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Abstract
Fibre reinforced polymer composites provide several advantages over conventional materials, such as light-weighting potential, ability to produce complex shapes, and incorporation of smart functionalities. In the last few years, several research initiatives have accelerated development, addressing many of the challenges (material cost, production energy consumption, etc.) thus contributing to increasing adoption. 

Despite overall market growth, adoption in sectors such as automotive has been somewhat slower. This is partly due to the limited understanding of the Life-Cycle Cost (LCC) performance – particularly at the End-of-Life – of such novel materials, and the increasingly stricter European regulations on the responsibility of OEMs over vehicle Life-Cycle (LC) performance.

The paper elaborates on a methodology for assessing the LCC of automotive modules. The methodology was developed within the ENLIGHT (Enhanced LIGHTweight Design) and ALLIANCE  (AffordabLe LIghtweight Automobiles AlliaNCE) EC funded projects and is intended to be used as a preliminary decision tool for the choice of materials and manufacturing technologies at an early design stage. The paper presents the LC cost assessment by comparing the performance of a composite and a metal-based module. 

Results show that although composite modules have siginifcantly higher material and manufacturing costs, they compensate with lower costs during the use stage due to lower fuel/energy consumption. 


1. Introduction

Due to the continuous demands for safety, performance, comfort, and reliability among others, car mass has kept increasing in the past decades. In order to cope with the subsequent effects of more complex, and therefore heavier vehicles, lightweighting has been unanimously aknowledged as one of the key strategies due to its technical, economic and environmental advantges – such as  cost and environmental impact reduction, performance and driving behaviour improvement, and easier handling of parts and components during production and maintenance activities [1,2,3]. 

Research and industry have proposed a broad series of innovative lightweighting solutions based on composites and hybrid materials. Many efforts though have typically failed to adequately and comprehensively address the related high cost issues. The excessive cost is caused by many factors, ranging from the high value of base materials, highly manually intensive processes and substantial capital investments in new machinery, to the added expenses resulting from the modification of well-established manufacturing, assembly and supply chain processes. However, the additional costs derived from lightweighting might be accepted by the end user if the total cost of ownership balances it (e.g. by life time fuel savings in case of conventional and hybrid drive trains, or similarly energy savings in the case of EVs). It can be stated that lightweighting is one of the most challenging tasks for modern automotive design [4,5,6]. The integration of lightweighting within the current design strategies requires an effective and affordable holistic approach able to process a great amount of information regarding performance, manufacturability, cost and eco-profile [7,8,9]. For this purpose, the design activities have to be supported by a systemic cost and sustainability assessment. 

The present paper presents the ambition, framework and methodology developed for the Life Cycle Costing (LCC) and Life Cycle Assessment (LCA) analysis of automotive parts, but focuses on the LCC results. In order to present the use of the developed methodology as a decision making tool, two door modules – a Fibre Reinforced Polymer (FRP)/aluminium lightweight version from the ENLIGHT project and a metal reference version from the ongoing ALLIANCE project – are analysed and compared. The overall scope is supporting decision-making on the choice of materials and manufacturing technologies at an early design phase, taking into account costs as well as environmental aspects during the entire LC of components. 

2. Methodology

The LCC is an economic analysis used to estimate the total cost of a product or process throughout its LC, from production, to use, to EoL treatment [10]. It identifies and estimates all relevant costs attributable to the object of analysis. The LCC analysis supports decision-making by providing with a holistic estimation of the cost at an early design phase, which allows a more comprehensive and realistic comparison at all levels of the product’s life. Combined with an LCA analysis, it allows to assess the cost-effectiveness of the different options for a given application. Unlike LCA, there is no standardization of the methodology or a unique approach for the cost modelling of LC stages but only SETAC guidelines describing the main phases [11]. 

The LCC analysis is applied to both the reference metal-based (ALLIANCE) and the lightweight (ENLIGHT) door module, thus allowing a comparison between the two solutions. A specific and tailored modelling approach has been developed within the ALLIANCE project. In particular, the material, manufacturing, and use stages have been considered. Following a break-down approach presented in Figure 1, the full vehicle is divided into modules, which in turn are broken down into mono-material parts. The cost of mono-material parts is estimated according to their specific features (material type, part geometry, mass, volume, etc.) and the total cost of the module is obtained as the sum of the contribution of each mono-material part. Secondly, all the processes of module manufacturing are identified and broken down, including human and physical capital requirements (machinery, tooling, consumables, industrial space, employees, etc.) as well as their related costs; therefore the cost per part is estimated taking into consideration the inherent properties of the mono-material part and its specific manufacturing parameters. Finally, all costs per part are aggregated, including assembly processes (mono-material parts into modules, modules into vehicle assemblies) to obtain the total cost of the module. The cost of painting and final assembly is not taken into account, since it is not considered to be relevant for the final purpose of the task. In this study only the door module has been analysed, but some of the full vehicle parameters are taken into account in order to determine the cost of the use stage. For the lightweight module, a C-segment Electric Vehicle (EV) has been considered, whereas for the metal-based module an M-class Large Multi Purpose Internal Combustion Engine Vehicle (ICEV) has been used.
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Figure 1. Breakdown approach for the production stage modelling.

The total cost of the module is built as the sum of several sub-costs, which in turn are function of a large number of parameters and variables that are considered in the global manufacturing process. The equations hereunder illustrate the comprehensive assessment of the manufacturing cost. The following equation displays the sub-costs that compose the total cost, thus showing the basis of the modelling approach.
			CostModule = CostMaterial  + CostManufacturing + CostUse 		                   (1)
Where,     CostManufacturing = CostMachinery + CostTooling + CostConsumables + CostEnergy + CostLabour                 (2)
And,                          CostMaterial = Base price + CostMaterial processing 				   (3) 
Where,        CostMaterial processing = f (Thickness, Width, Surface finishing) and Base Price = f (Mass)       (4)

Production cost is estimated for each mono-material part taking into consideration part geometry, material used, and manufacturing technology. For the reference door module, the production of the mono-material parts results from deep drawing, which in turn consists of a certain number of subsequent manufacturing steps, involving specific machinery, tooling and consumables. In the lightweight version, a combination of four manufacturing technologies (thermoforming, CFP, deep-drawing and casting) is considered.

The cost of use stage is based on the total amount of  Fuel Consumption (FC) attributable to each module, taking into consideration the average EU-28 price for gasoline (2017) and electricity (2016). For both the ICEV and EV, the calculation of use stage consumption has been performed considering the New European Driving Cycle (NEDC).

Table 2 shows specific energy consumption and emission values used for the cost modelling.


Table 2. Energy consumption and emission values, for the environmental modelling (ICEV and EV)

	
	Vehicle and module technical features

	ICEV
	Vehicle fuel consumption (NEDC)
	6.29 l/100km

	
	European emission standard
	EURO 5

	
	Mileage use 
	230000 km

	EV
	Energy MI
	0.69 kWh/100km*100kg

	
	Mileage use 
	150000 km




The Functional Unit (FU) is defined as the door module along a LC mileage of 230000 km (mounted on ICEV) and 150000 km (mounted on EV) over 10 years, respectively for the ALLIANCE and the ENLIGHT door module. System boundaries include all processes within the module LC stages presented in Figure 2.
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Figure 2. LCA system boundaries of reference vehicle.


Transportation during manufacturing activities is excluded since specific information about logistic is  not easily available; moreover, joining techniques among mono-material parts to modules are excluded. Vehicle maintenance is also not considered since it is regarded not relevant to the comparison.

The model can be divided into three main variable groups presented in Table 1; input variables (inherent to each mono-material part); model parameters; and assumptions, according to the data source and function in the model.


Table 2. LCC model variables and parameters

	Input variables
	Model parameters
	Assumptions

	Part geometry X, Y, Z[ m]
Box volume [m3]
Mass [kg]
Projected area [m2]
Material type
Manufacturing process

	Energy consumption [MJ/kg]
Cycle time [s]
Scrap rate [%] 
Cost of machinery [€]
Lifetime of machinery [years]
Cost of tooling [€]
Lifetime of tooling [years]
Cost of consumables [€]
Volume of consumables [kg] [items] [L]
Price of material [€/kg]
Employees [FTE]
	Cost of electricity [€/kWh]
Cost of natural gas [€/kWh]
Cost of labour [€/h]
Annual production [vehicles/year]: target annual production volume for the project (100,000 vehicles/year).
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3. Results and discussion

Figure 4 reports the breakdown of LC costs for both the ALLIANCE and ENLIGHT door module, divided into material, manufacturing, and use stages. The EoL cost data gathered up to this stage were not considered sufficient to provide an adequately accurate estimation of the EoL costs, so they are excluded from this analysis. Figure 5 shows comparable results between ALLIANCE and ENLIGHT door module. For the ALLIANCE module the use cost has the highest contribution (55%) whereas for the lightweight version the highest share of costs comes from the material stage (66%). This is explained by the high cost of lightweight materials, particularly the CF cost, as well as due to lower energy consumption in the use stage. The significant difference between modules in terms of use phase contribution results from the difference in weight – which contributes to lower energy consumption – as well as the difference between the cost of electricity and gasoline. 
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Figure 4. Relative comparison of LC stages for the two modules




Figure 5. Absolute comparison of LC stages for the two modules


Overall, LCC results demonstrate that production cost (manufacturing plus material costs) has a significant contribution for both the ALLIANCE and ENLIGHT door module. Consequently, lightweight strategies should focus on the selection of materials and manufacturing processes in order to find a good balance between costs in the production and use stages, while decreasing overall LC cost.

In this study the LCC results are evaluated by means of the break-even analysis which allows: i) investigating the influence on results of LC mileage; ii) comparing results of door modules manufactured with composite and metal-based materials. This approach is generally used in order to evaluate the break-even LC mileage for which an innovative solution performs better in comparison to the reference one [12,13,14]. 

The graph in Figure 6 shows the break-even analysis in terms of cost assuming the NEDC driving cycle. The cost break-even point between the different door modules is at around 46000 km, as the production cost of the ENLIGHT door module is significantly higher due to the remarkable contribution of raw materials extraction and production. 
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Figure 6. Cost break-even analysis (NEDC)


3.	Conclusions

The paper deals with results from both ENLIGHT and ALLIANCE projects. The outcomes of the cost assessment of the reference and lightweight door modules are presented and discussed. LCC results concern the first step of the lightweight strategy workflow developed within the ALLIANCE project where designers, materials and technology suppliers are involved to collect data necessary for the LC modelling. 

In terms of cost, the break-even analysis shows that the lightweight door module compensates the higher production/acquisition cost at a fairly early point in the use stage, as soon as after the 46000 km mileage point is reached. It can be concluded that to reach environmental impact and cost reduction by means of innovative lightweight materials it is fundamental to bear in mind the potential trade-off between production and use stage.

It is worth mentioning that the results of the FRP manufacturing costs are lower than expected. That is because of a lower level of detail of the cost model for FRP parts compared to metal parts, mainly due to the scarce amount of data available in literature. 

The next steps to increase the accuracy and usefulness of such an analysis is to futher increase the level of detail for FRP material and manufacturing data as well as define the EoL scenarios and their cost structure, so the EoL stage is included in the analysis.
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Cost - LC stages breakdown [%]

Material cost	ALLIANCE	ENLIGHT	33.896940000000001	89.258893440000008	Manufacturing cost	ALLIANCE	ENLIGHT	51.821442747971517	17.417538101625951	Use cost (NEDC)	ALLIANCE	ENLIGHT	105.9666054054054	27.67316054054054	



Cost - LC stages breakdown [€] 

ALLIANCE	Use cost (NEDC)	Production cost	105.97	85.72	ENLIGHT	Use cost (NEDC)	Production cost	27.67	106.68	
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