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PROJECT DESCRIPTION 
 

Collaborative US–Ireland: Reuse and Recycling of Decommissioned  
Composite Material Wind Turbine Blades 

 
1.  Introduction 

 
1.1 Objective: The objective of the proposed research is to compare sustainable end–of–life (EOL) reuse 
and recycling strategies for composite material wind turbine blades using a Geographic Information 
Science (GIS) platform coupled with environmental, economic and social Life–Cycle Assessments 
(LCA).   
 
1.2 Hypothesis: The hypothesis of the proposed research is that reuse and recycling strategies can be 
found that will prevent environmentally and socially unpalatable and unsustainable landfilling and 
incineration of composite material wind blades.   
 
1.3 Overview: This proposal is submitted under the US–Ireland tripartite program (NSF DCL 11–070) 
which supports collaborative research between researchers in the United 
States (US), the Republic of Ireland (RoI), and Northern Ireland (NI). 
This program accepts proposals for approximately $300k/€350k/£300k 
to each jurisdiction through the US National Science Foundation (NSF), 
the Science Foundation Ireland (SFI) and InvestNI/Department for the 
Economy (DfE). The commitment to support the researchers in the RoI 
and NI is attested to in the Supplementary Documents section of this 
proposal. A team of researchers led by Prof. Lawrence Bank from the 
City College of New York/City University of New York 
(CCNY/CUNY), USA; Dr. Paul Leahy, University College Cork (UCC), 
RoI and Prof. Jian–Fei Chen from Queen’s University Belfast (QUB), NI 
will conduct the research (Fig. 1). Prof. Bank spent the month of June 
2016 in Belfast, NI as a Visiting Professor at QUB working closely with 
Profs. Chen and Morrow and Drs. Leahy and McKinley to prepare this 
research proposal.  
 
The overarching philosophy of the reuse and recycling 
research described in this proposal follows the US 
Environmental Protection Agency (EPA) (Fig. 2) and EU 
Waste Directive (EU, 2008) waste management hierarchy 
popularized by the mantra: Reduce, Reuse, Recycle. This 
proposal will primarily focus on the EPA’s “most 
preferred” category – reuse.  The research is based on the 
concepts of cradle–to–cradle product design (Braungart 
and McDonough, 2002; Graedel et al., 2009) and the 
circular economy (Ellen MacArthur Foundation, 2015; 
Ghisellini et al. 2016; European Commission, 2015; 
Mocanu, 2014).  In the circular economy philosophy the 
EPA mantra is recast as: Rethink, Recycle, Remake which 
emphasizes the need to make products that can always be 
remade and reused.  The terms, recycling and reuse, are often mixed in the press and the literature.  For 
the purposes of this proposal we refer to recycling as the recovery or reclamation of the base materials 
(fiber, resin or composite) for use as constituent materials in a new construction material (e.g., as recycled 
aggregate for producing concrete).  Reuse we define as using the entire product in structural form, or in 

Fig. 1 – PIs in Cork 

Fig.2 – EPA’s Waste Management Hierarchy 
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part of that form, for another structural purpose or product.  The primary focus of the research will be on 
reuse but it is recognized that some amount of recycling is unavoidable.  
 
A modern wind turbine consists of a concrete foundation, a 
steel (or concrete) tower, a nacelle that houses the turbine, 
and the rotor (a hub with three Fiber Reinforced Polymer 
(FRP) composite material blades).  Fig. 3 shows the 
researchers alongside a Vestas 40.5 m long, 1.6 MW FRP 
turbine blade at the Maple Ridge Wind Farm in Lowville, 
NY (an operating turbine can be seen in the distance).  This 
research is only concerned with the FRP turbine blades.  
Although the FRP blades constitute only about 8% of the 
weight and 15% of the cost of a wind turbine (TPI, 2016) 
they are the most problematic components of the turbine 
from a sustainability perspective since they are non–
biodegradable and not recyclable like the steel and concrete 
in the turbine. Fig. 4(a) shows the typical geometry, 
nomenclature, and material composition of a 40–50 m blade circa 2005 (Nolet, 2011).  The blade 
geometry and material composition vary around the contour of the blade and along the length (inset in 
Fig. 4(a)).  Fig. 4(b) shows close–up photographs of pieces of material cut from the shell of a blades 
having either a balsa wood core or of solid FRP composite material.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on some initial brainstorming, reuse and recycling alternatives could be expected to range from 
full–size uses of the blades in turnkey systems (e.g., piles, cell–towers, wind or wave attenuators, artificial 
reefs, impact attenuators), to smaller commodity parts (e.g., wall panels, roof beams, chimney liners, 
furniture, playground equipment) to even smaller commodity materials (e.g., aggregates for concrete or 
road base, fillers for paints and other plastic materials). 
 
The Global Wind Energy Council (GWEC, 2016) reports a global total of 432 GigaWatt (GW) of 
installed wind power capacity at the end of 2015 – only 12 GW of which is in off–shore windfarms. 
Relevant country capacities for this proposal are USA, 74 GW; UK, 13 GW; and Ireland, 3 GW.  Global 
capacity is forecast to nearly double to 792 GW by 2020 (GWEC, 2016). Currently, most on–shore wind 
farms are installing 2–3.5 MegaWatt (MW) turbines and off–shore wind farms are installing 5–8 MW 
turbines that range in blade length from about 50 m to 80 m.  The longest blade produced for installation 

Fig. 3 – Researchers alongside an FRP 
turbine blade 

Fig. 4(a) – Blade cross-section, geometry and nomenclature (Nolet, 2011)        Fig. 4(b) – Blade shell materials  
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in an off-shore windfarm was recently reported to be 88.4 m long (Froese, 2016).  A 200 m long blade is 
currently under development at SANDIA (Sandia, 2016a). 
 
 

2. Motivation for the Proposed Research 
 
The very rapid growth in wind energy technology in the last 15 years has led to a commensurate rapid 
growth in the amount of non–biodegradable, thermosetting FRP composite materials used in wind turbine 
blades that will need to be disposed of in the near future (2020 and on).  Many energy companies are 
embracing wind power despite some remaining public resistance (Baker, 2015; Davenport, 2016).  Even 
without future incentives and subsidies it appears that wind power will be competitive with other power 
sources, especially those derived from fossil fuels (DOE, 2015; Carr, 2016).  It is postulated that, if an 
appropriate socially acceptable reuse and recycling method for these non-biodegradable materials is not 
found soon, there may be further societal opposition that will hamper the growth of this important 
renewable energy resource. 
 
The FRP blades in current generation wind turbines are designed for a 20 year service life.  These days 
many existing operators are opting to ‘repower’ their wind farms with new turbines (sometimes even 
prior to the 20 years of operation) in order to take advantage of technical innovations to improve energy 
yield and reliability.  In the next two decades, the on–shore repowering market is expected to grow in the 
mature wind energy markets of Europe and North America, while new off–shore farms are constructed 
(DOE, 2015; SEAI, 2015). The repowering and hence decommissioning of older on–shore wind farms 
will begin in earnest in about 2025 and continue to 2050, whereas decommissioning of off–shore wind 
farms will only begin in earnest after 2045 (SEAI, 2015). Consequently the framework to be created in 
this research will focus on on–shore wind farms; however, it will be equally applicable to off–shore farms 
in the future. 

 
Discussion of the key issues related to the EOL of wind turbines (blades as well as all other parts) can be 
found in Cherrington et al. (2012) and Ortegon et al. (2013).  A typical 2.0 MW turbine with three 50 m 
blades contains approximately 20 tonnes of FRP material and an 8 MW turbine has approximately 80 
tonnes of FRP material that will need to be disposed of when its end of life is reached (1 MW  10 tonnes 
of FRP).  Calculations show that by 2035 in the United States, 705,000 tonnes of non-biodegradable FRP 
composite will need to be disposed of from wind turbines installed between the years 2000 and 2015 and 
an estimated 2,800,000 tonnes by 2055 (for future planned installations between 2016 and 2035) (Arias, 
2016).  Proportionally, this represents a global total of 4.2 million tonnes to be disposed of by 2035 and 
16.3 million tonnes by 2055. These estimates are based on wind power growth rates from 2000–2015, 
which are likely to be conservative.  Innovative design and logistical concepts for reusing and recycling 
these blades, from whole blades to sub–structural parts to granular materials and powders, must be 
developed and implemented to keep wind energy sustainable.    
 
In recent years there has been an increased interest in the EOL and recycling of FRP composites (Yang et 
al., 2012; Job, 2013; Bank and Yazdanbakhsh, 2014; Oliveux et al., 2015). Two options to dispose of 
FRP composites at the EOL are used at the present – disposal in landfills and incineration (with or 
without energy recovery and subsequent disposal of the residual ash or reuse as a precursor for cement 
production in a cement kiln).  Recycling options consist of reclamation of the constituent fibers or the 
resins by thermo–chemical methods (Oliveux et al., 2015) or recycling of small pieces of granular FRP 
material as filler material in concrete or other composites by cutting, shredding or grinding 
(Yazdanbakhsh and Bank, 2016a; Ribeiro et al., 2016)).  Efforts to commercialize shredding and grinding 
of GFRPs for the filler market or for use in cement-kilns have not been commercially successful (Job et 
al., 2016; LZ Online, 2014).  Reuse options consist of reusing the entire FRP blade or large parts of the 
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blade in new structural applications (Welstead et al., 2013).  Reuse options are the primary focus of this 
research. 
 
Landfill disposal (aka dumping or tipping) is already severely restricted in a number of countries 
(Germany, The Netherlands) and EU directives will significantly limit all landfilling of non–
biodegradable plastics (polymers) by 2030 (EU, 1999; 2008).  In the US landfilling costs can range from 
$60 -$120/ton of material not including the labor and transportation costs.  In Ireland a tax levy of 
€75/tonne in addition to landfilling costs of €50–100/tonne are in effect.  Resale of entire outdated 
turbines in the second–hand market is being pursued commercially as a short–term stop–gap solution 
(Welstead et al., 2013). Incineration is popular in many countries but public opposition is growing 
especially in Ireland where the local population is strongly opposed to incineration (O’Keeffe, 2016; 
Roche, 2016; Leonard et al., 2009). Exporting blades for landfilling or incineration simply moves the 
problem elsewhere and is regarded as a particularly unsustainable and globally irresponsible solution.   
 
The recently inaugurated US Department of Energy’s Institute for Advanced Composite Manufacturing 
Innovation (IACMI) has a mandate to increase the ability to recycle composites with a goal of 80 percent 
recyclability within the next decade (IACMI, 2016). Although there is significant commercial interest in 
recycling/reclaiming carbon fiber (CFRP) composite materials there is very little interest in 
recycling/reuse of low–value glass fiber (GFRP) composite materials that are the primary materials used 
in wind blades.  Interest in CFRP reclamation is due to their increased use in the aircraft and automotive 
industries (Gardiner, 2014).  However, carbon FRPs only constitute about 5 percent of the global 8 
million tonne/year FRP market; the remainder being glass FRPs.  In addition, carbon fiber composites are 
much more expensive than glass fibers: 40 to 80 versus 4 to 6 dollars/kg; there is significant production 
waste of carbon fiber material compared to glass fiber: 20 to 40 versus 3 to 5 percent; and carbon fibers 
have significantly more embodied energy than glass fibers: 200 to 250 versus 20 to 30 MJoule/kg (Song 
et al, 2009). All of which makes the effort to recycle (or reclaim) carbon fibers more commercially 
appealing; and at the same time highlights the challenges facing GRFP recycling (WRAP, 2013) which is 
why this research will focus on reuse options.   
 
 

3.  Research Thrusts 
 
The research will be conducted in four fundamental scientific 
disciplines with specific intellectual foci, called thrusts: (1) 
Wind Energy, (2) Design for the Built Environment, (3) 
Structural Mechanics, and, (4) Geographic Information 
Science (GIS). The objective of this research is to develop a 
methodology for use by relevant stakeholders – the national 
and local energy and waste management policy makers, wind 
energy company executives, wind turbine manufacturers and 
installers and community members.  To make the research 
manageable and to test the methodology under realistic 
conditions the scope of the research will be limited in both 
geography and the specific wind blades considered.     
 
3.1 Geography – The Republic of Ireland and Northern 
Ireland (aka Ireland) will be used as a test-bed for this 
research.  It is geographically manageable (compared to the 
US), has a variety of geographical regions (e.g., coastal, 
mountainous, sensitive (peat bogs)), and political 
constituencies (e.g., urban, suburban, rural, pro-wind, anti- Fig. 5 – Wind power in Ireland 
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wind) and hence can serve as a good model for other locations around the world. Ireland’s relative 
geographic isolation makes potential local reuse scenarios particularly attractive.  Currently, there are 240 
windfarms in Ireland with 3 GW of capacity distributed as shown in Fig. 5. 
 
3.2 FRP Wind Blades – For the purposes of determining residual properties of blades, and parts of blades, 
for future use, the publicly available wind blade numerical models for 61.5 m and 100 m long blades from 
SANDIA National Labs will be used (SANDIA, 2016b; NuMAD, 2015; Resor, 2013; Griffith and 
Ashwill, 2011).  Physical tests will also be conducted on a 21 m long Vestas V–42 turbine blade donated 
by Energia one of the top renewable energy companies in Ireland (see letter in Supplementary 
Documents.)   
 
 
3.3 Thrust 1 – Wind Energy – Leahy (Thrust Leader/Wind Energy) UCC, Mullally (Sociology) UCC, 
Dunphy (Political Science) UCC, Yazdanbakhsh (LCA) CCNY  
 

The intellectual focus of this thrust will be on the social, environmental and economic 
sustainability of reuse and recycling and disposal options for decommissioned wind turbine 
blades.  

 
3.3.1 Social – A viable reuse and recycling strategy must be socially acceptable.  Social acceptability has 
three basic dimensions – (1) The socio-political dimension, (2) The market dimension and (3) The 
community dimension (Wustenhagen et al. (2007), Fung (2015), Skelcher and Torfing (2010), Bryson et 
al. (2012).  Community engagement is both necessary and desirable in that communities provide the 
relevant social context for wind power installations. Under certain local-use scenarios, communities may 
actively participate in new market configurations for reuse products as potential producers or end-users.  
Local communities also contribute to the broader socio-political acceptability of new policy narratives 
(Mullally and Byrne, 2016). Implementation of a reuse and recycling strategy requires detailed qualitative 
analysis to understand how communities will respond to a proposed strategy taking into account the 
geographical, temporal, socio–political and cultural context (Aitken, 2010).  Prior to 2010 the Irish public 
was largely accepting of wind energy developments (McCarthy, 2011) but in subsequent years there has 
been increased opposition to developments in many areas because of noise, shadow flicker and perceived 
reductions in property values (Brennan and van Rensburg, 2016). In addition, there are societal costs 
incurred due to upgrades to the grid infrastructure (McGarrigle et al., 2015). A viable reuse and recycling 
strategy needs to overcome this community opposition.  
 
3.3.2 Environmental – A key challenge for the continued adoption of wind energy is quantifying and 
reducing its environmental impacts  current Life–Cycle Assessment (LCA) studies of wind turbines or 
wind farms do not devote much attention to exploring EOL reuse options for wind turbine blades.  In 
most cases it is assumed that FRP materials from blades will be landfilled or incinerated (Martinez et al., 
2009; Papadakis et al., 2009; Owens et al., 2013; Larsen, 2009).  Important lessons which need to be 
considered when performing LCAs of FRP recycling can be learned from LCAs on related materials.  
Recent LCA studies on recycled concrete aggregates (RCA) have revealed a number of shortcomings 
(Marinkovic et al., 2010; Knoeri et al., 2013; Braunschweig et al., 2011; Yazdanbakhsh et al., 2016b). For 
example, they do not consider the beneficial impacts of avoiding landfilling when waste materials are 
recycled and reused, nor the negative impact of resource use, including the depletion of mineral resources 
used for producing concrete aggregates and land use due to landfilling.  Moreover, assessing only the 
environmental impact does not necessarily provide sufficient information to determine which alternative 
is more sustainable.  The social dimensions, noted above, need to be integrated into the LCA framework 
by conducting a Social–LCA (Dreyer et al., 2006; Sala et al., 2015). For example, if an environmentally-
friendly alternative leads to major unemployment and layoffs, social and financial consequences will 
make the strategy unsustainable.   
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3.3.3 Economic – Innovative sustainable business models are those that ‘create significant positive and/or 
significantly reduced negative impacts for the environment and/or society’ (Bocken et al., 2014).  
Understanding the perspectives of the entities directly involved in the project delivery (e.g., local 
communities, contactors, policy–makers) is paramount to developing business models that will not only 
be viable and sustainable but will also enhance the acceptability of the wind turbine installation itself 
(Dunphy et al., 2013).  While literature to–date has concentrated almost entirely on financial returns, 
many stakeholders place value on non–monetary returns of an undertaking (Morrissey et al., 2014). The 
‘Open Business Models’ approach, in which collaborative entrepreneurship (the creation of something of 
value based on new, jointly generated ideas emerging from the sharing of information and knowledge) 
offers a path to increasingly more sustainable business models. (Dunphy and Morrissey, 2015; Miles et 
al., 2006)   
 
 
3.4 Thrust 2 – Design for the Built Environment – Gentry (Thrust Leader/Design) GATech, Al–Haddad 
(Architecture) GATech, Morrow (Architecture) QUB, Bank (Composite Structures) CCNY, Mullally 
(Sociology) UCC 
 

The intellectual focus of this thrust will be on design of architectural and engineering structures 
and products from decommissioned wind turbine blades in the highly-constrained contexts of the 
blade properties and the potential reuse sites.  

 
3.4.1 Design Research – In early-stage conceptual design objectives are often loosely defined  and it is 
difficult to cast the design problem as a multi-objective optimization problem (Maher and Gómez de Silva 
Garza, 2002; Mohaghegh, 2005) and project cost is greatly affected by conceptual decisions at the early 
stages of design (Henrickson, 2008).  Cross (2004) notes that novice designers often focus on one area of 
a problem without considering the breadth of the problem, a tendency known as design fixation 
(Viswanathan and Linsey, 2013). Design fixation can be avoided by providing designers with technical 
expertise, and by teaming novice designers with experienced designers (Hilton et al., 2015; Holzer et al., 
2007a).  An integrative design process that simultaneously considers social, environmental and economic 
considerations has been proposed (Bantayan and Bishop, 1998; Blizzard and Klotz, 2012; Holzer et al., 
2010).  
 
3.4.2 Parametric Modelling – 3–dimensional parametric models (Fig. 6) can be used effectively in 
conceptual design studies.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 – Parametric representation of a wind blade 
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Various permutations can be explored with different parameters driving the model (e.g., one permutation 
would maximize length at the expense of parameter) (Holzer et al., 2007b).  Each permutation can be 
stored in a parametric database which can be used to assess the efficacy of each proposed design. Such an 
approach has been used for design of masonry systems (Cavieres et al., 2011) and aircraft (Banerjee et al., 
2013).  
 
3.4.3 Design Indicators – Haymaker et al. 
(2011) discuss a method by which a set of 
design indicators are used to support ‘rationale 
clarity’ in early-stage design.  Fig. 7 (adapted 
from Blizzard and Klotz, 2012) shows a radar 
plot (aka spider plot) of possible design 
indicators that can be used to provide feedback 
to a design team charged with developing reuse 
options.  The indicators represent the social, 
environmental and economic content areas 
described in Thrust 1. The economic content 
area includes the logistics of reuse strategies, re-
fabrication processes, and cost estimating, as 
well as the business models necessary to 
evaluate the design options (Aurich et al., 
2006).  Morrow (2014) describes these as 
‘contextualized aims against which design 
outcomes are critiqued’.   
 
3.4.4 Irish Context – The architectural design process is inherently contextual, as geographical, political 
and cultural considerations need to be accounted for jointly with considerations of form, geometry, 
material use, and structural capacity (Oxman, 2008).  Site selection and societal implications for design in 
the Irish context are critical to consider. In the post-conflict but still sectarian context on Northern Ireland, 
creative and innovative interventions are needed to drive economic development and hence underpin 
societal shifts towards more inclusive communities (Morrow et al., 2011).  Mullally and Quinlivan (2004) 
and Byrne and Mullally (2015) discuss key lessons learned from analyses of waste and renewable energy 
controversies in Ireland.  They observe that societal support for environmental policy at the national level 
is a poor predictor of social acceptability at the community level. Public opinion (e.g., from surveys and 
opinion polls) favoring pro-environmental policy approaches at the national level frequently mask the 
contentious nature of specific projects at the local level. 
 
3.4.5 FRP Composite Structures – Use of FRP composites in civil engineering structures and construction 
is well-accepted in engineering practice and thousands of structures have been built, repaired or retrofitted 
with these materials (Bakis et al., 2002; Teng et al., 2003; and Bank, 2006).  Examples can be found in 
projects completed by the PIs such as: An FRP canopy structure built in 1994 (Bank et al., 2007), a 
floating Navy causeway system in 1997 (Smith et al., 2000), a composite materials highway guardrail 
(Bank and Gentry, 2001), a series of FRP-reinforced concrete highway bridges (Dieter et al., 2002, Berg 
et al., 2006, Ringelstetter et al., 2006) and a photovoltaic panel framing system (Gentry et al., 2013). 
Recent research has also addressed recycled FRP materials as aggregates for concrete (Shahria Alam et 
al., 2013; Yazdanbakhsh and Bank, 2014; Yazdanbakhsh et al., 2016a).  The reuse of parts of full-size 
FRP turbine blades is mentioned in Welstead et al., (2013) and has recently been discussed in the 
composite’s trade news (MaterialsToday, 2016).  
 
 

Fig. 7 – Possible design indicators radar plot 
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3.5 Thrust 3 – Structural Mechanics – Chen (Thrust Leader/Composite Mechanics) QUB, Bank 
(Composite Structures) CCNY, Leahy (Wind Loads) UCC, Gentry (Design) GATech 
 

The intellectual focus of this thrust will be on understanding the residual properties of wind blade 
composite materials at the end of their service lives, the appropriate load cases for the reused 
structures or products and their structural design. 
 

3.5.1 Blade Structure and Materials – 
FRP composite wind blades are 
complex 3D sandwich structures (Fig. 
8), with variable wall thickness, fiber 
architecture (the arrangement and 
distribution of the continuous fibers) 
and fiber volume fraction for different 
parts of the structure (Bir and 
Migliore, 2004; Bir, 2015). This 
means that the mechanical properties 
such as strength and Young’s 
modulus of the material vary at 
different locations. Composites are 
also anisotropic materials: their 
properties vary in different directions 
at the same location (Yu et al. 2009a).  Preliminary structural design of wind blades is usually based on 
strength and static buckling criteria under extreme loadings (Bir and Migliore 2004). More advanced 
structural design considers deflection (stiffness) under both static and dynamic loadings, and fatigue 
(Ronold et al., 1999; Kong et al., 2005) and optimization (Cox and Echtermeyer, 2012; Zhang, 2012). 
Analysis and design of wind blades is performed using finite element analysis (FEA) that can account for 
the complex geometry and variable distribution of material properties as shown in Fig. 9.  FRP materials 
exhibit complex behavior under complex stress states. A number of failure criteria are available in the 
literature (Yu et al,. 2009b). The project team has extensive experience in this area and have authored 
widely‒used monographs on the subject (Teng et al, 2003; Bank, 2006; Hollaway and Chen 2009).  
 
3.5.2 Loading and Load History – Wind blades 
are subject to complex and variable loading. 
The main loadings include gravity, wind and 
centrifugal forces.  Other loadings include 
earthquakes, accumulation of ice, hygro-
thermal and mechanical loadings (Kong et al., 
2005).  The primary load on wind blades that 
leads to fatigue of the blades is the wind load. 
Wind speed (and thus load on the blade) varies 
with time, and turbulent effects increase in 
wind farms in hilly terrain or where there are 
obstructions like forests or buildings, or 
downwind of other turbines (wake effects).  
Aerodynamic interactions between the tower 
and the rotating blades can also be important.  
Most wind datasets report hourly averages, or ten-minute averages, of mean wind speed, standard 
deviations of wind speed and (usually) hourly maximum gust wind speed. The problem with using these 
datasets for structural loading of wind turbine blades is that all short-duration turbulent effects are 
averaged out, and the latter are likely to be significant in terms of fatigue. The design loads for structural 

Fig. 8 – Material composition of wind blade (Bir and Migliore, 2004) 

Fig. 9 – FEM model of wind blade (Resor, 2013) 
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design of blades are usually determined from load cases specified in the IEC61400 (IEC, 2014) or similar 
standards. 
 
3.5.3 Residual Mechanical Properties – Extensive research has been conducted on the fatigue behavior of 
composite materials (Harris, 2003; Post et al., 2008) and their residual strengths (Caprino et al., 2005; 
Loganathan et al., 2016), as well as on entire composite wind blades (Kong et al., 2005; Cox and 
Echtermeyer, 2012). These studies have shown that the fatigue life of GFRP composites is stress history 
dependent (Nijssen, 2006). Post et al. (2008) showed that the Palmgren–Miner rule (Miner, 1945) is non-
conservative and gains in accuracy are possible by using a simple residual strength law such as the one 
proposed by Broutman and Sahu (1972).  Mainly due to the cyclic wind load, the stress histories at 
different locations for each blade are different, leading to different degrees of damage and residual 
properties of the material at different locations in the same blade. Well–known destructive (standard 
ASTM coupon testing) and non-destructive test (NDT) methods (ultrasonic (C–Scan), impact-echo, 
modal testing) can be used to test the materials, the blades, and their parts, and the results can be 
compared with the above theoretical models (Resor and Paquette, 2012).   
 
3.5.4 Structural Analysis – Structural analysis and structural design (as opposed to architectural design in 
Thrust 2) will follow well–accepted limit states design methods which employ partial safety factors as in 
Eurocodes or load and resistance factors (LRFD) in US design codes.  As in all structural designs, the 
architectural designs are analyzed and optimized for structural safety and serviceability.  Based on the 
architectural designs and the site conditions, structural loads (e.g., mechanical loading, differential 
subsidence, environmental loading) are calculated following appropriate design standards (e.g., Eurocode 
EN1990, 2005; ASCE 7–10, 2013; ACI 318–14, 2014; AISC, 2015; IBC, 2015).  If the new structure is 
subject to fatigue loading, the remaining fatigue life must be assessed considering the damage to the 
material in the blade (which is different at different locations), and the new loading (stress) regime.  
 
 
3.6 Thrust 4 – Geographic Information Science (GIS) – McKinley (Thrust Leader/GIS) QUB, Barry 
(GIS) QUB, Yazdanbakhsh (LCA) CCNY, Leahy (Wind Energy) UCC  
 

The intellectual focus of this thrust will be on an open GIS system for wind blade reuse and 
recycling, containing embedded reuse design options and their environmental, economic and 
social impacts, for subsequent network analysis. 

 
3.6.1 GIS and information models and database 
integration – The last decade has seen an increasing 
awareness of the benefits and need to integrate non-
spatial information databases and models within a 
geographically located framework. Examples include 
combining system dynamic models for sustainable urban 
development (Xu and Coors, 2012); hydropower energy 
storage (Fitzgerald, 2012); energy and life cycle decision 
support (Ferreira et al., 2013; Mutel et al., 2012); and 
cost–benefit analysis for energy transportation 
(Dharmadhikari et al., 2016). Fig. 10 shows the spectrum 
of interested parties and stakeholders reflecting 
scientific, environmental, financial and social interests 
that may be involved in the decision making (Ferreira et 
al., 2013; Martinaitas et al., 2007; Nair et al., 2010). To implement a successful integrated GIS model, 
relevant data (Fig. 10) must be assembled and converted into a usable compatible geo-referenced format.  
 

Fig. 10 – Data types from interested parties 
and stakeholders 
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3.6.2 Baseline assessment of site specific environmental issues and infrastructure risk ‒ GIS professionals 
and academics have worked with civil engineers and road and rail infrastructure providers for over 10 
years on assessing and monitoring their infrastructure assets (Barr et al., 2013).  Work has included a GIS 
based geotechnical risk based methodology for all the large cuttings and embankments across the road 
network in Northern Ireland (Bell et al., 2014).  The impact has been to encourage road and rail 
infrastructure providers to use GIS based systems as geospatial tools for data management and processing 
to enable more effective monitoring.  
 
3.6.3 Decision making approaches  – A range of different decision making tools have been used including 
GIS-based cellular automata (Batty et al., 1999); the use of weighted indicators (Xu and Coors, 2012), 
suitability indices (Park et al., 2011) and multi-criteria systems (João et al., 2011). A quantitative 
mathematical optimization process to assign weights to criteria may minimize subjectivity and some form 
of qualitative evaluation is necessary to gain social acceptance and balance environmental and social 
interests (Barry, 2015a; Ferreira et al., 2013). Challenges remain to integrating system models and 
information databases into a GIS framework including the lack of flexibility in currently available public 
software (GIS, LCA, matrix software, etc.) and how to deal with spatial uncertainty in integrating data 
and information derived from different spatial support and scales. Previous work by McKinley et al. 
(2014) used geostatistical Bayesian Updating to deal with spatial uncertainty and integrate data generated 
at different scales. This approach and other geostatistical approaches, such as area-and-point (AAP) 
kriging (Goovaerts, 2010) can be utilized to ensure coherence of spatial support in the integration of 
vector based (point, node, transport route, polygon boundary) and continuous or gridded data in any 
resultant prediction inputs for decision making. 
  
3.6.4 Open source GIS based network analysis:  Open source GIS network analysis approaches developed 
over the last 5 years offer a flexible Python scripting approach for the analysis of clustering, connectivity, 
distances, flows, shortest path and cost analysis. Recent developments include NetworkX – an open 
source python library for the analysis of complex networks based on graph theory (Barr et al., 2014); 
PySAL.network – an open source pysal library (network branch) for network constrained analysis for 
pattern evaluation (Rey et al., 2015; Rosenberg and Anderson, 2011) and Snap.py – Stanford Network 
Analysis Project  – a network analysis and data mining library that supports attributes on nodes and edges 
(attribute information) (Shahaf et al., 2013). An open source spatial analysis approach utilizing the 
combined team expertise in open source pysal scripting (Barry, 2015b) and geostatistical and spatial 
analysis (McKinley et al., 2016) will provide the opportunity to develop customized open source GIS-
based network analysis decision framework. 
 
 

4.  Statement of Work – Tasks, Schedule and Research Methodology 
 
The team will use an integrated approach to the research which involves overlapping tasks and activities 
from the four intellectual thrust areas and the four different institutions performing the research.  Specific 
tasks (detailed in what follows) will typically engage researchers from all institutions and thrusts.  To aid 
in understanding the work flow and process, the specific integrated tasks and subtasks and schedule are 
first presented and discussed and then the research methodology to be used in these tasks is discussed by 
thrust area. 
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4.1 Tasks 
 
Task 1 – Locating and characterizing wind farm, landfill and incinerator assets (UCC and QUB) 
1.1  Locate all Irish wind farms in GIS coordinates. 
1.2  Locate all Irish landfills and incineration plants in GIS coordinates. 
1.3  Enter details on turbines and their blade specifications in GIS 
1.4  Enter waste accepted, tipping fees and regulatory policy for landfills and incineration plants 
1.5  Enter road, rail and water routes into GIS to and from wind farms, landfills and incineration plants. 
 
Task 2 – Modeling FRP turbine blades (QUB and CCNY) 
2.1  Create parametric solid models of wind blades based on SANDIA blade models. 
2.2  Create material and property models of wind blades based on SANDIA blade models. 
2.3  Formulate damage models for residual properties of used blades. 
2.4  Establish load history for used blades. 
2.5  Build finite element models of wind blades.  
 
Task 3 – Designing reuse alternatives for FRP wind blades (GATech and QUB) 
3.1  Perform scanning tour of Irish geography to determine prototypical site characteristics for design. 
3.2  Establish aesthetic, geometric, material, environmental, economic and community design indicators.  
3.3  Conduct semester–long LIVE studio to develop design alternatives.  
3.4  Hold team meeting to evaluate site–specific designs and select a portfolio for detailed design.  
3.5  Perform detailed design studies of selected portfolio for prototypical sites.   
3.6  Prepare final designs for hand–off for structural analysis and life–cycle assessments. 
 
Task 4 – Analyzing reuse alternatives for FRP wind blades (QUB and CCNY) 
4.1  Establish appropriate load cases and code requirements for structural use of final designs. 
4.2  Perform implicit and explicit finite element analyses of final designs. 
4.3  Establish experimental testing protocol for parts of blades used in final designs. 
4.4  Conduct experimental tests of parts of blades. 
4.5  Perform feedback loop to designers to modify designs based on structural analysis as needed. 
 
Task 5 – Locating and characterizing possible refabricating and reuse locations (GATech and QUB) 
5.1  Establish detailed site geotechnical, hydrological and wind characteristics for prototypical sites. 
5.2  Establish optimal re–fabrication locations based on re–manufacturing and storage requirements. 
5.3  Determine bounds on characteristic physical, economic and social features of prototypical sites.  
5.4  Use GIS databases to identify other Irish sites that fit the desired prototypical site parameters. 
 
Task 6 – Performing Social, Environmental and Economic Life–Cycle–Assessments (UCC and CCNY) 
6.1  Determine Life–Cycle–Inventories (LCIs) for materials and re–fabrication processes. 
6.2  Conduct Environmental Life–Cycle Assessment (LCA) for final designs. 
6.3  Conduct surveys and focus group studies to gage community response to final designs/reuse sites. 
6.4  Conduct surveys and focus groups to gage industry response to final designs/reuse sites. 
6.5  Conduct business model studies on economic viability of final designs/reuse sites. 
 
Task 7 – Storing, analyzing and using data in the GIS database (QUB) 
7.1  Create a protocol for updating and verifying GIS data. 
7.2  Update and extend the GIS database as architectural designs develop and are analyzed. 
7.3  Create a methodology for performing database inquiries to extract relevant data for decisions. 
7.4  Use network analysis to develop a portfolio of feasible site–specific reuse strategies. 
7.5  Test the methodology on the specific final reuse options and on the prototypical sites. 
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4.2 Schedule 
 
Table 1 shows the Project Schedule and the relationship between specific tasks. 
  

Table 1 – Project Schedule by Quarters 

 Task Year 1 Year 2 Year 3 
Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 

Task 1             
Task 2             
Task 3             
Task 4             
Task 5             
Task 6             
Task 7             

 
 
4.3 Research Methodology 
 
4.3.1 Thrust 1 – Wind Energy – Leahy (Thrust Leader/Wind Energy) UCC, Mullally (Sociology) UCC, 
Dunphy (Political Science) UCC, Yazdanbakhsh (LCA) CCNY – A methodology for engaging 
communities and other key stakeholders will be established.  The aim of the methodology will be to 
devise sustainability models, including in-depth conceptualization of the monetary and non-monetary 
value generation arising from various reuse alternatives, thus increasing the confidence of investors and e 
other key stakeholders. Such business models will include collaborative approaches where the researchers 
work with identified stakeholder organizations.  A systematic framework for performing an inclusive 
LCA on the commercial software platform, SimaPro, using life–cycle inventories (LCIs) from 
EcoInvent and NREL, and Life–Cycle–Impact–Assessment (LCIA) criteria (e.g., EPA’s TRACI 2.0) 
will be created and tested in the Irish context. This will be used not only to determine sustainable options 
(environmentally, economically, and socially) for reuse of FRP blades but also to optimize the parameters 
to maximize sustainability. Methods and tools for the co-creation of viable, sustainable and community 
enhancing business models for the reuse of EOL wind turbine blades will be established.   
 
4.3.2 Thrust 2 – Design for the Built Environment – Gentry (Thrust Leader/Design) GATech, Al–Haddad 
(Architecture) GATech, Morrow (Architecture) QUB, Bank (Composite Structures) CCNY, Mullally 
(Sociology) UCC – The design tasks will take place in intensive studios/workshops in the School of 
Architecture at Georgia Tech. Past experiences with design teams of architects and engineers to develop 
conceptual designs for the re-purposed wind blades will be followed (Goodman et al., 2012, Gentry et al., 
2013) and build on Morrow’s prior work with Live Projects (Morrow and Brown, 2012; Morrow, 2014). 
At the kick-off meeting in Cork, Ireland, team members will work jointly to develop the framework and 
indicators by which the design concepts will be assessed and refined.  Gentry and Al-Haddad will lead the 
design studios. Bank and Morrow will travel to Atlanta at the start of the design tasks, and provide 
introductory lectures on the project objectives and Irish context. They will return to Atlanta twice during 
the design phase to review the design concepts. Gentry will provide the studios with a primer on 
composite materials and Bank will act as the guest critic in the second studio/workshop that will focus on 
the detailed design of structures and products using composite materials from the wind blades.   
 
4.3.3 Thrust 3 – Structural Mechanics – Chen (Thrust Leader/Composite Mechanics) QUB, Bank 
(Composite Structures) CCNY, Leahy (Wind Loads) UCC, Gentry (Design) GATech – Residual 
properties of the wind blade materials will be obtained from dynamic simulation of operating turbines 
using the stress distributions from the SANDIA wind blade models and the NREL FAST V8 turbine 
dynamics software (NREL, 2016).  Using a Weibull wind speed distribution model and data at typical 
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sites available in the SEAI’s wind atlas (which has extractable time series data for all of Ireland at the 
sites of wind turbines), the damage of material at each location will be quantified using either Miner’s 
(1945) or Broutman and Sahu’s (1972) model, to give 4D damage maps (3D spatial and damage) in each 
direction. The resulting damage index may be used to convert the variable magnitude stress cycles to an 
equivalent number of constant magnitude stress cycles. Employing relevant S-N (stress versus number of 
stress cycles) curves for the materials at each direction and location, the residual strength and stiffness at 
different directions at the location may then be determined using one of the models available in the 
literature (e.g., Broutman and Sahu, 1972; Schaff and Davidson, 1997). It should be noted that the above 
method has limitations.  For example, the variable magnitude stress cycles together with constant 
amplitude fatigue behavior (S-N curves) when converted into a damage index, does not account for the 
potential effect of stress history. The abilities of the methods proposed in the literature relating the 
damage index to the residual strength and stiffness will be analyzed.  Destructive and non–destructive 
tests will be performed using samples cut from a decommissioned blade and results will be used to 
establish the accuracy of the above predictions. 
 
4.3.4 Thrust 4 – Geographic Information Science (GIS) – McKinley (Thrust Leader/GIS) QUB, Barry 
(GIS) QUB, Yazdanbakhsh (LCA) CCNY, Leahy (Wind Energy) UCC –The GIS-based framework 
development will take place in the GIS Research and Teaching Unit, School of the Natural and Built 
Environment, QUB. The QUB GIS Unit (McKinley and Barry) has extensive experience in the 
development of custom-specific practical material based on open source geospatial software and libraries. 
Integrated GIS and Materials/Structures Database Development will be led by QUB with input from all 
partners.  In collaboration with industry stakeholders, the geographical location, physical characteristics, 
and access to transportation infrastructure (road, rail, water, air) of wind farms, landfills and incineration 
locations; and blade geometric and material data - numbers and specific installation date and 
manufacturers - of the wind turbines at each farm/site on island of Ireland will be collated into a GIS 
framework. Key structural reuse design alternatives and a geometrical FRP material and components 
database will be integrated into the GIS framework. A flexible customized open source GIS-based 
network analysis decision framework incorporating environmental, economic, structural, and materials 
spatial patterns, network analysis and cost/benefit analyses will be created. The elements of the 
framework will be combined in a decision support software tool, which will rely on inputs from GIS and 
LCA, as well as social acceptability and environmental impact factors. The tool will allow the impacts of 
various reuse scenarios to be gauged at local and country level, thus allowing future policy measures and 
technical innovations in blade reuse to be tested. 
 
 

5.  Broader Impacts 
 

5.1 Scientific 
 

5.1.1  Reuse Strategies for other Industrial Products – The methodology created in this research could be 
broadly applicable to other large manufacturing industries, in addition to, the wind energy industry.   In 
the FRP field, the methodology could be applied to reuse and recycling of FRP boats and FRP 
construction products (two other very large uses of glass FRP composites).  In the broader field of 
infrastructure the methodology could be applied to the reuse of large bridge girders, decks and cables, 
beams and columns in high–rise buildings, power lines that all use traditional construction materials that 
are typically down–cycled (and referred to as “Construction and Demolition Waste”) when these 
structures are demolished as opposed to being considered for reuse. 
 
5.1.2 Wind Energy Industry and Public Policy – The methodology created in this research will provide 
guidance to policy–makers and community leaders on best practices to establish meaningful dialogue 
with the wind energy industry early on in projects in order to positively impact both the industry and local 
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communities and to avoid friction.  In the interests of transparency on both sides of the issue, the open 
GIS wind energy reuse database produced will be made publically available and web–searchable allowing 
both industry representatives and the public to query wind energy logistics and recycling alternatives.  

 
5.1.3  Social LCA Tools – The field of Social LCA (S–LCA) is emerging as a distinct discipline within 
the LCA community (UNEP, 2009; Sala et al., 2016).  The research will make contributions to this 
important field.  

 
5.2 Societal 
 
5.2.1 Public Acceptability of Wind Energy – The most important societal impact of this research will be 
the methodology that will enable policy and community stakeholders to inform and educate the public to 
improve the acceptability of wind energy.  As discussed previously, there remains, in many communities, 
a vocal minority in opposition to wind power for a variety of perceived or subjective  reasons, such as; 
economic (subsidies, few jobs, grid expansion), aesthetic (look ugly, shadow‒flicker), environmental 
(noise pollution), ecological conservation (kill birds), land preservation (damage peat bogs).  As yet, 
recycling is not part of this debate but may yet become part of this opposition, which would further 
impact the future of this important renewable energy resource.       
 
5.2.2 Reduce Impact on Air, Water, and Land Use – Reuse of wind turbine blades, in contrast to 
incineration or landfilling – even if permitted– will have positive impacts on air–quality (emissions from 
incineration) and water quality (leaching to groundwater) and land–use (more land availability).  Reuse 
will decrease a major non–biodegradable waste stream. 
 
5.3 Education and Training 
 
5.3.1 Education of Staff and Students from Diverse Backgrounds and Cultures – The unique combination 
of institutions in this research will expose all staff and students to a diverse array of cultural, ethnic and 
economic realities.  City College of New York (CCNY) is classified by the US Department of Education 
as a Minority Institution (MI) and a Hispanic–Serving Intuition (HIS) and undergraduate students to be 
involved in this research will be from minority population groups in New York City.  Georgia Tech 
(GATech) is consistently rated among the top universities in the US for graduation of underrepresented 
minorities in engineering, computer science, and architecture. Queen’s University Belfast (QUB) draws 
students from the local student populations in Northern Ireland, UK. University College Cork (UCC) 
draws students from the southern part of the Republic of Ireland.  All institutions draw graduate students 
from national and international locations. By working in cross–cultural teams students will be exposed to 
learning experiences quite unlike their typical experiences in their home institutions.  The kickoff meeting 
in Cork, Ireland will include Masterclasses on Virtual Teams, Cross–cultural collaboration, as well as, on 
technical subject areas that all staff and students will participate in.   
 
5.3.2 Possible Job Creation in Rural Environments – Since most wind farms are situated in rural areas, it 
is likely that much of the re–fabricating activities envisioned for reusing wind blades and their parts will 
occur in rural areas.  Rural areas tend to suffer from higher than average unemployment and as such this 
research could have an impact on the local economy and job–creation in some regions.   
 
 
 

6.  Management Plan  
 

See 3 page Supplementary Document (approved by NSF for US–RoI–NI tripartite proposal) 
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7.  How Success of the Project will be Measured 
 
At the conclusion of the research project success will be measured by: 
 
7.1. The Number of Viable Reuse Options – The viable reuse options for wind blades or their parts that 
meet the environmental LCA, social acceptability, economic business model and geographic constraints 
for reuse proposed using the design and analysis methodology established in the research will be 
quantified.   
 
7.2. The Number of Industry and Government Participants – The industry and government participant 
engaged in the research will be quantified.  Interest in future use or commercialization of the reuse 
options by industry and government participants will be regarded as a sign of success. 
 
7.3. The Amount of Faculty Collaboration – Joint interdisciplinary publications will be highly 
emphasized in this research. The number of multi–investigator, multi –discipline publications and 
presentations having representation from faculty, graduate students and research staff in two or more of 
the disciplines of Engineering, Geography, Urban Planning, Architecture, Sociology, Political Science, 
and Sustainability will be measured.   
 
7.4. The Number Postdoc and Student Products  – Output of postdoctoral staff and students will be 
quantified in terms of the quantity and quality of publications and presentations, networks established 
(including social media connections, e.g., LinkedIN, facebook), meetings attended, and ultimately in 
terms of degree completion and future employment.  Each student/post-doc will be required to present 
their research in the monthly meetings twice every year.  Where the project budget is inadequate, 
additional internal university or external donor resources will be leveraged to enable as many students and 
staff as possible to attend conferences and present their work.  
 
 

8.  Results from Prior NSF Support 
 
(a) NSF award number, amount and period of support:  EFMA-1345379, $59,640, 10/2013 – 9/2016  
(b) Title of the project: EAGER: Utilization of Recycled Concrete in New Building Construction  
(c) Summary of the results of the completed work:  
Intellectual Merit: Statistical analysis of 10 batches of recycled concrete aggregate (RCA) from a local 
recycling plant has shown that the RCA satisfies LA abrasion specifications, and several important 
durability requirements.  Life–Cycle Assessment has shown the decrease in environmental impact that 
will result if RCA is used in place of natural aggregate for concrete production in NYC. Strengthening of 
concrete beams with FRP straps has revealed a new energy absorbing mechanism that is more effective in 
concrete with RCA.  
Broader Impacts: Collaboration with NYC Departments has been established to obtain local recycling 
data.  Four CCNY undergraduate students have been involved in the research (Stefanie Reichman, Chen 
Chen, Jon Rosen, Thomas Baez). 
(d) Listing of the publications resulting from the NSF award: see Cited References – Yazdanbakhsh et al. 
(2016a,b), Yazdanbakhsh and Bank (2014), Bank and Yazdanbakhsh (2014).  
(e) Evidence of research products and their availability: Publications are available at 
http://www.sciencedirect.com/, http://www.sbe16.ethz.ch/or http://www.iifc.org/ in electronic format.  
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