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Abstract: This study aims to evaluate the logistics of decommissioning wind turbine
blades for an energy recovery scenario in a cement kiln in the State of Bahia — Brazil.
The Center of Gravity Method (CGM) was used to define the optimized location of the
Materials Processing Center (MPC) from waste resources based on the coordinates,
composite material mass and transportation cost of the 247 wind farms, while the
Material Flow Analysis (MFA) was used to elaborate the mass balance from Brotas de
Macaubas Wind Complex. The results indicated that the energy recovery of the 1 070
t composite material of the Brotas de Macaubas Wind Complex can replace 642 t of
petroleum coke in a cement plant. Energy recovery in cement plants provides a
feasible method for composite disposal of old blades, as long as the costs of
transportation, segregation, and shredding are affordable.

Keywords: Locational optimization; Wind turbine blade; Solid waste management;
Energy recovery; Composite material.

OTIMIZACAO DA LOGISTICA DE PAS DE TURBINA EOLICA
DESCOMISSIONADAS PARA RECUPERACAO ENERGETICA EM
UMA CIMENTEIRA NA BAHIA

Resumo: Este estudo objetiva avaliar a logistica de descomissionamento de pas de
turbina edlica para um cenério de recuperagcdo energética em forno de cimento no
Estado da Bahia — Brasil. O Método do Centro de Gravidade (MCG) foi utilizado para
definir a localizagéo otimizada do Centro de Processamento de Materiais (CPM) de
fontes residuais com base nas coordenadas, massa de material compdsito e custo de
transporte dos 247 parques edlicos, enquanto a Analise de Fluxo de Material (AFM)
foi utilizada para elaborar o balanco de massa do Complexo Eolico Brotas de
Macaubas. Os resultados indicaram que a recuperacdo energética de 1 070 t de
material composito do Complexo Edlico Brotas de Macaubas pode substituir 642 t de
combustivel féssil em uma cimenteira. A recuperagdo energética € uma rota
promissora para a destinacado de compaositos de pas descomissionadas, desde que 0s
custos de transporte, segregacao e trituragdo sejam viaveis.

Palavras-chave: Otimizacdo de localizacédo; Pa de turbina edlica; Gerenciamento de
residuos solidos; Recuperacao de energia; Material composto.
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1. INTRODUCTION

The Brazilian context, especially the Northeast of the country, has shown a
promising potential for the expansion of wind electricity production. The wind power
capacity in Brazil is distributed at 91% in the Northeast region, followed by 8.9% in the
South region and 0.1% in the Southeast region in 2022 base year [1]. In 2021, 11% of
all electricity generation injected into the National Interconnected System (SIN) came
from wind power [2], which reached 20% of the country supply at peak time [3]. The
State of Bahia is the national leader in wind power generation in Brazil with 247 wind
farms in operation and 6.43 GW of installed capacity in 2022 base year [1]. The Brotas
de Macaubas Wind Complex, which began the commercial operation in 2012, was the
first wind power project installed in Bahia [1,4].

Wind farms components are made of materials with high recycling rates, such
as the tower, foundation, generator and gearbox including steel, aluminum and copper
[5]. On the other hand, wind turbine blades, which are mostly made of glass fiber
reinforced polymers (G-FRP), have a low recycling rate due to the types of materials
involved and their complex composition [5] which results in a high cost that makes
large-scale recycling unfeasible in the short term [6]. Worldwide, landfill is the most
common disposal route for polymers and their derived materials. Approximately 90%
of the G-FRP is landfilled globally [7]. However, the landfill disposal of large G-FRP
pieces is not an option in the European Union and, in the near future, is likely to be
banned in more countries due to stricter environmental regulations [8].

The energy recovery of G-FRP through co-processing in cement kilns has been
practiced in Europe, which has the advantages of scalability for processing large
material quantities with low waste generation. The main advantages of co-processing
are the reduction of natural resource extraction and of greenhouse gas emissions,
while it contributes to increase the landfills useful life, improve public health and reduce
thermal energy costs [9]. Furthermore, it is at the highest technology maturity level
(TRL 9), which refers to a proven and implemented technology [10] and is attractive
option for G-FRP disposal in the short term.

In Brazil, co-processing of solid waste has been practiced for more than 20
years. In 2021, 2 408 million tonnes of waste materials of various origins were co-
processed, which were no longer destined to landfills and replaced fuels used in the
cement industry [9]. Co-processing is regulated at the federal level in Brazil by
CONAMA 499/2020 [11] and some states have specific complementary legislation.
Four cement production units are installed in the State of Bahia, three of which are
grinding units and one is an integrated unit with kiln that is licensed by the state
environmental agency to co-process waste [9].

This work aims to evaluate the logistics of decommissioning wind turbine blades
for an energy recovery scenario in a cement kiln. In this regard, a Materials Processing
Center (MPC) from waste sources was proposed for decommissioned wind turbine
blades in the State of Bahia, based on the Center of Gravity Method (CGM) for an
optimized location, for later co-processing in cement kilns. The Material Flow Analysis
(MFA) was used to elaborate the mass balance of the evaluated scenario.

2. METHODOLOGY

The follow methodological procedure was conducted in this study: the
identification of wind farms in operation (Step 1) was made by consulting the
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Generation Information System (SIGA) of the National Electric Energy Agency for 2022
base year [1]; a useful life of 20 years (Step Il) was considered for the wind farms [12,
13]; the wind turbine blade mass determination (Step Ill) was based on the installed
onshore capacity of 6 432.7 MW in the State of Bahia for 2022 base year [1] and an
unitary mass of 9.57 tonnes (t) of G-FRP per megawatt (MW) [14]; the MPC
coordinates (Step 1V) were defined in the CGM according to Eq. 1 and Eq. 2 obtained
in [15], which have been used by [16] for locational optimization:

_ X(Mi x Ci X xt)

Y.(Mi x Ci) L
_ X(Mix Cixyi)
Y (Mix Ci) 2
Where:

Mi represents the mass (t) to be transported from the wind farm i to the cement plant;
Ci represents the unitary cost (US$ / (t km)) of transportation;

xi represents a wind farm (km) coordinate in the x axis;

yi represents a wind farm (km) coordinate in the y axis.

For the estimation of Mi, it was considered that wind turbine blades should be
reduced in size after decommissioning to simplify transportation [17], in which a wet
saw with diamond wire is used to minimize dust and debris. The cut wind turbine blades
are then loaded onto the platform of the trucks for transportation to the MPC [18, 19].
Ci was estimated at R$ 0,90 / (t km), considering the round-trip cost from the wind
farm to the MPC. The coordinates were defined on the basis of latitude (xi) and
longitude (yi) data of wind farms in SIGA [1]. The MPC location was defined based on
the projected amount of waste over the next 20 years. The municipality for MPC
implementation was identified with the x and y coordinates and use of Google Maps®.
The MFA method [20] (Step V) was used to assess the mass balance in logistics of
the decommissioned wind turbine blades. For this purpose, the decommissioning of all
wind turbine blades of the Brotas de Macaubas Wind Complex was considered The
Brotas de Macaubas Wind Complex is located in the municipality of Brotas de
Macaubas and consists of three wind farms with a total installed capacity of 95.2 MW:
Macaubas (35 MW), Novo Horizonte (30 MW) and Seabra (30 MW) with an annual
production of 313 GWh [1,4]. In total, there are 57 wind turbines: Macaubas (18), Novo
Horizonte (18) and Seabra (21) of the Alstom ECO86 model with an individual nominal
capacity of 1.67 MW [4, 21, 22]. Each wind turbine is equipped with 3 blades on the
rotor [22, 23] is 47 m long and 6.5 t in weight for each blade [24]. MFA was conducted
in STAN® software version 2.7.101. It was considered that each wind blade is
composed of fiberglass fabric (60.4%), epoxy resin (32.3%), balsa wood (2.3%), metal
material (1.4%), polyurethane foam (1.7%), protective coating (1.6%) and adhesive
(0.3%) on a mass basis [25].

The decommissioned blades are cut 1.5 m? sizes at the collection site and then
transported by truck in 6.5 t per trip [26] from Brotas de Macaubas Wind Complex to
the MPC. Upon arrival at the MPC, the metal and wood components are segregated,
and the remaining material is shredded into pieces lower than 40 mm. The shredded
material is mixed with the SRF (Solid Recovery Fuel) in the ratio of 50% G-FRP and
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50% SRF [27] and transported by truck to the cement company InterCement Brazil in
Campo Formoso for co-processing in the cement kiln [28]. It was considered that the
SRF and G-FRP did not receive any further processing other than shredding [27].

3. RESULTS AND DISCUSSION

The wind farms in Bahia are located in the interior of the State, unlike the
remaining wind farms in the Northeast States, which are mostly located in coastal
regions. Figure 1 shows the location of the MPC in the municipality of Canarana that
was defined in the CGM: x = —11,6931229 kme y = —41,63425597 km. The MPC
is located at 136 km from the Brotas de Macaubas Wind Complex and 286 km away
from the cement plant.

Figure 1 - Location of the Wind Farms, Brotas de Macaubas Wind Complex, Material
Processing Center (MPC) and Cement Plant with Coprocessing in Bahia.
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Considering that 1 000 kg of G-FRP from decomissioned blades can replace
600 kg of petroleum coke [29], the energy recovery from the wind turbine blades of the
Brotas de Macaubas Wind Complex after decommissioning 1 070 t (Figure 2) can
replace 667 t of petroleum coke. Most of the petroleum coke used in Brazilian cement
plants is characterized by high sulphur content (6.5% base mass), which comes from
the Gulf of Mexico [30]. Therefore, the energy recovery from decommissioned blades
can contribute to improving the environmental performance of the wind turbine power
and cement sector. In this regard, further studies should be conducted to cover more
sustainability indicators to support a robust decision-making in decommissioned blade
logistics. The energy recovery from wind turbine blades in cement plants in the State
of Bahia is advantageous due to the instability of petroleum coke price used in cement
kilns and its high carbon footprint [31]. In addition, the cement industry target is to
replace the petroleum coke in the energy matrix by 55% with a more sustainable fuel
till 2050 [9].
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Figure 2 - Product system of the decomissioned wind turbine blade logistics from Brotas
de Macaubas Wind Complex for energy recovery in a cement kiln. The flows are classified
as import (1) or export (E). SRF: solid recovery fuel; G-FRP: glass fiber reinforced polymer.
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4. CONCLUSION

Energy recovery of decommissioned blades in cement plants is a promising
short-term solution in the State of Bahia in Brazil. The current environmental license
for material co-processing in a cement plant of the State the highest concentration of
wind farms and the cement industry's search for cheaper and less polluting energy
sources contribute to the viability of the decommissioned blade destination in the
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cement kiln. However, it is necessary to evaluate the transportation, segregation, and
shredding costs of the decommissioned blade component against the costs of sanitary
landfill disposal and petroleum coke import to fuel the cement kilns. Moreover, further
studies are required to evaluate the energy and environmental performance of the
decommissioned wind turbine blade logistics in Bahia.
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