Cut-in speed (m/s) 2.0
Cut-out speed (m/s) 15.0
Rated power (kW) 10

Table A2. Rotor inventory and matching Ecoinvent records.

Subcomponents Raw Material/Ecoinvent Database Quantity (kg)

Blades Glass-fibre-reinforced plastic, polyamide, injection moulded
{GLO}|market for|APOS, U 172.8

Hub Glass-fibre-reinforced plastic, polyamide, injection moulded
{GLO}|market for|APOS, U 105.6

Bearing Steel, chromium steel 18/8 {GLO}|market for|APOS, U 6.4

Screw Steel, chromium steel 18/8 {GLO}|market for|APOS, U 0.26

Shaft Steel, chromium steel 18/8 {GLO}|market for|APOS, U 160.32

Stick Steel, chromium steel 18/8 {GLO}|market for|APOS, U 19.2

Table A3. Generator inventory and matching Ecoinvent records.

Subcomponents Raw Material/Ecoinvent Database Quantity (kg)

Generator Permanent magnet, for electric motor {GLO}|production|APOS, U 76.8

Stator
Copper {GLO}|market for|APOS, U 144

Glass-fibre-reinforced plastic, polyester resin, hand lay-up
{GLO}|market for|APOS, U 96
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Table A4. Tower inventory and matching Ecoinvent records.

Subcomponents Raw Material/Ecoinvent
Database Quantity (kg)

Tower Steel, low-alloyed
{GLO}|market for|APOS, U 2849.43

Welding Welding, arc, steel
{GLO}|market for|APOS, U 20

Paint
Acrylic varnish, without

water, in 87.5% solution state
{GLO}|market for|APOS, U

25

Table A5. Foundation inventory and matching Ecoinvent records.

Subcomponents Raw Material/Ecoinvent Database Quantity (kg)

Reinforcement Reinforcing steel {GLO}|market for|APOS, U 629.83
Concrete base Concrete block {GLO}|market for|APOS, U 27,600

Table A6. Electrical connection inventory and matching Ecoinvent records.

Subcomponents Raw Material/Ecoinvent Database Quantity (kg)

Cable Copper wire, technology mix, consumption mix, at plant, cross
Section 1 mm2 (duplicate) EU-15 S 138.6

Inverter Simplified process 15

Aluminium alloy, AlLi {GLO}|market for|APOS, U 7.64

Copper {GLO}|market for|APOS, U 3.06

Steel, low-alloyed {GLO}|market for|APOS, U 1.45

Electronics 2.82

Controller Electronics, for control units {GLO}| market for|APOS, U 3

Table A7. Transport methods and distances for components, with Ecoinvent selections.

Journey Material/Ecoinvent Record
Distance (km)

Surat Thani Chiang Mai

Rotor Transport, freight, lorry 3.5–7.5 metric ton, euro6 {RER}|market for
transport, freight, lorry 3.5–7.5 metric ton, EURO6|APOS, U 400 600

Generator 600 600

Tower 600 600

Inverter 360 686

Transport, freight, sea, transoceanic ship {GLO}|market for|APOS, U 3015 3500

Foundation
Transport, freight, lorry 16–32 metric ton, metric ton, euro6
{RoW}|market for transport, freight, lorry 16–32 metric ton,

EURO6|APOS, U
600 600

End of life
Transport, freight, lorry 16–32 metric ton, metric ton, euro6
{RoW}|market for transport, freight, lorry 16–32 metric ton,

EURO6|APOS, U
80 80



Energies 2022, 15, 7530 20 of 21

Table A8. Scenario B treatments.

Material Treatment

Aluminum 90% recycled + 10% landfilled
Copper 95% recycled + 5% landfilled

Steel 90% recycled + 10% landfilled
Glass-fibre-reinforced plastic 100% landfilled

Paint 100% landfilled
Electronics Treatment as hazardous waste mass
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