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Abstract

This work aims to evaluate comparatively the environmental impact of solar photovoltaic and wind power plants. The con-
ceptual design and the initial preliminary design steps in the material selection process were considered. The assessment was
made using two different metrics, embodied energy (EE) and carbon footprint (CF). Five different configurations of wind
power plants and a set of photovoltaic panels in a power plant were evaluated. In the wind power plants, the generator, the
materials, the height, and the tower type were varied. For manufacturing the towers, the following parameters were consid-
ered: material, height, and generator power. The photovoltaic power station can provide up to 1.5 MW. The materials selected
for embodied energy and carbon footprint assessment followed two criteria: the greatest mass percentage participation and
the greatest value of embodied energy and carbon footprint of each material used. For the calculation of distances travelled
from suppliers of raw materials and components used in the photovoltaic panels and wind power plants, the considered
destination was the city of Viana do Castelo (north of Portugal), one of the regions with tradition in wind power production
and installations. The result is favorable to the concrete column, which achieved the best result of EE and CF. The Oebels
1.5 MW tower with an 80-m concrete column showed an EE of 0.0150 kWh/kWh (19.71% a 3.0 MW 120-m concrete column)
and a CF of 4.77 gCO,/kWh (21.90% of the Rocha 3.0 MW 120-m concrete column). Comparing the 1.5 MW photovoltaic
plant with the concrete column 1.5 MW wind power, the result is favorable to the concrete column. Taking into account that
the values of the photovoltaic power plant are EE of 0.0638 kWh/kWh and a CF of 16.21 gCO,/kWh, the concrete column
1.5 MW represents 23.51% of the EE and 29,43% of the CF. This advantage of the concrete towers repeats for the other
columns. The results show that the best configuration is the wind power plant with a concrete column. For further studies,
a comparison between concrete and truss tower at the same work conditions is suggested.

Keywords Embodied energy - Carbon footprint - Life cycle assessment - Wind power - Photovoltaic power - Materials
selection
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energy, as well as a search for greater energy efficiency
[1]. Despite growing concerns about the consumption and
availability of resources, like energy and raw materials,
what is seen in practice are adaptations and adjustments
of environmental requirements to projects and processes
already in use, providing solutions that comply with the
legal and corporate requirements. Renewable energy
sources (RESs), such as solar, wind, hydropower, and
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biomass, have progressed due to several advantages, in
special low greenhouse gas emission [2].

As an example, in 2019, the installed capacity of energy
in Portugal was 22,090 MW. From this amount, 24.6%
(5429 MW) were generated by wind energy [3]. This was
only possible due to the spectacular progress of wind
energy, which has become the second most important RES
after hydropower within a decade [4], remembering that its
first wind farm installed in the mainland occurred in 1987,
in Sines [5]. Portugal is one of Europe's countries with the
longest exposure to the sun. The annual average is approxi-
mately 8 h/day with reception above 1200 W/m?, result-
ing in an energy potential of 430,000 GWh. Despite these
good conditions, the country has an installed capacity of
only 465 MW, which is very low compared, for instance,
to Greece, which has a similar territorial area and eco-
nomic situation. Greece currently has 2.6 GW installed,
nearly six times more than Portugal [6].

The selection of wind and photovoltaic power plants for
this study was based on the relevance of these two energy
sources. Since 1990, renewable energy sources have grown
at an average annual rate of 2%, which is slightly higher
than the growth rate of the world's total primary energy
supply (TPES), 1.7%. Growth has been especially high for
solar photovoltaic and wind power, which grew at average
annual rates of 37.0% and 23.4%, respectively [7].

Today's wind turbine models have some well-defined
technological options such as three-blade rotors, horizon-
tal axis, and frontal rotor. However, other technological
options still do not find consensus and may be different
for each manufacturer and installation site. Among these
are the materials used in the manufacture of the blades
and the towers [8].

The focus of this work is related to comparing the pho-
tovoltaic and wind power plants, taking into account the
embodied energy and the carbon footprint produced by
these two different ways of energy generation. The inves-
tigation of upstream and downstream processes in the life
cycle of an electricity production power plant is necessary
to evaluate the magnitude of its embodied energy and car-
bon footprint [9].

For the comparative study of the embodied energy and
the carbon footprint between wind and photovoltaic power
plants, the first step was to identify the main materials
used in the construction and installation of each piece of
equipment. The criteria were the highest mass percentage
and the highest embodied energy/carbon footprint of each
material.

According to the main goal of this work, two questions
should be answered:

e  Which of the two ecologically viable alternatives, wind
or photovoltaic power plant, has the lowest environmen-
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tal impact, considering embodied energy and carbon
footprint?

e Is it possible to make the best decision, quickly and reli-
ably, even in the early stages of product development?

Methodological approach

In the academic world, concepts such as life cycle assess-
ment (LCA) and design for environment (DFE) or EcoDe-
sign have promoted discussions and changes in design meth-
odologies, which traditionally do not contain, in a clear way,
environmental and sustainability requirements.

In face of this reality, the need for design methodologies
that effectively take into account environmental require-
ments has been developed, such as the EcoDesign (Europe)
or DFE (the USA) and LCA (worldwide). In all these meth-
odologies, the materials selection has a relevant role in the
development of products with less environmental impact.

Materials selection

Four essential requirements are generally associated with the
selection of the materials: conditions of service, deteriora-
tion of properties in service, economic, environmental, and
social factors [10].

Materials selection is the final decision in the engineer-
ing design process and can determine its success or failure
[11]. During the selection of materials for sustainable prod-
uct design, decisions are made based on cost, environmen-
tal aspects, and other important properties. However, this
decision is not simple and, generally, the objectives are in
conflict [12].

The choice of material is critical to the manufacturing
process and plays an important role in the product life cycle.
In materials selection, project designers should examine the
life cycle impacts of their choices and have easy access to
existing life cycle data and methodologies. Regardless of
the project objective, in recent years environmental factors
have increased in importance, making material selection a
multicriteria decision [13].

About 80% of the environmental impact generated by
the product or service is defined in the initial phases of the
project [14]. Therefore, it is important to develop tools that
can support designers to develop environmentally correct
products in a practical, fast, and reliable way [15].

Requirements for material selection include not only the
technical but also the economic and environmental factors.
Among the existing options, Ashby [16] and their team
developed a software tool (CES-Selector) to help designers
make the best choice [17]. Using CES-Selector, the com-
parative evaluation of different materials is possible by the
adoption of a methodology based on materials properties
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[18]. The CES-Selector is not the only solution developed
for material selection, but it is simpler than CAD tools,
which combine technical properties, stress analysis, mate-
rial selection, and LCA [19].

Selecting materials through dedicated software with a
reliable database can assist designers in obtaining relevant
information about related materials and processes. Based
on a simplified LCA concept, the CES-Selector 2021 also
offers the EcoAudit tool, which works with two indicators
to measure the environmental impact: embodied energy and
carbon footprint. This software identifies which products and
processes will lead to smaller environmental degradation
and which is the best way throughout the life cycle. EcoAu-
dit covers the life cycle from cradle to grave, i.e., through
the material selection, manufacturing, transportation, use,
and disposal phases. The result is shown through graphs
and reports [20].

LCA—life cycle assessment

Life cycle assessment (LCA) is a well-known methodology
for assessing the environmental impact related to products
and services, from raw materials extraction to final life,
requiring consistent data collection throughout the product
life cycle [21].

LCA is an important tool in assessing the environmen-
tal impact, and its use ensures environmentally acceptable
product planning. However, its implementation is not easy,
requiring knowledge and hard work from designers commit-
ted to environmental management, which limits its applica-
tion to larger companies, with enough resources to maintain
specialized staff.

The effectiveness of using the LCA method depends on
the experience and ability of the project designers since
there is no single method for collecting data and develop-
ing the work. Nevertheless, some points are mandatory so
that the document must present at least: objective and scope
of work, inventory analysis, impact assessment, and results
interpretation.

Data collection is the first inventory analysis step, where
the unavailability or the poor quality of data may lead to
the need to make estimates impacting inherently uncertain
decisions. The quality and consistency of the data are key
issues; therefore, this may be the most laborious stage of the
development of an LCA [22]. The results will be effective
only if the data used are compatible with the reality of the
application site [23].

The impact assessment is based on the list of resources
consumed and emissions generated, presented in the inven-
tory. With this data, it is possible to verify the significance
of possible environmental impacts, through several indica-
tors of environmental quality, such as acidification potential,

climate change potential, eutrophication potential, land use,
and resource depletion.

Embodied energy and carbon footprint

According to Cabeza [24] and Dixit [25], there are different
meanings and conceptual approaches for the term “embod-
ied energy” [26-29]. In the field of building and construc-
tion, a well-accepted definition [30] describes the embodied
energy applied to materials as “the energy consumed during
the extraction, processing of the raw material, manufacture
materials and components plus the energy used in the vari-
ous processes during construction and demolition.” Ashby
and Miller [31] define embodied energy as “the energy of
the fossil fuel consumed to make one kilogram of material.”
This definition is present in the embodied energy values of
the materials in the CES-Selector database.

In contrast, the carbon footprint (CO,,.) considers
direct and indirect carbon emissions and has been present
in debates on the effects of climate change around the world,
making it the most popular ecological indicator adapted by
NGOs, companies, governments, among others. Due to the
recent impact of climate change, some companies, such as
Coca-Cola and BMW, have developed a detailed carbon
footprint survey of their products as a way to reduce the
impacts of climate change [32].

However, the amount of emissions depends on the effi-
ciency in the conversion of energy and the amount of carbon
of the different fuels. Rydh and Sun [33] proved that the
relationship between the energy consumed and the carbon
emission can be represented by a linear equation.

Results and discussion

A comparison of the embodied energy and the carbon foot-
print, per kWh, between wind power generators of 1.5 MW
and 3.0 MW assembled over columns of 80, 100, 120, and
150 m was made against a 1.5 MW photovoltaic power plant.

For the support of the wind power generators, three mate-
rial options of tower columns were included: steel sheet,
steel truss, and concrete. The generators are driven by a set
of three blades, which are mainly made of glass fiber and
epoxy resin. The steel truss column is galvanized, the con-
crete column is not painted, and the steel sheet column is
painted with epoxy paint.

The photovoltaic power plant is composed of a set of
255 W photovoltaic panels. The photovoltaic panel has a
frame composed of 60 monocrystalline silicon cells encap-
sulated with a film of ethylene vinyl acetate (EVA) and pro-
tected in its front by a tempered glass and in the back by an
aluminum plate. This set is enclosed with aluminum profiles
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and assembled over a galvanized steel frame installed on
the ground.

In this work, all the main components of the solar panel
and its support structure in galvanized steel were evaluated.
The values of embodied energy (EE) and carbon footprint
(CF) of the main materials used in the wind towers, such
as concrete, steel, glass fiber, epoxy resin, epoxy paint, and
copper, are related to the average values of CES-Selector
EcoAudit 2021, as described in Table 1.

Considering the values of EE and CF presented in
Table 1, the extremely high value of the monocrystalline
silicon cell and the low value of the concrete are the more
relevant results in relation to the other materials. These two
materials are decisive in the comparative result of embodied
energy and carbon footprint of the wind power generator and
photovoltaic power plant.

For example, with focus only on the wind tower genera-
tor materials and having the monocrystalline silicon cell as
the basis of calculation, the EE of the concrete represents
only 0.05% of the monocrystalline silicon cell embodied
energy; that is, 1 kg of monocrystalline silicon cell has the
same embodied energy that 2105 kg of concrete. In the
case of the galvanized steel, it represents only 1.46% of
the monocrystalline silicon cell embodied energy; that is,
1 kg of monocrystalline silicon cell has the same embod-
ied energy that 68.1 kg of galvanized steel. In the same
way, glass fiber has 3.0%, copper has 2.5%, epoxy resin has
7.02%, and epoxy paint has 7.09% of the monocrystalline
silicon cell embodied energy.

Analyzing the values of the photovoltaic panel, glass has
the lowest value of embodied energy (10.11 MJ/kg), rep-
resenting only 0.60% of the monocrystalline silicon cell;
that is, 1 kg of monocrystalline silicon cell has the same
embodied energy that 166 kg of glass. Considering the other
materials, EVA has 4.65% and aluminum has 7.47% of the
monocrystalline silicon cell embodied energy.

Main materials used in the wind power towers

The most relevant data for the calculation of the embodied
energy and the carbon footprint of the wind energy towers
used for the present study were taken from Oebels and Pacca
[34], which refers to the amount of steel, concrete, epoxy
resin, epoxy paint, glass fiber, and other materials used in
the construction of the columns evaluated, like steel sheet
towers, steel truss towers, and concrete towers. The works of
Rocha [35] and Henriques [36] provided information on the
quantities of steel and concrete used in wind power towers.

Considering the total mass of an 80-m tower with a
1.5 MW generator, Oebels and Pacca [34] found that the
overall percentage of concrete and steel for this tower,
assembled with a steel column, reaches 96.79% of the
total mass of the tower. In the case of the tower with a con-
crete column, the sum of steel and concrete used reaches
97.99% of the total tower mass, as shown in Figs. 1 and 2,
respectively.

With these high percentages of steel and concrete in the
wind towers construction, it would be convenient to assume
the use of only these two materials for the embodied energy
and carbon footprint determinations. However, it was
decided not to restrict the analysis of EE and CF for only
those elements. This decision was performed considering
that although concrete and steel quantities are much larger
than the other components, their values of embodied energy
and carbon footprint are lower, when comparing with the
other materials presented in Table 1.

Table 2 shows the quantities of glass fiber, epoxy resin,
epoxy paint, and copper in the 80-, 100-, 120-, and 150-m
towers. The following considerations were made:

e The concrete columns and truss columns are not painted.
e The 80-m tower values built in steel or concrete [34] were
used as a reference to calculate the amounts of glass fiber,

Table 1 Embodied energy and

. ‘ Power plant Materials Embodied energy Carbon foot-
carbop footprlqt for. the main (MJ/kg) print (kgCO,/
materials qsed in wind and ke)
photovoltaic power plants .

Wind Galvanized steel 24.72 1.79
Steel CA - 50 20.55 1.47
Concrete — Portland 0.80 0.12
Glass fiber “type E” 51.11 2.91
Epoxy resin “glass filler” 118.30 6.29
Epoxy paint “flexibilized” 119.40 6.12
Copper 12,500 “soft” 42.20 2.67
Photovoltaic Monocrystalline silicon cell 1684.00 126.30
EVA 9000 78.26 2.06
Aluminum 6063 T5/Aluminum 5005 125.81 8.39
Glass 10.11 0.70
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Table? Complem@ntary Material 80-m Tower (kg) 100-m Tower (kg) 120-m Tower (kg) 150-m Tower (kg)
materials of the wind power
plants Glass fiber 11,860 14,820 17,790 22,240
Epoxy resin 6190 7740 9285 11,610
Epoxy paint 1030 1290 1545 1930
Copper 1180 1475 1770 2210

epoxy resin, epoxy paint, and copper used in the 100,
120, and 150 m, maintaining its proportionality.

As expected, the amount of materials increases propor-
tionally with the blades length and the mass of glass fiber
is the dominant amount of material in the production of a
wind tower.
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Table 3 shows the amount of concrete and steel used in
the construction of steel towers according to the literature
with a tower of 80 m and a 1.5 MW generator [34], with
towers of 80, 100, 120 m and generators of 3.0 MW [35]
and with a column of 150 m and a 2.5 MW generator [36].
The results show that when comparing the 80-m towers,
the Oebels and Pacca [34] structure is lighter in both steel
(34.7%) and concrete (47.9%), than the Rocha [35] structure.
This can be explained by the fact that the turbine used by
Oebels and Pacca [34] has 50% of the turbine power used by
Rocha [35], with lower torque and mass.

The amount of concrete and steel used in the construction
of towers made of steel truss column compared to the quanti-
ties used in the steel sheet column, according to the works
of Henriques [36] with a tower of 150 m and a 2.5 MW
generator, can be found in Table 4. The results show that
comparing the 150-m towers constructed on cylindrical steel
sheets against the same ones constructed in steel truss, as
expected, the latter is lighter than the steel sheet column,
with 46% less steel and 67.7% less concrete.

Table 5 shows the amount of concrete and steel used in
the construction of concrete towers according to the works of

Table 3 Steel and concrete amounts used in the steel tower

Oebels and Pacca [34], with a tower of 80 m and a 1.5 MW
generator and Rocha [35] with towers of 80, 100, 120 m and
3.0 MW generator. The results show that when comparing
the 80-m towers, the Oebels and Pacca [34] structure uses
less concrete (2.1%) but more steel (10.0%) than the Rocha
[35] structure. The main reason for this difference is that the
concrete tower has a steel part at its upper end.

Photovoltaic solar plant dimensioning

The data used for the present work were taken from the
project of a photovoltaic plant developed in two different
papers, Granja [37] and Lopes [38]. For comparison with
the wind generators described by Oebels and Pacca [34], it
was decided to define a 1.5 MW wind power. The materials
included in the evaluation of the embodied energy and the
carbon footprint of the photovoltaic solar plant were silicon,
steel, aluminum, glass, and EVA (ethylene vinyl acetate).
Table 6 shows the technical specifications of the photo-
voltaic panel and the inverters used in this solar plant design.
The number of photovoltaic panels required to produce
1.5 MW of power can be defined by the direct relationship

Tower blade Steel tower (t) Steel founda- Steel (others) (t) Steel (total) (t) Concrete (t) References

height (m) tion (t)

80 155 22.5 15.5 193 757 Oebels and Pacca [34] (1.5 MW)
80 183.6 53.1 59 295.7 1454 Rocha [35] (3.0 MW)

100 330.6 62.9 74 467.5 1697

120 685.7 82.5 89 857.2 2210

150 610 111 61 782.0 3070 Henriques [36] (2.5 MW)

The amount of concrete referred is related only to the steel tower foundation

Table 4 Concrete and steel, a

. Steel sheet Steel truss Steel foun-  Steel (oth-  Steel (total) (t) Concrete (t) References
comparison between sheet and column (t) column (t) dation (t) ers) (t)
truss column, for tower blade
height with 150 m (Adapted - 350.4 36 35 4214 992 Henriques
from [36]) [36]
(2.5 MW)
610 - 111 61 782.0 3070
Table 5 Concrete and steel used in the concrete tower (Adapted from [34, 35])
Tower blade Steel column (t)  Steel foun- Total steel (t) Concrete Concrete Total concrete (t) References
height (m) dation (t) column (t) foundation
()
80 67.0 335 100.5 697.5 756.6 1454.1 Oebels and Pacca [34] (1.5 MW)
80 52.2 38.5 90.4 734.4 1102 1836.4 Rocha [35] (3.0 MW)
100 74.0 47.0 121 1096.8 1493 2589.8
120 88.9 72.8 161.7 1459.0 1858 3317
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Table 6 Technical specifications of the photovoltaic panel and invert-
ers

Electrical parameters Symbol Unit Value

Photovoltaic panel Nominal power P, W, 255
Power tolerance AP w +5
Efficiency n % 15.7
Inverters Maximum output AC P kW 33
power
Maximum input DC P, kW 34-45
power
Maximum efficiency n % 985

between photovoltaic power (P,) and the nominal power of
the panel (P,), resulting in an initial number of 5882 photo-
voltaic panels. However, these panels' amount is not defini-
tive and must be adjusted according to the technical specifi-
cations of the inverter that will be used. Since the maximum
output power of the selected inverter is 33 kW, the number
of photovoltaic panels that can be connected to an inverter
can be defined by the direct ratio between the maximum
output power (P,,,) of the inverter and the nominal power of
the panel photovoltaic (P,), resulting in 129 panels.

The photovoltaic power plant will have double strings
(two lines of solar collectors connected), so the number
of panels per inverter should be even and multiple of six
(six lines per inverter), resulting in 126 panels per inverter.
Thus, the number of inverters can be calculated by the ratio

Fig. 3 Photovoltaic system
design for a power plant with its
respective inverters

between the total number of panels (5882) divided by the
number of panels per inverter (126), and the resulting value
is 47 inverters.

As a result, the photovoltaic power plant will have 5922
photovoltaic panels that can generate 1.510 MW. Figure 3
shows the connection layout of the strings to the inverters.

This design was developed for Portugal, in the northern
hemisphere, and will have a fixed structure. The best perfor-
mance of the photovoltaic arrangement is usually obtained
by orienting it toward the equator with a slope close to the
location's latitude [39].

As an example, in that case, the optimal solar panel slope
for the city of Viana do Castelo is a=38°, facing the south.
In this example, the distance “d” (Fig. 4) that must be main-
tained between the lines of panels, to minimize the shading,
is6.91 m.

Main materials of the photovoltaic solar plant

The solar panel fixing structures are made with a U-profile
(100X 50 X 3.04 mm) of galvanized steel, which will be
considered in this material EE and FP calculations. Other
accessories used for fixing the photovoltaic panels are
not considered in this calculation; instead, 5% was added
to the final value. This galvanized steel U-profile, with a
mass of 4.48 kg/m, was chosen for the vertical structure,
whereas the rectangular profile [] (50x30x4.75 mm)
with 3.54 kg/m was chosen for the panels support. Both
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o
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Fig.4 Schematic representa- Ry
tions of the distance between
the panels (adapted from [38])
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of solar irradiation. In this way, the panels are assembled as
shown in Fig. 5.

The panel has an area of 1.627 m? (1.640%0.992), and the
area of the photovoltaic cells was 1.46 m?, with 60 (6% 10)
cells of 156 x 156 mm. The main materials used to build the
photovoltaic power panels, shown in Table 8, are aluminum,
glass, EVA, and silicon, this one considering single crystal-
line silicon for photovoltaic cells.

Aluminum panel frame
— Special glass

EVA — fine layer
- - Photovoltaic cells

EVA — fine layer

Back sheet (protective)

VY

Fig.5 Photovoltaic panel view with the main layers Distance traveled

Table 9 shows the approximate distances of potential raw

Table 7 Steel quantity present

. : Steel profile (mm) Mass/length Length of the Total Total mass (kg)
in the photovoltaic solar plant (kg/m) panels line (m)  length (m)
Vertical structure U (100x50x%3.04) 4.48 27.0 135 604.8
Panels support [1(50%x30x4.75) 3.54 20.7 103 364.6
Total partial mass 969.4
Total mass (adding 5%) 1018
Table 8 Total photovoltaic panels mass of each main material
Component Material Panel area (m?) Linear length (m) Thickness ~ Mass per Total mass (kg)
(mm) panel (kg)
Frame Aluminum 6063 T5 - 5.264 - 5.648 33,550
EVA EVA 9000 3.254 - 0.5 1.545 9177
Backsheet Aluminum 5005 1.627 - 1.2 5.271 31,310
Glass Anti-reflexive glass 1.627 - 32 13.02 77,340
Photovoltaic cell Single crystalline silicon 1.460 - 0.3 0.964 5709
Table 9 Distances of potential Material Origin Approximate travel Transport mode
raw rr}aterlal and components distance (km)
suppliers
Steel Duisburg, Germany 2200 Terrestrial
Cement Loulé, Portugal 610 Terrestrial
Gravel and sand Braga, Portugal 65 Terrestrial
Single crystalline silicon Tianjin, China 14,000 Maritime
Aluminum Maraba, Brazil 550+ 7800 Terrestrial + Maritime
Glass Valenga, Portugal 65 Terrestrial
EVA Saint Paul, Franc 1700 Terrestrial
Glass fiber UK 2000 Terrestrial
Resin/paint Meneey, France 1600 Terrestrial
Copper Aitik, Sweden 1400 + 1600 Maritime + Terrestrial

profiles, U and [], were hot-dip galvanized, and the amount
of steel used in the photovoltaic power plant is defined in
Table 7.

Photovoltaic panels are manufactured in a way that guar-
antees the protection of photovoltaic cells and the best use

@ Springer

material and components suppliers of the main materials
used in the manufacture of the photovoltaic power plant
and wind power. The suppliers were selected for their pos-
sibilities of supplying material to Portugal and not for their
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current supply situation because buyers change suppliers fre-
quently. The destination was considered the city of Viana do
Castelo, a city with a tradition in renewable energy produc-
tion systems and the development of efficient energy man-
agement devices.

Calculation of the embodied energy and carbon
footprint using the EcoAudit

For the embodied energy and the carbon footprint determi-
nations, the following items were considered:

e The reference location for all calculations for this study is
the city of Viana do Castelo, north of Portugal (41°4124"
N and 8°49'16" W);

e The necessary electrical cabling transmission from the
generation point to the connection point of the grid was
not considered, being compliant with the same kind of
simplifications that were considered for the wind power;

e The specific location of the photovoltaic solar plant was
not defined, only the city, Viana do Castelo—Portugal;

e The transformation station location (substation) has not
been defined;

e No electrical calculations were performed, such as short-
circuit voltage, current, protection circuit, power loss,
and other related calculations;

e Overhead and underground lines, foundations, supports,
and other structural and complementary elements of the
power transmission system were not designed.

As part of the conceptual and preliminary design of a
product, the embodied energy and carbon footprint calcu-
lations have been made by knowing, at least, the mass of
the main materials, the manufacturing process, the approx-
imate travel distance from the origin country of the raw
material, its use, and final destination. In particular, for
this study, it was considered that the final destination of
the energy produced would be the same as that given to the
energy distributed by the national electricity grid.

Another important factor is the product's lifetime. For
the wind generator, a 20-year lifetime was considered [40]
and for the solar panel a lifetime of 25 years [41]. For
the wind generator, 3000 h of power generation per year
(34.25%) and for the solar panel 2500 h of power genera-
tion per year (28.54%) of a possible total of 8760 h per
year were also considered.

Table 10 shows the values of embodied energy and car-
bon footprint for 1.5 MW, 2.5 MW, and 3.0 MW genera-
tors assembled over towers of 80, 100, 120, and 150 m
built in steel sheet, concrete, and steel truss columns. It
also shows the EE and CF values for the 1.5 MW photovol-
taic power plant. In this calculation, the distances shown
in Table 9 are included.

Table 11 shows the values of embodied energy and car-
bon footprint considering the same configuration described
in Table 10, but here only steel and concrete values were
included. Table 11 does not show the values of embodied
energy and carbon footprint of the concrete and steel used

Table 10 Embodied energy [EE—kWh/kWh] and carbon footprint [CF—gCO,/kWh] of the materials used in the wind power and photovoltaic

plants
Tower Steel sheet column Concrete column Steel truss column Photovoltaic plant References
height (m)
EE CF EE CF EE CF EE CF
80 0.0208 5.84 0.0150 4717 - - - - Oebels and Pacca [34] (1.5 MW)
80 0.0289 8.79 0.0152 5.05 - - - - Rocha [35] (3.0 MW)
100 0.0443 12.88 0.0221 7.29 - - - -
120 0.0761 21.78 0.0260 13.23 - - - -
150 0.0739 21.55 - - 0.0415 11.44 - - Henriques [36] (2.5 MW)
- - - - - - - 0.0638 16.21 This work (1.5 MW)

Table 11 Embodied energy

Tower Steel sheet Concrete col- Steel truss Photovol-  Ref

(EE_.kWh[kWh) and carbon R height column umn column taic plant

footprint (CF—gCO,/kWh) of [m]

the steel and concrete used in EE CF EE CF EE CF EE CF

the wind power plants
80 0.0163 493 0.0106 3.85 - - - - Oebels [34] (1.5 MW)
80 0.0252 7.88 00111 4.14 - - - - Rocha [35] (3.0 MW)
100 0.0388 11.71 0.0146 578 - - - -
120 0.0695 20.67 0.0197 17.55 - - - -
150 0.0652 1944 - - 0.0338 8.68 - - Henriques [36] (2.5 MW)

(]
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in the photovoltaic plant due to the insignificant amount
of these materials in this plant.

Comparing the values presented in Tables 10 and 11,
it is possible to verify that there is a small increase in EE
and CF generated by the towers of Table 10, roughly 10%,
despite the addition of the complementary materials used
for: manufacturing blades (glass, epoxy resin, and epoxy
paint), transmission of energy (copper), and finishing of the
towers (epoxy paint), showing that these materials have a
small contribution in the total production of EE and CF from
the wind power plants. The amount of the concrete and steel
is irrelevant in the photovoltaic plant, as shown for the steel
in Table 7.

In the 80-m tower designed for the 1.5 MW generator, the
following changes occurred in the values of the embodied
energy and carbon footprint, after the addition of the com-
plementary materials:

e In the sheet steel tower, concrete and steel represent
78.4% (0.0163 to 0.0208 kWh/kWh) in the embodied
energy and 84.4% (4.93 to 5.84 gCO,/kWh) in the carbon
footprint.

e In the concrete column tower, concrete and steel repre-
sent 70.7% (0.0106 to 0.0150 kWh/kWh) in the embod-
ied energy and 80.7% (3.85 to 4.77 gCO,/kWh) in the
footprint of carbon.

Conclusions

When comparing wind against solar photovoltaic power
plants to choose which energy generation system has the
lowest embodied energy and carbon footprint, it was pos-
sible to conclude that the Rocha steel sheet column with
a tower height of 120 m and a 3.0 MW generator has the
highest value among the evaluated systems, with an EE of
0.0761 kWh/kWh and a CF of 21.78 gCO,/kWh, as shown
before. It was established that the determining factor for this
result is the 3.0 MW generator combined with the 120 m
tower height.

Taking into account that the towers of the wind power
generator are built in steel or concrete, the result was
favorable to the concrete column, which achieved the
best result of EE and CF. The Oebels and Pacca 1.5 MW
tower with an 80-m concrete column showed an EE of
0.0150 kWh/kWh (19.71% of the Rocha 3.0 MW 120-m
concrete column) and a CF of 4.77 gCO,/kWh (21.90% of
the Rocha 3.0 MW 120-m concrete column). Comparing
the 1.5 MW photovoltaic plant with the concrete column
1.5 MW wind power, the result is favorable to the con-
crete column. Considering that the values of the photovol-
taic power plant are EE of 0.0638 kWh/kWh and a CF of
16.21 gCO,/kWh, the concrete column 1.5 MW represents

* @ Springer

23.51% of the EE and 29.43% of the CF. This advantage of
the concrete towers repeats for the other columns,

This work shows that it is possible and practicable to
use a simplified LCA software with only two parameters
of evaluation, embodied energy and carbon footprint, to
select the material of lower environmental impact still at
the beginning of new product development, that is, in the
project design stages and its early development. However,
this work does not preclude or exclude a more detailed
evaluation of the product life cycle, through a more com-
plex and detailed LCA software.

Finally, the results show that the best configuration
among those evaluated is the 1.5 MW wind tower plant
with an 80-m concrete column. Nevertheless, for a more
precise conclusion, it is necessary to make a comparison
between the steel sheet and truss columns at the same
working conditions, in different models.

Our work shows that it is possible and practicable to use a
simplified LCA software with only two parameters of evalu-
ation, embodied energy and carbon footprint, to select mate-
rials with lower environmental impact still at an early stage.
However, there are obstacles and hindrances to be observed.
Simplified impact factors may hide significant aspects to be
considered in the delicate phase of material selection. In this
regard, we feel that it is not advisable to assume a linear-
ity when comparing wind and photovoltaic power plants:
A case-by-case study must be carried out. For instance, in
further studies, a comparison between concrete and truss
tower at the same work conditions is suggested.

Acknowledgements The authors are very grateful to the National
Council for Scientific and Technological Development (CNPgq/Brazil)
and Coordination for the Improvement of Higher Education Personnel
CAPES/Brazil) for funding this study.

Funding CNPq/CAPES Brazil

Data availability statement The authors confirm that the data support-
ing the findings of this study are available within the article.

References

1. Lieberei, J., Gheewala, S.H.: Resource depletion assessment of
the renewable electricity generation technologies—comparison
of the life cycle impact assessment methods with focus on min-
eral resources. Int. J. Life Cycle Assess. 22, 185-198 (2017)

2. Bouraiou, A., et al.: Experimental evaluation of the performance
and degradation of single crystalline silicon photovoltaic mod-
ules in the Saharan environment. Energy 132, 22-30 (2017)

3. APREN.: APREN—Associac¢do de Energias Renovéveis. Evolu-
tion of the Installed Capacity of the Different Sources of Elec-
tricity Generation in Portugal between 2000 and 2016. 2020.
[acesso em 14 05 2020] https://www.apren.pt/en/renewable-
energies/power


https://www.apren.pt/en/renewable-energies/power
https://www.apren.pt/en/renewable-energies/power

International Journal of Energy and Environmental Engineering (2022) 13:457-467

467

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bento, N., Fontes, M.: The construction of a new technological
innovation system in a follower country: Wind energy in Portugal.
Technol. Forecast. Soc. Chang. 99, 197-210 (2015)
Estanqueiro, A.IL., Ferreira de Jesus, J.M.: Energia Eélica em
Portugal: situagdo actual & perspectivas de futuro. AIP—Poru-
guesse Industrial Association, pp. 1-4 (1996) (Available only in
Portuguese)

Figueira, T.V.G.: Energia Solar em Portugal—Mapeamento do
potencial fotovoltaico com recurso a Sistemas de Informacgao
Geografica. Run—Repositorio Universidade Nova, p. 87 (2020).
IEA.: IEA—renewables information 2019. Comprehensive histori-
cal review and current market trends in renewable energy: statis-
tics report. IEA—Paris. [Online], 2019. [Acesso em 18 05 2020].
https://www.iea.org/reports/renewables-information-2019

Maia, V.M.J.: Analysis and design of offshore wind tower: para-
metric study. Faculty of Engineering, University of Porto, Master
Thesis (2009) (Available only in Portuguese)

Kaldellis, J.K., Apostolou, D.: Life cycle energy and carbon foot-
print of offshore wind energy. Comparison with onshore counter-
part. Renew. Energy 108, 72-84 (2017)

Callister, W.D. Jr.: Materials Science and Engineering: An Intro-
duction, 6th edn. John Wiley & Sons, Inc., USA (2003)

. Shackelford, J.F.: Introduction to materials science. Pearson edu-

cation, 8th edn. USA (2016)

Ljungberg, L.Y.: Materials selection and design for development
of sustainable products. Mater. Des. 28, 466—479 (2007)
Ribeiro, I., Pecas, P., Henriques, E.: A life cycle framework to
support material selection for eco-design: a case study on biode-
gradable polymers. Mater. Des. 51, 300-308 (2013)

Thackara.: In the Bubble: Designing in a Complex Word, vol 1, p
321.MIT Press, Cambridge (2006)

De Benedetti, B., et al.: Eco Audit: a renewed simplified procedure
to facilitate the environmental informer material choice orienting
the further life cycle analysis for Eco designers. Mater. Trans.
51(5), 832-837 (2010)

Ashby, MLF., et al.: The CES EduPack Eco audit tool—a white
paper. GRANTA Teach. Resour. 2(1), 17 (2012)

Zarandi, M.H.F., et al.: A material selection methodology and
expert system for sustainable design. Int. J. Adv. Manuf. Technol.
57(9), 885-903 (2011)

Khare, S., et al.: Selection of materials for high temperature latent
heat energy storage. Sol. Energy Mater. Sol. Cells 107, 20-27
(2012)

Broeren, M.L.M., et al.: Early-stage sustainability assessment to
assist with material selection: a case study for bio-based printer
panels. J. Clean. Prod. 135, 30-41 (2016)

GRANTA.: GRANTA material intelligence. CES Selector.
[Online] GRANTA, 2021. [Acesso em: 05 12 2018.] https://www.
grantadesign.com/

Ashby, M.F., Johnson, K.: Materials and design: the art and sci-
ence of materials selection in product design, vol 1, 3rd edn, p.
416. Butterworth Heinemann, Oxford (2013)

Finnveden, G., et al.: Recent developments in the life cycle assess-
ment. J. Environ. Manage. 91, 1-21 (2009)

ISO 14040.: Life Cycle Assessment (LCA)—Environmental Man-
agement (2006)

Cabeza, L.F., et al.: Low carbon and low embodied energy mate-
rials in buildings: a review. Renew. Sustain. Energy Rev. 23,
536-542 (2013)

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Dixit, M.K., et al.: Identification of parameters for embodied
energy measurement: a literature review. Energy Build. 42, 1238-
1247 (2010)

Koskela, L.: Application of the New Production Philosophy to
Construction, p 75. CIFE—Center for Integrated Facility Engi-
neering, Stanford University. Stanford: s.n., Technical Report #72
(1992)

Treloar, G.J. A comprehensive embodied energy analysis frame-
work. Ph.D. Thesis. Deakin University (1998)

Crowther, P. Design for disassembly to recover embodied energy.
1999, p. 6.

Langston, Y.L., Langston, C.A.: Reliability of building embodied
energy modeling: an analysis of 30 Melbourne case studies. Con-
struct. Manag. Econ. 26(2), 147-160 (2008)

Ding, G.K.C.: The development of a multi-criteria approach for
the measurement of sustainable performance for built projects
and facilities. Ph.D. Thesis. University of Technology, Sydney,
Australia (2004)

Ashby, M.F.,, et al.: CES-EduPack for Eco design—a white paper.
GRANTA Teach. Resour. 5(1), 23 (2012)

Alwan, Z., Jones, P.: The importance of embodied energy in car-
bon footprint assessment. Struct. Surv. 32(1), 49-60 (2014)
Rydh, C.J., Sun, M.: Life cycle inventory data for materials
grouped according to environmental and material properties. J.
Clean. Prod. 13, 1258-1268 (2005)

Oebels, K.B., Pacca, S.: Life cycle assessment of an onshore wind
farm located at the northeastern coast of Brazil. Renew. Energy
53, 60-70 (2013)

Rocha, A.B.: A comparative evaluation between towers for tubu-
lar steel wind turbines and precast concrete in the Serra do Mel
region. Undergraduate Thesis. Universidade Federal do Rio
Grande do Norte, Brazil (2016) (Available only in Portuguese)
Henriques, J. F.: M. Design of high-height cross-linked wind
towers (150 m): Modeling and comparative analysis with self-
supporting tubular structures. Master Thesis, Faculdade de Engen-
haria da Universidade do Porto, Portugal (2012) (Available only
in Portuguese)

Granja, A.V.C.: Study and optimization of a 1 MW photovoltaic
plant. Master Thesis, Faculdade de Engenharia da Universidade
do Porto, Portugal (2017) (Available only in Portuguese)

Lopes, R.J.C.: Shading effect on photovoltaic panels. Master The-
sis, Instituto Superior de Lisboa, Portugal (2013) (Available only
in Portuguese)

ABNT NBR 16990.: Instala¢des elétricas de arranjos fotovoltai-
cos—Requisitos de projeto (2019)

Arvesen, A., Hertwich, E.G.: Assessing the life cycle environ-
mental impacts of wind power: a review of present knowledge
and research needs. Renew. Sustain. Energy Rev. 16, 5994-6006
(2012)

IEA.: IEA—International Energy Agency. Technology Roadmap:
Solar photovoltaic energy, p. 45. IEA Publications, Carlet, France
(2010)

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

(]
’r @ Springer


https://www.iea.org/reports/renewables-information-2019
https://www.grantadesign.com/
https://www.grantadesign.com/

	Embodied energy and carbon footprint comparison in wind and photovoltaic power plants
	Abstract
	Introduction
	Methodological approach
	Materials selection
	LCA—life cycle assessment
	Embodied energy and carbon footprint

	Results and discussion
	Main materials used in the wind power towers
	Photovoltaic solar plant dimensioning
	Main materials of the photovoltaic solar plant
	Distance traveled
	Calculation of the embodied energy and carbon footprint using the EcoAudit

	Conclusions
	Acknowledgements 
	References




