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Overview

Wind energy is widely recognized as a cleaner, more sustainable alternative to fossil fuel-based electricity generation. It is more sustainable because it utilizes a renewable resource and because its carbon footprint in the environment when generating electricity is minimal. Its environmental benefits compared to conventional electricity generation include carbon dioxide, sulfur dioxide and nitrous oxide emission reductions, as well as decreases in water consumption (DOE 2015). In other words, harvesting wind energy is an easy process with relatively low cradle-to-grave environmental impact.  However, rising concerns about the environment and sustainability of products and processes are creating skepticism regarding the characteristics of truly sustainable renewable energy technologies (Owusu, Asumadu-Sarkodie, and Dubey 2016). One well-known approach to sustainability that evolved from the 1987 Brundtland Commission report describes a three-dimensional metric involving economic, societal, and environmental parameters (UN 2002). Under such metric, the sustainable harvesting of wind energy implies that the whole process, from extraction of raw materials to disposal, meets certain environmental, economic and societal requirements. It means that economic and societal needs for clean energy are fulfilled without compromising the environment. In that sense, one question that arises is the extent to which the wind energy technology is entirely sustainable at harvesting energy. 

While electricity generated from wind energy has considerable environmental benefits compared to fossil fuel-based electricity generation, it does not necessarily mean that it is entirely sustainable. The shells of the currently manufactured wind turbine blades utilize significant amounts of epoxy resin (Larsen 2009), a petroleum-derived polymer. Given that more and bigger blades are being manufactured (Richards, Griffith, and Hodges 2017), the use of epoxy resin in the manufacturing of the blades raise concerns about the use of nonrenewable resources and pollution. In this context, bio-based polymers have emerged as a promising alternative to their petroleum-based counterparts for environmental and economic reasons. Although bio-based polymers can be more environmentally friendly than their petrochemical counterparts (Patel 2003), sustainable bio-based materials should meet certain environmental requirements in terms of how they are grown, harvested, and reused. Additionally, the economic viability and societal impacts of using these renewable resources are equally important from the sustainability perspective. While environmental life cycle assessments (LCA) have been widely used and standardized in sustainability assessments, the importance of life cycle cost (LCC) analysis has been more recently recognized and efforts to standardize it are emerging (Swarr et al. 2011). In this paper, we perform a LCC analysis of two different manufacturing processes of a 55-meter wind turbine blade. The first one is the conventional manufacturing process, which utilizes petroleum-based epoxy resin for the composite material in the shells of the blades. The second is a prototype bio-based process that utilizes epoxidized linseed oil (ELO) instead of petroleum-based resin 
 ADDIN EN.CITE 

(Möller et al. 2017, Kuncho, Schmidt, and Reynaud 2017)

. Both processes differ only in the resin system and the resulting blades are assumed to have similar performance in terms of energy production. The sustainability of blade manufacturing is important because blades are one of the most environmentally burdensome parts of the turbine. Furthermore, the performance of the blades is a key factor in the production of energy, and blades need to become longer and lighter in order to increase power generation and drive down costs. 

Methods

This study compares the life cycle costs (LCC) of two different wind turbine blade manufacturing processes. We take a cradle-to-grave approach, and include economic, social, and environmental components. There are some important considerations to our LCC analysis. First, we report both social and private costs. Externalities include health and environmental impacts associated with the life cycle of the blades. Second, we report cradle to grave costs, from the manufacturing of intermediate materials to the disposal stage. Third, it is also assumed that the blades are produced in US blade manufacturing facilities, which means all reported values are based on the US market. Finally, we assess the cost implications assuming both blades have similar performance in terms of energy production. The LCCA included manufacturing cost, operation and maintenance (O&R) costs, occupational health and environmental costs (H&E), cost of disposal and residual value, all of which have subcomponents. The main sources of our LCCA include communications with industry partners, manufacturers of epoxy resin and windfarms operators, and the Sandia blade cost estimator.
Results
Comparing the total LLC of the bio-based with respect to the conventional, a differential of US$6,878 suggest that the conventional manufacturing process is about 4% cheaper over the life cycle of the wind turbine blade. The cost differential is mainly driven by the elevated cost of equipment and consumables needed to handle higher curing temperatures in the prototype bio-based system. Such costs are not offset by the lower cost of the resin system and lower cradle-to-gate energy consumption in the manufacturing process of the bio-based prototype. Although the ELO system utilizes more energy in the curing step, that is only a small contributor (2%) to total energy consumption. The remaining 98% is the energy required in the manufacturing of intermediate materials.
With respect to H&E, cost differential was estimated to be US$1,097 lower for the bio-based, which is basically due to lower cradle-to-grave GHG emission and lower health impact in the bio-based alternative. The cradle-to-grave CO2-equivalent emissions included landfilling of composite material, but excluded the disposal of the remaining components in the blade, as they are relatively negligible and do not impact the results.  Regarding payback, and assuming an additional capital investment of US$12 million in tooling and mold, LCC cost savings from about 2400 bio-based manufactured 55-meter wind turbine blades would be needed to pay back the initial investment cost. This assumes that blades are landfilled and no scrap value is recovered at the end of their productive life. By excluding H&E impacts from the LCC analysis, results show that the number of blades needed to offset the initial investment costs increase from 2400 to about 5200 55-meter wind turbine blades. It decrease to about 2300 when the cost of carbon is assumed at US$70 per ton.
Conclusions

Our results suggest that the conventional, petroleum-based alternative is more cost-effective than the prototype bio-based manufacturing process. From the sustainability perspective, it means that, at the rate we currently value environmental risks and occupational health hazards, the prototype bio-based alternative is not cost-competitive with the conventional blade manufacturing process. Results are presented from both private and social perspectives. While our results suggest that the conventional manufacturing process is more cost effective at this time, they highlight the potential of the bio-based materials if means can be found to reduce the elevated cure temperatures required, or more sustainable EoL options for the blades becomes available with the bio-based alternative. This study provides a first step in assessing the sustainability of blade-manufacturing, but a life cycle sustainability assessment (LCSA) would require complementary environmental-life cycle assessment (LCA) and social-LCA with equivalent system boundaries for an integrated analysis. For instance, LCC studies only account for external environmental and/or social costs that are likely to be internalized by the decision-maker (i.e. the external costs of occupational safety of products), leaving out many other categories proposed for environmental and social LCAs (Sala et al. 2015).

There are several policy implications and suggestions from our results. First, the path to achieving truly sustainable products and processes implies constant innovation and technological development. This will only be achieved through continued support for research and development activities. Our analysis does not consider any technological progress or learning process, but small changes in the technology could substantially alter results. Second, it is important to take a sustainability perspective and pay attention to social as well as private costs when assessing new technologies. The persistent efforts to lower the cost of wind energy could lead the private sector not to take into consideration more environmentally sustainable alternatives if they seem to be more expensive, even if the difference is insignificant. Policy intervention is necessary to assure that, as much as possible, negative externalities are internalized, and that the more wholly sustainable alternatives are prioritized. Third, to ascertain improved occupational health and safety from different technologies in the wind energy industry, the enactment of occupational safety and health standards specific to wind turbine manufacturing is necessary. Such standards will not only reduce occupational risk associated with the wind energy industry, but it will also allow researchers to estimate potential impacts and compare among different technologies. 

� The bio-based manufacturing process has not been commercialized yet. Thus, much of the data presented here are estimation based on communication with industry partners. The formulation of the prototype bio-based system used here is based on ongoing research from the group of Prof. Daniel Schmidt and Prof. Emmanuelle Reynaud of the Departments of Plastics and Mechanical Engineering, respectively, at the University of Massachusetts Lowell. 





